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Abstract

Denoising images and videos captured by a digital camera receives more and more
attention due to the shrinking size of today’s image sensors and striving for even
higher resolutions. A vast amount of research has been conducted to solve the com-
plex problem of separating noise from the true signal. The wide-spread assumption
of additive white Gaussian noise (AWGN) in readily processed image data, however,
has led to algorithms that fail on real camera data. This dissertation shows that it is
crucial to take the characteristics of real camera data into account in order to achieve
good denoising results. Real camera noise is fundamentally different from AWGN: it
is spatially and chromatically correlated, signal-dependent and the noise probability
distribution is not necessarily Gaussian. New solutions are needed and the three
main challenges are: first, finding denoising algorithms that work efficiently and
effectively on real camera data, second, auto tuning the denoising parameter such
that the denoising result is optimal for each image, and third, establishing a method
to test, optimize and design algorithms with respect to the human perception of
visual quality. This dissertation provides an introduction to camera processing and
an in-depth analysis of the camera noise characteristics in the processing pipeline of
a real camera as the basis for the design of future denoising algorithms. Further, two
novel methods that can efficiently reduce realistic camera noise are proposed. As
the correct parameter setting is crucial for the performance of most denoising meth-
ods, a method for automatic parameter estimation is proposed. Finally, the visual
appearance of noisy and denoised videos is studied, and a method to realistically
test and optimize denoising algorithms is presented. This dissertation additionally
shows the importance of considering the specific noise characteristics in the design
of denoising methods for depth data captured with a time-of-flight camera.
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1 Introduction

Capturing the visual appearance of natural scenes is ubiquitous in our life today.
We capture scenes for documentary reasons, to remember, illustrate, or prove some-
thing. Humans can observe or communicate over long distances thanks to real-time
capturing, e.g., in video conferencing systems. And a vast amount of today’s video
data is captured for entertainment: movies for cinema, television series, commer-
cials, and more.

Digital cameras enable us to capture these scenes. Resolution, dynamic range
and color reproduction of motion picture cameras have improved significantly over
the last decade — resolution nowadays ranges up to 4k, which is beyond the limit of
human perception in many viewing conditions. While resolution has become higher
and higher, the limits of dynamic range are still behind human perception. Human
vision can adapt to a range of ten orders of magnitude, from starlight to sunlight
at noon, and within a scene, five orders of magnitude can be perceived. Digital
cameras, even the highest quality products, still are limited by sensor saturation in
the highlights and by noise in low light conditions. Capturing in low light conditions
has become even more difficult with increased sensor resolution: when the physical
size remains constant, a resolution increase leads to a pixel size decrease, and thus
less light is trapped by the sensor — which means more noise in the image.

So, what is noise? Technically, it is defined as a random variable adding an error
to the signal value. Visually, it can be described as flickering in video sequences
or “graininess” in an image. When the signal level approaches the noise level, the
image quality is reduced to the point where the image content is unrecognizable.
Even before this point is reached, the visual quality of the images is reduced to such
an extent that it becomes useless for video applications. The noise hence limits
the usable dynamic range. Reducing the noise via algorithmic methods is therefore
key for capturing scenes in low light conditions, a process called noise reduction, or
denoising.

An ideal denoising method would remove all the noise and show only the true
underlying image. Although this goal can never be completely achieved, decades of
research in signal processing have brought various powerful methods to reduce noise
in natural images and videos leading to impressive results. These methods provide
an image that is as close as possible to the true image, i.e., an image with low error.
However, low error does not necessarily correspond to an image with high visual
quality, as naturalness of the image is another important attribute. Many denoising
methods can reduce the noise well, but the results appear unnatural due to denoising
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artifacts or oversmoothing. Therefore, denoising is rarely used in high-quality movie
productions.

The goal of this dissertation is to increase visual quality of video sequences. Many
existing denoising algorithms are optimized to minimize error and therefore under-
achieve in attaining the best visual quality. We hence need methods to reduce noise
while preserving the natural character of the image. If that cannot be achieved by
improving the denoising method itself, denoising strength should be adapted such
that the remaining noise in the image hides the estimation error. How successfully
an image can be denoised is therefore closely related to the question of how well the
achieved perceptual quality can be measured.

Optimal denoising for video data should fulfill two requirements: high image
quality is, of course, the first. In addition, most applications require performing
the processing with limited hardware resources and in real-time, or near real-time.
Obvious real-time applications include television and telepresence, but in documen-
tary or movie productions, post-processing time is also limited. Ideally, denoising
is directly applied while capturing without any delay. Thus, an ideal denoising
method would process the images with low computational cost, enabling real-time
processing.

Denoising research has advanced significantly over the last few decades, and the
proposed denoising algorithms have become more and more complex. A discussion
of whether optimality has already been reached can be found in various publica-
tions, e.g., “Is Denoising Dead?” by Chatterjee et al. [28]. However, most denoising
algorithms are based on unrealistic assumptions, and therefore, they are far from op-
timal for denoising real camera data. The following section provides a brief overview
of existing methods and examines whether they satisfy the requirements presented
above.

1.1 State of the art

Decades of research on image denoising generated numerous methods producing
impressive results. Recently, the most successful methods are either based on fixed
basis functions, as wavelets [101] and DCT [33], training-based dictionaries |29,
36,81], or data adapted functions based on principal component analysis (PCA)
[92,/128]. For an overview of existing denoising methods see [20L/67].

Buades et al. select and compare basic methods in [20]. The authors admit the
difficulty of selecting a best method, as “most original methods have caused an
abundant literature proposing many improvements.” While they try to select the
best method from every field, they avoid hybrid methods trying to preserve the
“simple and genuine character of the original method.” Their comparison includes
Gaussian smoothing [73], which denoises based on weighted averaging of spatially
neighboring pixels, anisotropic filtering [98], total variation [104] assuming that an
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image has a simple geometric description (smooth areas and edges), neighborhood
filters such as the bilateral filter, which take into account the greyscale value to
define neighboring pixels, frequency domain filtering (classical Fourier-Wiener filter
and locally adaptive filtering based on a moving window), wavelet thresholding
(translation variant and invariant). Finally, they introduce their newly proposed
non-local-means algorithm (NLM), which takes into account the whole block around
a pixel to average it with similar blocks found within the complete image. In their
comparison NLM achieves the best results; it is also the newest filter and the test
images contain mostly repetitive patterns that are best handled by NLM.

In the more recent and more extensive review, Lebrun et al. |[67] provide an
extensive overview of recent denoising techniques and compare six recent state-of-
the-art methods. Although the authors state that all algorithms show “a very similar
qualitative and quantitative performance”, NLM Bayes [66], the newest method of
Lebrun et al., and BM3D [33], are shown to provide the best results. However, they
also compare the “method noise”, the remaining noise after denoising, and show
that all algorithms leave significant low-frequency noise and some artifacts in the
images.

The limitations of state-of-the-art denoising methods can be attributed to one or
both of the following reasons:

e despite a low error, the perceived quality is suboptimal;

e the noise model does not correspond to real camera noise.

The best available denoising methods show an impressive increase in peak signal-
to-noise ratio (PSNR) on most standard datasets and reach almost optimality in
terms of image fidelity [26(-28},/69,/78,/117]. However, this does not mean that the
visual quality is optimal [42/123]. The PSNR usually indicates a successful reduction
of noise, but it does not show how unnatural and disturbing the denoising artifacts
may appear to the viewer. Vansteenkiste et al. performed an experiment with
37 observers, evaluating selected denoising results, and the outcome enables us to
conclude that the PSNR ranking does not correspond to the ranking of perceived
quality [122]. In this experiment, blur was usually identified as a problem, which
indicates that PSNR optimal denoising results are oversmoothed, and denoising
strength needs to be set to lower values to attain visually appealing results.

Various more sophisticated quality metrics have been proposed [24,35,|87, |88,
90,099,105}, 112,124+126}132]. However, these metrics face the same problem as the
denoising methods itself: how to model features of natural images that are important
for visual quality. Hence, they cannot yet be used as a reliable measure of visual
quality.

Most denoising methods are designed and evaluated based on a standard noise
model — additive white Gaussian noise (AWGN). This model does not correspond to
the noise in real-world image or video data taken with a digital camera, and therefore
denoising based on this model leads to clearly suboptimal results on camera data.
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To understand the difference, let us review the color image capture via a digital
camera, which is the usual method of image capture nowadays. One pixel captures
the irradiance, thus the sensor data corresponds linearly to the brightness at the
pixel position. To capture color data, a color filter array (CFA) is used, which cov-
ers the pixels with a filter layer. Thus, the output of the sensor is a value that
represents the amount of light for one color band at one pixel position. This sensor
data cannot be displayed before the following steps are applied: the white balance,
the so-called debayering, which generates a full-color image, and the color trans-
formations, which transform the linear data to displayable monitor data adapted
to the monitor gamma and color space. These steps lead to a noise characteris-
tic that is fundamentally different from the usually assumed AWGN: the noise is
signal-dependent in the raw data; through debayering, it becomes spatially and
chromatically correlated; and after the nonlinear color transformations, the noise
distribution no longer corresponds to a Gaussian distribution.

Different approaches can be used to tackle the problem of spatially correlated
camera noise: either apply the denoising to the raw sensor data, before debayering
leads to spatial correlation, or take the correlation into account. Despite the vast
number of proposed denoising methods for AWGN, only few try to employ one of
these strategies.

The first approach is pursued by Hirakawa et al., who propose a wavelet-based
method for CFA data [51]. A similar but locally adaptive version of the wavelet
based approach is proposed by Aelterman et al. [12]. Park et al. propose a simple
color transformation for CFA data denoising [97]. None of these methods have
been tested on real camera data. Zhang et al. propose a principle component
analysis (PCA) based solution [129] and Paliy et al. propose an efficient cross-
color filtering for Bayer data in [95]; both methods are evaluated quantitatively on
standard test data, but small crops of real images from a low dynamic range camera
are shown. Some methods for joint debayering and denoising have been proposed
[25,/46,/52/)58,63,83/86196/131], but they unfortunately use unrealistic datasets and /or
unrealistic noise models leading to suboptimal debayering results [11]. Goossens et
al. in [46] mention the signal-dependent noise model, but still propose a method for
signal-independent noise.

The second approach, reducing the spatially correlated noise in the readily pro-
cessed image, has hardly been studied. Kokaram et al. propose to account for a
non-white noise using an estimation of the power spectral density of the noise [64].
An overview of sources of spatially correlated noise and simple adaptations of exist-
ing algorithms to suppress signal-independent non-white noise is provided by Aelter-
mann et al. [13]. These adaptations show good results on severely correlated noise,
e.g., horizontal streaking noise occurring in thermal cameras. On demosaicked noise,
however, low-frequency noise is left in the image and artifacts occur.
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With the above findings, we conclude that research on denoising camera data must
consider a more realistic noise model, while striving for low computational com-
plexity as well as the best visual quality as perceived by a human observer. This
imposes four main research questions: How can denoising methods be improved for
real camera data? Which denoising methods can be implemented efficiently? How
can the parameters of denoising methods be adjusted to achieve the best visual
quality? How can denoising algorithms be evaluated and compared adequately and
what are the important factors that influence human perception of noise in videos?

Reducing real camera noise at feasible computational costs

We have seen that denoising methods can be adapted to camera data based on two
different strategies. First, using raw data allows us to reduce the noise before the
subsequent steps change the noise characteristic. The second strategy is denoising
the processed image, which requires taking the chromatically and spatially correlated
noise into account.

Pursuing the first strategy, we are working on CFA data, and thus the neighboring
values are not of the same color. As most denoising algorithms rely on a pixel
neighborhood to estimate the signal at a location in the image, the challenge is to
find algorithms working on CFA data. Additionally, the sensor data is high dynamic
range linear sensor data, which must be treated differently than the usual readily
processed test data. Hence, we need to adapt denoising methods to these signal
properties and to find a realistic noise model in the raw data to take it into account
in the denoising method.

The second strategy — applying the denoising step after processing the image —
has pros and cons: we expect the existing algorithms to work well on that data, as
they were designed based on readily processed images. Furthermore, denoising in
the display-domain is close to the data that the viewer will see, and thus the human
perception can be taken into account. However, the noise characteristic is extremely
complex once the image has been completely processed, and therefore standard
algorithms designed for AWGN are likely to fail. A trade-off must be found between
a data representation close enough to the final image, and an image representation
for which the noise characteristics can be well understood and modeled.

Independent of the two strategies, denoising algorithms should be able to op-
erate using low computational resources. State-of-the-art algorithms have become
extremely complex, so the question is, which denoising methods can be considered
for stream-based image processing, and how can denoising methods be improved
and adapted without increasing computational cost?
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Optimizing denoising methods based on real camera data

Most denoising algorithms have one or more parameters that adjust the denoising
strength. Optimizing them for PSNR is unrealistic for two reasons: first, the PSNR
needs a reference image, which is not available in the real application. Second, the
PSNR-optimized denoising result may not be optimal in terms of human perception.

Typically, the optimization for PSNR or other quality metrics leads to over-
smoothed results. Hence, methods are required to optimize the parameters for
the visually best denoising result, preferably with a simple method, and without
requiring a reference.

Realistic evaluation of denoising methods

To compare and to choose from existing methods, as well as to evaluate newly
proposed denoising methods, evaluation methods are needed that account for both
a realistic noise model and human perception. A good evaluation method is critical
for improving denoising algorithms.

Moreover, we need to select data that can be used for evaluating denoising algo-
rithms. Methods are required to determine the visual quality of denoising results
in a reliable manner similar to human perception. Most existing evaluation metrics
are designed based on still images. While the research on quality metrics for video
is advancing, no specific study on the perception of noise has been found. There-
fore, we need to identify the basic properties of human vision when evaluating noisy
image sequences.

1.3 Contribution and dissertation structure

Following the above described research questions, this dissertation contributes meth-
ods towards more realistic denoising research. Most of the material presented in this
dissertation has been previously published in the following publications [1-8}|10], of
which the author of this dissertation has been the main contributor. The content
of this dissertation additionally presents the author’s contribution to the following
publications |9,|11].

This dissertation starts by providing an overview of the steps of a camera process-
ing pipeline in Chapter 2 Subsequently, the noise characteristic after each step is
analyzed based on measurements and simulations. State-of-the-art denoising meth-
ods are selected and applied to real camera data. The results are evaluated to
determine which algorithms achieve high visual quality at the different steps of the
processing pipeline. Additionally, small adaptations of the existing algorithms are
presented that may improve denoising on real camera data.

Chapter |3| presents two new methods for denoising real camera data. First, a
method is proposed for efficient raw data denoising that is based on a shape-adaptive
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DCT (SA-DCT), originally proposed for non-CFA data. The method consists of
three steps: a luminance transformation of the Bayer data, determining an ade-
quate neighborhood for denoising, and hard thresholding in the SA-DCT domain.
The SA-DCT is applied to realistic CFA data and accounts for the signal-dependent
noise characteristic using a locally adaptive threshold and signal-dependent weights.
Additionally, a computationally efficient solution to suppress flickering in video data
is presented. The method is evaluated quantitatively and visually using both real-
istically simulated test sequences and real camera data.

The second method is a wavelet denoising method that can operate on RGB data
taking into account the spatial correlation of camera noise after debayering. The
wavelet transformation we use is very simple, so that it can be implemented with
very low computational complexity. The noise characteristics for the different steps
in the color processing are analyzed and the impact of real camera noise on the
wavelet coefficients is investigated. Real camera noise measurements and simulation
of the processing steps allow us to find a good approximation for the noise charac-
teristics, which can be used subsequently in standard wavelet denoising methods.
Wavelet hard thresholding and bivariate thresholding are adapted based on our noise
analysis results. Both the visual quality and objective quality metrics are shown. As
the method is implemented using look-up-tables that are pre-calculated, it can be
implemented with very low computational complexity and can be used for processing
HD video sequences in real-time on an FPGA.

To obtain optimal denoising results with respect to visual quality, the correct pa-
rameter setting is crucial. Chapter [4|therefore proposes a method that automatically
estimates the optimal parameter of a denoising algorithm. The proposed approach
compares the gradient histogram of a denoised image to an estimated reference gra-
dient histogram. The reference gradient histogram is estimated based on down- and
upsampling of the noisy image. Thus, the method works without a reference and
is image-adaptive. For evaluating the proposed down-/upsampling-based gradient
histogram method (DUG), a subjective test with 20 participants is performed, in-
cluding images from both the Kodak data set and the more realistic ARRI data set.
The parameters of seven denoising methods, including the state-of-the-art method
BM3D, are optimized based on the proposed method. The subjective test results
show that the parameter estimated by the DUG method is very close to the opti-
mal parameter in terms of human perception. Despite being very fast and simple
to implement, the method shows a lower error than all other tested no-reference
metrics.

Chapter [5| focuses on the problem of realistically evaluating denoising results:
based on the new camera noise model presented in Sec. [2.2] Sec. describes how
to include the full processing chain of a single sensor camera to obtain realistic test
data. A subjective test with 18 participants evaluates the visual quality of noisy and
denoised test sequences reliably. Results show that the noise characteristics have a
significant effect on visual quality. To find out whether quality metrics reflect the



1 Introduction

test results, the performance of 12 full-reference metrics is evaluated, and — as no-
reference metrics are especially useful for denoising parameter tuning — additionally
five no-reference metrics are evaluated. Unfortunately, the metrics underachieve in
estimating the visual quality of the test sequences. To improve the quality estimation
of digital images and videos and to advance research on denoising algorithms, a more
realistic noise model should be used in future research.

For a better understanding of the human perception of camera noise and the
perception of denoised sequences, Sec.[5.2]investigates the visibility of noise in images
and videos. A subjective test with nine observers compares static (spatial) noise with
dynamic (spatiotemporal) noise. Eight different spatial frequency bands are used for
each noise type. The results indicate that the sensitivity to spatially low-frequency
noise is significantly higher with temporal variation. This significant increase in
visibility can be included in the design of future video denoising methods and lead
to better visual quality.

Chapter [6] addresses time-of-flight data denoising. Time-of-flight cameras are used
to obtain depth data describing the 3D information of a scene. Mounted on a regular
color camera, this depth data is captured by phase measurement simultaneously with
the color data. Besides strong signal-dependent Gaussian noise, a significant amount
of salt-and-pepper noise, caused by the ambiguity in the depth measurements, is
visible. The chapter proposes a pre-processing algorithm that is able to isolate
and correct affected pixels by employing the physical behavior of the capturing
system. The salt-and-pepper noise is eliminated and Gaussian noise remains, so that
standard denoising can be applied. Using this pre-processing filter before applying a
denoising step clearly improves the denoising results. The significant improvement
shows the importance of considering the specific noise characteristics in the design
of denoising methods for time-of-flight camera data.

Finally, Chapter [7] concludes and summarizes the main findings of this disserta-
tion.



2 Beyond Standard Noise Models:
Noise and Denoising in a Real
Camera Processing Pipeline

As mentioned in the introduction, research on denoising should consider a more
realistic noise model to achieve high visual quality. Therefore, this chapter provides
the basis for a more realistic denoising research: it describes a real camera processing
pipeline, analyzes the noise characteristics in this pipeline, and provides an overview
on denoising camera data based on existing denoising methods.

Understanding the signal properties and noise characteristics of a digital color
camera requires to get familiar with the camera processing first. The raw sensor data
cannot directly be displayed — to obtain a monitor- or display-domain image, the
processing steps white balance, debayering, and color transformations are necessary.
In Sec. these steps are explained in detail.

The second part of this chapter analyzes the noise characteristics in the process-
ing pipeline (Sec. [2.2)). First, measurements of the noise in the sensor data are
presented. Subsequently, the noise characteristics are analyzed after each of the
processing steps. This analysis, which draws from previous publications [1,/5,10], re-
spects all steps of the camera processing that contribute to the final display-domain
image. In addition to the pixel domain analysis, e.g., the spatial correlation of the
noise, it extends to the frequency domain allowing to better match the results to ex-
isting models of human perception and to easier connect the results with traditional
filtering theory. As film grain is often considered to be more visually appealing than
today’s digital camera noise, the characteristics of film grain noise are additionally
analyzed and compared to the digital camera noise.

The third part of this chapter, Sec. 2.3 presents the implications of real camera
noise characteristics, which differ from the usually assumed noise model, on the
performance of denoising methods. The amount of denoising methods published
in the last decades is uncountable, and hence, this dissertation does not claim to
provide a complete overview. Instead, from simple to sophisticated and from non-
local means to sparse dictionary, various methods are selected. For each method,
we discuss how it can be applied to real camera data; however, the contribution is
not limited to that. In most of the following sections, algorithms are adapted to
allow a better performance on camera data, e.g., including the camera noise model
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Figure 2.1: The complete processing pipeline including all steps that were described.
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in Sec. or adapting an algorithm proposed for grayscale data to color images
in Sec. 2.3.4

Most of the following description is based on the sensor of the ARRI ALEXA
camera. The ALEXA camera has been developed for motion picture recordings in
digital cinema applications. It has a CMOS sensor with a resolution of 3414x2298
pixels cropped depending on the user’s needs. This dissertation refers to the 16:9
2880x1620 crop because it is the most widely used one. In front of the sensor, the
camera has a filter pack composed of an infrared cut-off filter, an ultraviolet cut-
off filter, and an optical low-pass filter to reduce aliasing. The color filter array
(CFA) located between the filter pack and the sensor is a Bayer mask. This camera
captures high-quality motion picture data and can deliver the data uncompressed
in 12 bit precision (logarithmic data, corresponds to 16 bit linear data). Another
advantage is that the camera processing steps are published [11]. Access to the
raw data and the published processing steps provide good reasons to use the ARRI
ALEXA camera, but the methods presented in this dissertation are not restricted
to that camera alone; other cameras may be used and analyzed equivalently.

2.1 Camera Processing

The processing of the raw sensor data captured with a single-sensor camera needed
to obtain the displayable monitor image is presented in this section. The complete
processing pipeline is shown in Fig. [2.1]

The first step — white balance — applies a gain factor to each color channel cor-
recting the white point according to the illuminant in the scene (Sec. .

The second step is the demosaicking, which generates a full-color image based on
the sensor data, which contains only one color value per pixel. The process is also
called debayering when a sensor covered with a Bayer color filter array (CFA) is
used. As the Bayer pattern is the most usual CFA, this dissertation mainly studies
debayering, but most of the results may be also valid for other CFA. Sec.
describes the debayering problem and mentions the state of the art in debayering
methods with a focus of the methods used later in this dissertation.

The third step includes the color transformations. We show the basic color pro-
cessing steps in Sec. A minimum requirement is to adapt to the adequate
monitor color space and to account for the monitor gamma. This basic process-
ing, however, is not sufficient for today’s high-dynamic-range sensor data. On such
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data, more sophisticated nonlinear processing can be applied to obtain a higher vi-
sual quality of the final image data. The additional nonlinear transformations are

presented in Sec. 2.1.4]

2.1.1 White Balance

White balance corrects the white point according to the illuminant in the scene,
such that equal RGB values represent achromatic objects.

The sensor is covered with a CFA, it captures the R-, G- and B- irradiance ac-
cording to the spectral sensitivity of the photo site Lp and the transmission charac-
teristic of the filters. Three types of filters influence the effective radiance that can
be captured by the sensor. The UV filter, with its spectral transmission distribution
Lyv, the infrared cut-off filter with its spectral transmission distribution L;g, and
the color filter, with a spectral transmission distribution Lepa,. for each channel
c € [R,G, B]. The result is the tristimulus value 7.

= / LoLuy Lip Lopae (V) d\ = / Lo(A) r(A) dA (2.1)
A A

The spectral radiance in the scene () depends on the reflectance of objects and the
light sources in the scene, and so does r.. However, independent of the light source
that illuminated the scene, achromatic objects are expected to be represented by
equal RGB values in all usual RGB color spaces. Thus, as a first step, white balance
must be applied accounting for the scene illumination.

To describe the illumination in a scene, the term color temperature is widely
used. It describes that the light source has the same color like a black-body radiator
with that absolute temperature. A black-body radiator is a theoretical illuminant
emitting light according to Planck’s law. Increasing color temperature means that
a light source becomes bluer, or less red. The camera provides presets for the white
balance according to these illuminants.

Mathematically, white balance is a simple linear process: a constant gain is applied
to the three different color channels depending on the selected color temperature.
In the image example in Fig. and (b) the sensor data before and after the white
balance is shown. The images do not show RGB data but raw data from the Bayer
sensor, and hence the Bayer pattern is visible. As the white balance reduces color
differences in white or grey areas, the pattern of the color filter array is less visible
in white areas, e.g., the white parts of the traffic cone in Fig. compared to

Fig. 2.2a]

2.1.2 Debayering: from sensor data to full color RGB images

The sensor data contains only one value per pixel, which is green, red or blue
depending on the location of the pixel. The most usual CFA is the Bayer pattern,

11
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g

(a) Bayer data (b) White Balance (c) Debayering

Figure 2.2: The first step in processing the Bayer data (a) is the white balance, result in
(b). The debayering leads to a full-color RGB image (c).

Figure 2.3: Bayer pattern

shown in Fig. 2.3 To obtain a full-color image with three color values per pixel,
an interpolation method is applied, called color demosaicking or debayering. In this
section we introduce the problem formulation and provide a short overview of the
state-of-the-art in debayering.

As shown in the last section, the data captured by a digital sensor can be described
as a function of the incident radiance r., which depends on the spectral response L.,
which is defined by the IR and UV cut-off filters, the color filters for R, G and B and
the sensitivity of the sensor’s photo site (Eq. . The resulting image pixel values
at the spatial sampling location ny, ny additionally depend on the spatial response h,
which is mainly determined by an optical low pass filter and the sensor’s pixel pitch.

We include an additive noise term N; however, the noise model will be discussed in
detail in Sec.

Ipayer(n1,n9) = ///Lc()\,nl,nz) r(u, v, ) h(ny — u,ne —v) dAdudv + N(nq, ng)
Y

(2.2)

In a single-sensor camera, one filter type is placed at one spatial position, and the

sensor output is a one-channel image. Thus, the filter function L.(\) depends on
the pixel’s spatial position.

The task of debayering is to reconstruct the full-color data If,;—coor from the

12
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observed sensor data Ipgy.,. An image example of the sensor data and the debayering
result is shown in Fig.

An overview on debayering techniques is provided by Gunturk et al. [48]. Available
methods are classified according to the type (e.g., edge-directed or constant-hue-
based interpolation) and the MSE is compared based on the low-resolution Kodak
data set. A later survey and performance evaluation by Li et al. [71] classifies the
methods into spatial-domain approaches and frequency-domain approaches. They
investigate the performance of ten state-of-the-art approaches based on the low-
resolution Kodak and the McM data set, which has a higher resolution. Li et al.
claim the McM data set to be more challenging and closer to images acquired by
digital cameras. Visually the images are clearly higher saturated; however, a proof
for being more realistic is missing. Although the paper shows the high influence of
the data set onto quality evaluation results, the need for further investigation on
performance evaluation of debayering is identified. The final threat mentioned by Li
et al. is that under these unrealistic testing conditions, “demosaicking alone might
become a pet for academia only and never have any serious impact on the industry
of electronic imaging” [71].

This lack of performance evaluation with true reference data is tackled by Andriani
et al. [11] presenting a new dataset of real images including a method and a test
image with a real full-color reference, which is obtained by a monochromatic sensor
equipped with alternating color filters for every captured image. Thus, the above
mentioned Ify;—coor is available as a reference. However, the evaluation method
is still imperfect because this camera system provides a solution for still image
evaluation only. As the filters are altered subsequently over time, moving contents
cannot be captured reliably and the setup is thus not sufficient for motion picture
evaluation.

A set of ten different debayering algorithms is selected and used in this disserta-
tion. The goal of selection is to have a representative set of algorithms, from very
simple to very sophisticated, that represent the current state of the art in debay-
ering. The simplest method is bilinear debayering, which is the basic interpolation
using neighboring values of the same color. Additionally the following methods are
used: the Matlab standard debayeringﬂ, demosaicking with directional filtering and
a posteriori decision (DDFAPD) [85], directional linear minimum mean square-error
estimation (DLMMSE) [130], and the method of Lu and Tan presented in [77).
Additionally to the algorithms from literature, two camera debayering methods are
used that were specifically designed for ARRI cameras, called Ada3 and Adab. They
can be utilized for processing Arriraw files, captured with an Arri camera, e.g., data
from [11], with the freely available ARC software [}

Tmage  Processing  Toolbox,  http://de.mathworks.com/help/images/ref/demosaic.html,
28.4.2015
2http://www.arri.de/BR /camera/alexa/tools/arriraw_converter/, 28.4.2015
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Figure 2.4: Image example (a) and histogram (b) of a linear image. After normalization
to the exposure index the main part of the signal values is fitted in the signal
range [0,1], which is indicated by the yellow lines.

2.1.3 From linear data to monitor-ready image data

This section presents a general and simple procedure to obtain images displayable
on a monitor from the linear data provided by the sensor [11]. The input data is
the reconstructed RGB image in linear domain; thus, the pixel values have been
interpolated using one of the available debayering methods, but they still are linear
to the brightness in the scene.

A linear image directly displayed appears mostly black, only the highlights are
visible. When the image is normalized according to the exposure, the main part of
the image content can be displayed (Fig. [2.4a). The histograms of the images are
displayed with the image examples. The normalized output data I, is calculated
from I,4, by adjusting the range from 16-bit-range (offset-subtracted) to [0, 1] and
correction depending on the exposure index EI with a multiplying factor. This nor-
malization scales the values such that middle gray captured using an 18%-reflectance
gray card, is mapped to the RGB values (0.18, 0.18, 0.18).

_18ET  Iyqy — 256
" 400 65535 — 256

(2.3)

The next step is the reconstruction of the color values. To convert the color from
camera RGB ( R., G, B.) to the usual sSRGB monitor color space a color matrix
conversion is applied. First, the data is converted into a wide gamut color space
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(Ruwg, Gug, Bug), whose primaries are chosen to avoid clipping in all but the most
extreme cases.

Ry 1.1766  —0.119 —0.0576 R,
Guwg | = |—0.0194 1.0606 —0.0412 G. (2.4)
By 0.0367 —0.2019 1.1652 B,

Subsequently, the conversion from the wide gamut color space to the color space
defined in the ITU Recommendation 709 [56], which has the same primaries as
sRGB, is performed using the following matrix.

R 1.6175 —0.5373 —0.0802 Ry
Gs | = |—-0.0706 1.3346 —0.2640 Gug (2.5)
B, —0.0211 —0.2270 1.2481 By

The output sRGB images are displayed in Fig. the histogram in Fig. [2.5a]
The last step missing for a monitor image is the compensation for the nonlinear
electro-optical conversion function (EOCF) of the display device for C = R, G, or
B, respectively), e.g., the transform described in the Amendment 1 of IEC 61966-
2-1 [55].

1.055 C/24 —0.055 if C' > 0.0031308 (2:6)

Fig. shows the final display-domain image after the steps described here.
Although this image has been converted correctly using the basic conversion steps,
in the very bright areas the highlights are clipped. This may also be observed
in the histogram of the output image in Fig. 2.5bl In the next section, a tone
mapping operation is described, which allows a better highlight and shadow detail
preservation.

o - { 12.92 C if C' < 0.0031308
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Figure 2.5: After color space conversion, the linear sSRGB data is obtained (a,c). Al-
though the color values are corrected, the sSRGB values additionally need a
compensation for the monitor gamma. The result of this gamma compensa-
tion is shown in (b,d).
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Figure 2.6: (a) shows the LogC curve for two different exposure indices plotted with lin-
ear x-axes. (b) shows the same curve with logarithmic x-axes corresponding
to the exposure in stops (logarithm of x to the basis of two).

2.1.4 Nonlinear Transformations: Logarithmic Encoding and
Tone Mapping

The basic processing described in the last section is not adequate for high-dynamic-
range data delivered by today’s image sensors. Fig. shows the image when
transformed using the camera processing procedure [134], which — additionally to
the basic processing steps — includes non-linear transformations to better convert
the full image information of the higher-dynamic-range linear image into the low-
dynamic-range display domain representation.

The first nonlinear curve is a logarithmic transformation, called LogC transfor-
mation [135], which is applied in the wide gamut color space (Eq.[2.5). The LogC
image is a format that can be captured with most ARRI cameras. Other camera
manufacturers have similar logarithmic formats that allow preserving most image
information but already provide visible image content when displayed on a monitor.
The format was designed to match the characteristics of negative film: it is linear to
the exposure over a wide range of signal values. The LogC curve, shown in Fig. [2.6]
hence, transforms the linear data into a representation that is linear to the exposure
around the middle of the signal range. To avoid clipping and to keep the informa-
tion at the borders of the signal range, the curve flattens depending on the chosen
exposure index.

The second nonlinear curve is the tone mapping, applied on the LogC data. Tone
mapping is long known to be an important factor in reaching high photographic
image quality. It compresses the highlights and shadows and provides a steep slope
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Figure 2.7: Monitor data, image example and histogram. With a nonlinear tone mapping
function more pleasant shadows and more details in the highlights can be
preserved.

in the main signal range, which leads to a high contrast monitor image . The
tone mapping curve, shown in Fig. 2.8 has a steep slope to increase the contrast
matching the display specific range and compresses the highlights and shadows to
avoid clipping.

An example of a LogC image is shown in Fig. 2.9 on the left, the resulting display
domain image is shown on the right.

2.1.5 Filtering

Image sensors have almost always a size different from the output format, so an
up- or down-scale filtering is required to rescale the images into the desired output
format. The rescaling filter is an important choice, as the sharpness of the image
can be adjusted in this step.

Image filtering can significantly influence the image characteristics. However,
assuming that denoising is applied before rescaling, this part of the processing chain
is not studied in detail.
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Figure 2.9: LogC image (a) and the final tone mapped monitor image (b).
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2.2 Noise Characteristics of Real Camera Data

As explained in the last section, many steps are performed to achieve a color image
ready for display, which can be summarized into the following three:

1. white balance,
2. debayering,

3. color transformations.

Applying these steps influences the noise in image data significantly.

To assess the noise characteristic changes caused by the processing steps, the noise
variance is calculated. Two different approaches can be used for analyzing the noise
variance: theoretically calculate the variance changes for all the operations applied
in the processing steps or perform a Monte-Carlo simulation. We will use both
approaches in the following sections and discuss the advantages and results.

Sec. 2.2.1] proposes a realistic model for the noise in the raw sensor data based on
measurements. Noise in white-balanced images is discussed in Sec. 2.2.2] Debayer-
ing has a critical impact on the noise characteristics, and thus the noise after the
debayering step is discussed regarding different aspects. Sec. first discusses the
visual quality, and subsequently, the signal properties, such as noise variances and
spatial correlation, followed by an analysis of the noise in frequency domain and in
wavelet domain. Sec. evaluates the influence of the nonlinear color processing
steps described in the previous section.

2.2.1 Noise in the sensor data

First, a realistic model for the camera noise in the raw sensor data is needed. Speak-
ing of raw sensor data means calibrated Bayer sensor data, which is linear to the
amount of light. To obtain reliable data for the realistic noise model, we measure the
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Figure 2.10: Variance (a) and distribution (b) of the noise in the raw domain (signal
values in 16 bit precision).
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2.2 Noise Characteristics of Real Camera Data

real camera noise in the raw sensor data based on a series of exposures. The noise
variance is calculated using the photon transfer method proposed in the EMVA 1288
standard [13§].

Although this measurement can be performed with any camera, in this disserta-
tion, the ARRI ALEXA camera is used. As previously mentioned, the method can
equivalently be applied with other cameras that capture raw data.

The photon transfer method [138] uses two subsequent frames recorded at con-
stant and spatially homogenous lighting conditions. The temporal noise variance
is calculated from the mean of the difference between two frames A and B in the
active area of size N x M.

1N—

2 1 pa
“ _QNM;

This calculation of the variance is very robust to inhomogeneous lighting or fixed
pattern noise because the variance is calculated directly from the pixel-wise dif-
ference of the frames without using the overall mean of the area N x M. The
corresponding mean signal value is calculated as the mean over all the signal values
in the area N x M of these frames.

Fig. shows the variance plotted over the respective mean signal value. The
signal is the digital 16 bit value of the sensor output which represents the amount
of light. The variance of the sensor noise can be approximated by a linear curve.
This result matches the results with other cameras measured by Trussel et al. [121].
There is one difference though, in the signal region around value 0.1 x 10*. The
step in the variance curve is due to a special characteristic of the ALEXA sensor,
the dual-gain read-out technology. The sensor read-out of the ALEXA provides two
different paths with different amplifications (dual-gain read-out). The low-amplified
path provides the data for the signal range starting from 0.1 x 10*. The high-
amplified path saturates in the high signal values, but for the low signal values it
provides a significantly higher signal-to-noise ratio. The read-out noise (offset of
the variance curve) is reduced, and hence, the dual-gain technology enhances the
low-light performance of the camera. The two read-out paths are combined in the
region around the signal value 0.1 x 10*, which explains the step in the variance
curve.

In Fig. we show the distribution at a fixed signal level. The distribution
is very similar to a Gaussian distribution, therefore, we can well approximate the
sensor noise n in the raw domain using a Gaussian distribution with signal-dependent
variance.

I(Aij — Bj;)? (2.7)

Jj=0

n ~ N(0,0(x)) with o*(z) = m(z)z + t(z) (2.8)

The variance o?(x) is approximated as a piecewise linear function depending on the
signal z, with the slope m(x) and the intercept ¢(x) based on the measurement data
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2 Beyond Standard Noise Models

in Fig. [2.10al Because of the dual-gain read-out the values for m(z) and ¢(z) are
piecewise constant.

Other cameras do not show the step in the noise variance curve, but they show
also a linear dependence of the noise variance on the signal value, due to the Poisson
distribution of the photon shot noise. The fact that this is the dominant source of
noise for modern image sensors has been shown for other cameras by Trussell et
al. [121] and thus the presented noise model is also applicable in a similar way for
other cameras.

Based on the proposed sensor noise model, the following sections evaluate the
influence of the processing steps on the noise characteristics.

2.2.2 Noise after white balance

The first step, the white balance, is a linear gain factor g. on each of the color
channels. For a linear transformation, the output variance can be calculated.

o*(aX +b) = a® o*(X) (2.9)
For the mean value, the following relationship holds.
ElaX + bl =aE[X]|+b (2.10)
The white balance directly influences the noise level n. in the different colors.
ne = gen ~ N(0, g.o(x)) (2.11)

The white balance changes the noise level of the different channels according to the
gain factors g.. This leads to a different variance curve for the color channels, as
it can be seen in Fig. 2.11] As described in Sec. these factors depend on the
lighting conditions in the scene, and are chosen based on the color temperature.

Fig. shows the effect over the range of color temperatures for a assumed input
noise level of one. The most common lighting conditions are daylight, corresponding
to 5600 K, and artificial light, usually corresponding to 3200 K.

As most denoising algorithms adjust the parameters depending on the noise level,
denoising algorithms can be adapted to the different level by choosing a different
denoising strength for each channel.

2.2.3 Noise after debayering

The debayering is the second step of the processing pipeline. It generates three
color values by interpolation using the pixel value and the neighboring pixel’s values.
Debayering introduces spatial and chromatic correlation in the noise, as it exploits
the correlations present in the signal for estimating the missing pixel values. The
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Figure 2.11: Noise varaince over mean signal value after the white balance (3200K).
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Figure 2.12: The noise standard deviation after white balance is plotted over the color
temperature. The input noise was zero-mean Gaussian noise with o = 1.

spatial correlation of the noise ng4e in the debayered image is usually disregarded in
common state-of-the-art denoising methods [5].

Debayering significantly changes the noise characteristics. The visual appearance
is discussed firstly to evaluate the impact of debayering on the visual image quality.
Subsequently, the influence of debayering on noise characteristics is analyzed in
three different domains: the spatial domain (or pixel domain), in the frequency
domain and finally in the wavelet domain. The content is partially based on previous
work [1,5,[10]. Additionally, we analyze the frequency spectrum of film grain noise
and compare it to the digital camera noise after debayering.

Visual Perception of spatially correlated noise

To evaluate the noise characteristics after debayering, our test setup includes a ref-
erence image and a noisy image with different types of noise. Although noisy images
could be obtained in the form of real camera data, we would lack the corresponding
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Figure 2.13: The computer-generated test sequences

reference imagery. Adding noise to a readily processed image, e.g., an image from
the Kodak data set, can be used for first evaluations, but is not optimal for tests with
realistic camera noise, as it is necessary to include all the processing steps described
in the previous section. A full-color reference in the linear domain is therefore re-
quired to obtain realistic test data. We obtained this reference data from a rendered
3D scene.

Two scenes are used, see Fig. [2.13. The frames are rendered in high resolution and
in linear signal domain. To incorporate the optics of a camera system, the images are
multiplied in the Fourier domain with the optical transfer function of the camera.
This step takes into account the diffraction-limited lens, the optical low-pass filter
and the pixel aperture, as described by Schoberl et al. . The camera noise is
added in linear domain according to the measured values presented in Sec. [2.2.1]
using a Gaussian distribution with a signal-dependent variance defined by the linear
approximation of the measurement data. This provides simulated raw images with
a reference. For more details regarding the reference data refer to Sec. in the
chapter discussing denoising evaluation.

To assess the effect of debayering on the noise characteristic, the image processing
with debayering is compared to the processing without debayering, which is only
possible with the simulated RGB values; in real single-senor camera images, the
debayering cannot be omitted. A crop of the city sequence with noise and with-
/without debayering is shown in Fig. [2.14] The images (noisy, with and without
debayering) are compared to the reference. The scaled differences of the respective
noisy image to reference image, shown in Fig. [2.14] visualize the effect: when debay-
ering is included the noise is structured, with a coarser grain, and more colorful. As
the contrast sensitivity of the human visual system (HVS) shows a low-pass char-
acteristic in the color vision channels, a shift to lower frequencies can increase the
visibility of the color noise.
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2.2 Noise Characteristics of Real Camera Data

Figure 2.14: Crop of the sequence “City”. Noisy image (left) and noisy image with
debayering (right). In the second row the respective difference image Iy
scaled for display (/gscaled = Iq -4+ 128).

To obtain reliable information about the human perception of the different noise
characteristics, the data of a subjective test provides more information. 18 partici-
pants rated the quality of noisy video sequences on a discrete scale from one to ten.
The test was performed in the ITU-R BT.500 compliant video quality evaluation
laboratory, for details about the test setup refer to Chapter 5] From the votes, the
mean opinion score (MOS) is calculated, which then can be used as measure of the
perceived visual quality.

Four different noise models are compared: the usual AWGN model, AWGN with
debayering, signal-dependent noise without debayering and finally the realistic cam-
era noise model — signal-dependent noise with debayering. Based on the MOS, we
evaluate the visual quality of the noisy test sequences. The spatially correlated noise
is perceived as more annoying. Although the MOS is different depending on image
content and noise type, Fig. shows a lower MOS for the all the demosaicked
sequences compared to the sequences with uncorrelated noise. The spatially cor-
related noise, which shows coarser grain and appears more colorful, hence, is more
disturbing. The MOS of the city sequence with AWGN is about 3 scores lower
when debayering is included. Regarding the sequences with signal-dependent noise,
the MOS is 0.5 lower for the city sequence and 2.3 lower for the landscape sequence
when debayering is included. We thus showed the significant effect of the noise char-
acteristics on the visual perception of color video sequences: the spatial correlation
of the noise decreases the perceived image quality, and hence, the debayering has a
significant effect on the visual perception of noise in video sequences. In the next
section, the technical details of the noise characteristics are discussed.
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Figure 2.15: The MOS results for the test sequences “City” and “Landscape” using
the traditional AWGN model (dashed) and the realistic signal-dependent
noise (solid lines). The uncorrelated noise, processed without debayering,
is shown on the left, the results with debayering on the right.

Analysis of the noise after debayering: local correlation and noise reduction

Two different approaches can be used for analyzing the noise variance: theoretically
calculate the variance changes through the operations applied in the processing steps
or perform a Monte-Carlo simulation. We will explain shortly how the calculation
can be performed for bilinear debayering.

The goal of the theoretical calculation of the variance is to find the variance of
the output noise ngy, based on the variance of the input noise n.. For a linear trans-
formation, the output variance can be calculated as given by Eq.[2.9) To investigate
the influence of debayering mathematically, the most simple debayering algorithm
is studied: the bilinear interpolation. Bilinear debayering can be considered as a
linear transformation. Although the debayering algorithms used in state-of-the-art
image processing are usually more sophisticated, the principal method and can be
shown using this simple debayering method.

Noise variance after bilinear debayering The bilinear interpolation of a green
pixel value g; ; is the mean of the neighboring green values.

1

93 = (Gim1; + Git1j + Gij—1 + Gij+1) (2.12)

Assuming the variance of all green samples is the same, the variance of the inter-
polated green value is 02(g; ;) = }la2(gsampled). This leads to a lower variance after
debayering. A similar investigation can be done for the red and blue interpolation.
As we have 50% of green sample values and 50% of green interpolated values the
overall green variance should be 0.5(307 + 02) = 0.62507. This matches the value
obtained by simulation for noise in one image (720 x 1280 pixels), shown in Tab.
2.1} In this table the numbers are accurate to two decimal places.

The theoretical calculation can easily be performed for the bilinear debayering
method, which is a very simple debayering method. The theoretical calculation pro-
vides precise results, and the results of the simulation generates sufficiently precise
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2.2 Noise Characteristics of Real Camera Data

Table 2.1: Noise variance after Debayering step. With o2 the noise variance before De-
bayering step is indicated.
’ R channel \ G channel \ B channel ‘
10560, [0620;, [0560, |

results, too. The remaining question is, whether both methods can be used for
other debayering methods. The variance calculation after one linear transforma-
tion is simple, but most debayering algorithms consist of many steps, which make
the calculations more complicated. Additionally, these steps can be nonlinear, thus
linear approximations are necessary.

Noise variance after camera debayering The camera debayering (Ada3) is an
example of a more complicated debayering method, as it performs many steps. For
the camera debayering, the output variance has been estimated step by step, based
on the assumption of homogenous regions. This is a valid assumption for the im-
provement of denoising algorithms since the noise is more visible in homogeneous
image regions than in textured regions. As the nonlinear steps need to be approxi-
mated, and the correlation is not taken into account, small errors accumulate in the
calculations. The overall error is signal-dependent and color dependent, and it can
be significant for some signal values, especially for saturated color values, whereas
the simulation provides precise results for all signal values due to the large image size
used in the simulation (HD). Additionally, the simulation provides the possibility
to generate results for algorithms that are not published. This is a clear advan-
tage when camera data is considered as debayering algorithms for camera data are
usually not published. Based on these considerations, the simulation is the better
choice, as it is precise enough and more flexible.

The analysis above shows that the variance of the noise is lower after debayering.
This result — debayering reduces the noise — may seem surprising, as the debayering
does not aim a noise reduction and the visual quality was shown to decrease with
debayering in the last section. Although it is correct that debayering technically
reduces the noise, this does not lead to a more visually appealing image, as debay-
ering errors are introduced and the noise characteristic is changed. To understand
the reasons, we need to study not only the variance of single pixels, but also the
correlation between the pixels.

Spatial correlation of the noise after debayering To evaluate the influence of
debayering for different methods, we first use the standard test images from Kodak.
This choice is due to the fact that most debayering algorithms in literature are
optimized using that test set, but the results also hold for other image data.
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2 Beyond Standard Noise Models

Table 2.2: Correlation matrices for different debayering methods, calculated using
AWGN and the Kodak data set.

Chitin = CpLMMSE =
1 0.5693  0.1243 1 0.2239 —0.0066
0.5715 0.3214 0.07181 0.375 0.06351 0.03626
0.1284 0.07425 0.0191 —0.003771 0.03715 0.03545

The spatial correlation of the noise is evaluated after debayering a noisy and a
noise-free image. The difference image contains the error introduced by the noise.
We use this difference image to calculate 2D-histograms of the noise distribution
and the correlation matrix C' for different debayering algorithms.

To visualize the distribution we plotted 2D-histograms of the noise. The difference
of the noisy and the reference image is the error due to noise. In the 2D-histogram the
error value occurrence for two neighboring pixels are plotted. The color represents
the frequency (number of occurrences); the position in the plot represents the value
of the error. The resulting scatter plots for an image with AWGN without debayering
are given in Fig. 2.16a] The distribution is symmetric as expected for uncorrelated
noise. Fig. [2.16bjand [2.16¢/show the scatter plots of the noise after debayering using
bilinear interpolation and using the debayering method proposed by Lu/Tan [77].
The scatter plots of the debayered noise are dispersed into the diagonal direction,
which indicates a correlation: it is more likely for a pixel to have the same or a
similar error value as its neighbors. The R channel is not shown; since the debayering
methods interpolate the B and R channels the same way, the scatter plots of B and
R look very similar.

We calculated the correlation matrices C, given in Tab. 2.2l The matrices contain
the correlation between a pixel (i,j) and its neighbors; more precisely the entry
(k,1) in the matrix corresponds to the correlation of the neighbor pixel (i +k,j +1).
Numbers for bilinear interpolation and DLMMSE [130] are given. Whereas in the
usual uncorrelated noise model the noise values don’t correlate with the neighboring
values and thus lead to a matrix with only a one in the upper left matrix position,
these correlation matrices show that a strong correlation to the neighboring pixels
is present after debayering. The matrices are 3 x 3 because numbers outside of this
regions are very small. The bilinear interpolation has the strongest correlation.

The correlation implies that spatial denoising algorithms that rely on neighboring
values will not work properly on debayered data. Denoising methods operating on
Bayer data are thus of great interest.
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Figure 2.16: Scatter Plot of the noise in a noisy Kodak image before (a) and after de-
bayering (b,c); the first Kodak image was used and AWGN with ¢ = 20
added. From left to right the G and B channel.
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Noise in Fourier domain and comparison with film grain

Whereas the last section described the influence of debayering on the noise char-
acteristics in the pixel domain, the following analysis provides details about the
noise characteristics in the frequency domain. The frequency spectrum is impor-
tant for the human vision; due to the contrast sensitivity function (CSF), very high
frequencies are less visible than middle or low frequencies. As film grain noise is
considered to be more pleasant than today’s digital camera noise, we compare the
digital camera noise spectrum to the spectrum of scanned film grain.

We compare the noise power spectrum, which is the squared amplitude of the
transformed noise. For the camera noise, we use the noise model of the sensor
noise as it was described in Sec. and apply the processing chain described
in Sec. — Sec. to obtain noisy LogC images. The film grain is obtained
by capturing a grey card, thus a homogenous area, with different film types. The
film is scanned to obtain a digital representation with the same resolution as its
digital counterpart. We subsequently calculate the noise power spectrum for both
the scanned film grain and the simulated camera noise using the same procedure.
First, we remove the overall mean of the noisy image I, with the image size N x M.

1 N,M
Ngp = I — NM Z [Sp<i7j) (2.13)
i,j=0

The noisy image is transformed using an FF'T algorithm to obtain the noise spectrum
F(w).

F(w) = F(Is) (2.14)

The noise power spectrum is the squared amplitude normalized by the image size.
1 2

NPS(k,l) = — |F(k,I 2.15

(k. 1) = oz [F (D) (215)

For the mesh plots of the noise power spectrum, the median per 32 x 32 block is
calculated and plotted in Fig. [2.17]

The spectrum of the digital camera noise is clearly not white; it shows a peak
towards low frequencies. This probably makes camera noise more visible for the
HVS than white noise. Camera noise additionally shows a higher power spectrum for
vertical and horizontal high frequencies than for diagonal high frequencies, especially
in the green channel. Both results show that the noise spectrum is not white, but
the film grain spectrum is broader than the spectrum of the digital camera noise and
less direction dependent. This might explain that film grain noise is more accepted
and sometimes even appreciated by artists. The noise power spectrum of film grain
noise depends on the type of film material used. Five film types were analyzed and
the most representative is shown in Fig. [2.17]

Although the analysis of the noise power spectrum is interesting for explaining
the human perception, the frequency domain is not optimal for efficient camera
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Figure 2.17: Noise power spectra of digital camera noise and film grain noise: (a), (b),
and (c) show the digital camera noise spectrum in the R, G and B channel
respectively. (d-f) show the noise power spectrum for film grain in R, G
and B channel respectively (Kodak Vision3 500T color negative film 5219).

(g)-(1) show the data from (a)-(f) with a base-10 logarithmic scale used for
the z-axis.
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Figure 2.18: The noise variance of the wavelet coefficients over the input variance is
shown for AWGN.

denoising. Kokaram showed in [64] that a 3D-FFT based method can be used for
denoising non-white noise, but the method is not a good choice when the target is
a stream-based video processing pipeline since the complete image is stored in the
memory before the FFT can be applied. We therefore choose a second representation
for our analysis, the wavelet domain, to obtain a description of the camera noise that
might be more useful for developing denoising methods. Wavelet domain coefficients
do provide frequency information, too, but additionally they are localized and can
be computed based on a limited spatial neighborhood.

Noise in wavelet domain

This section analyzes the noise characteristics of wavelet coefficients when cam-
era noise is present in the images. This investigation is important for three rea-
sons. First, wavelet methods seem specifically practical for denoising camera data:
whereas it may be difficult to include the spatial correlation discussed in the last
section in pixel-domain denoising methods, wavelet-domain denoising methods are
a good choice, because the spatial correlation leads to a different amount of noise
in the different frequency bands, which are represented by wavelet levels. Second,
wavelet denoising methods have generally shown good results, and third, they can
be expected to be implemented quite efficiently for video processing. Parts of the
following analysis has already been presented in [1].

The commonly used noise model AWGN has a white noise distribution in fre-
quency domain, i.e., it is equally strong in all frequency bands. Conversly, camera
noise is not white due to the spatial correlation. In wavelet domain, this means that
the noise is level-dependent.

With a Haar filter, the wavelet filter type with the lowest complexity, the filtering
operation corresponds to a mean and a difference. For an uncorrelated input, the
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Figure 2.19: In both plots, the noise standard deviation in the wavelet domain is plotted
over the input noise standard deviation. In (a) the full RGB reference was
used. This means, the plot shows the noise plus an additional debayering
error. In (b) the reference image was debayered, therefore the debayering
error is not included and all lines start at zero. Camera debayering method
Ada3 was used.

variance of the filter outputs can be easily calculated. However, the signal is spatially
correlated due to debayering before the transformation.

To show the effect of debayering on the noise variance in the wavelet levels,
we therefore perform a simulation. Artificial AWGN is applied to the computer-
generated City image (described in Sec. and the standard deviation of the
wavelet coefficients is plotted for the different wavelet bands in Fig. 2.18] As ex-
pected for the commonly used white noise model, the noise is equally strong in all
frequency bands. Subsequently, we used the artificial image again, but this time
applied a Bayer pattern to obtain sensor comparable data and applied debayering
to obtain the debayered noisy image. Fig. [2.19] shows that the noise in the high
frequency bands (Level 1 and 2) is diminished by debayering, because of the inter-
polation step. The noise in the higher levels is slightly stronger. This matches well
the frequency distribution shown in the last section. Fig. shows two slightly
different plots. The difference is the reference image, which was used to calculate
the noise standard deviation in the wavelet domain. For the plot in Fig. the
full RGB reference was used, which is available for the simulated city image. This
means, the plot shows the noise plus an additional debayering error. In Fig. [2.19b]
the reference image has been debayered before comparison, thus the debayering error
is not included. As in this dissertation denoising is the target, the second method
is used in the following plots.

To find out whether the described effect is specifically valid for one debayering
method or for more debayering methods in general, a set of ten different debayering
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Figure 2.20: In both plots, the noise standard deviation in the wavelet domain is plotted
over the input noise standard deviation. In (a) bilinear debayering was
used. In (b) DLMMSE [130] debayering was used.

algorithms is used: bilinear debayering, camera debayering (Ada3 and Adab E[),
DDFAPD (Demosaicing With Directional Filtering and a posteriori Decision) [85]),
DLMMSE (directional linear minimum mean square-error estimation) [130], LPA-
ICI [96], Matlab standard debayering [} POCS (projections onto convex sets [47]),
RI (residual interpolation [89]). The results show that all tested debayering methods
lead to very similar wavelet noise characteristics. The order of the noise strength in
the wavelet levels is the same; level 1 and 2 have clearly the lowest noise standard
deviation, and the noise level rises with the number of level. DLMMSE shows the
least spread between the levels. The result for bilinear debayering and DLMMSE is
shown in Fig. [2.20]

These results can be very helpful for designing denoising algorithms that operate
in wavelet domain.

2.2.4 Noise after color transformations

The third step, the color transformations, includes a nonlinear tone mapping and
color space conversion to map the linear values to displayable signals. Color trans-
formations can strengthen the spatial and chromatic correlation of the noise. This
section discusses the processing as presented in Sec. and Sec. [2.1.4] but the
exact way color conversion is done is an individual choice, and the presented results
of noise variance and distribution only hold for the processing described. However,
for today’s high-dynamic-range image sensors tone reproduction operations similar

3http://www.arri.de/BR /camera/alexa/tools/arriraw_converter/, 28.4.2015
4Image  Processing  Toolbox,  http://de.mathworks.com/help/images/ref/demosaic.html,
28.4.2015
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Figure 2.21: The noise variance over mean signal value is plotted for LogC data and
video data and for EI 800 (top) and EI 3200 (bottom). In the EI 3200 the
maximal variance is almost ten times higher than for EI 800.

to the one described are common, as they are necessary to obtain a visually pleasant
image on a low dynamic range display device. The transformations are not new,
tone mapping operations have already been studied for analog photography, e.g.,
in [115].

For the processing described in Sec. the noise variance is be calculated in
the LogC and the video data for different mean signal levels. Based on the model
for sensor data described in Sec. 2.2.1] noisy image sensor data is generated. Sub-
sequently this data is transformed to LogC and then to display domain data. To
obtain LogC data, the wide gamut matrix transformation is used followed by the
nonlinear logarithmic transformation, the LogC curve. For the display domain out-
put, the tone mapping, conversion to sRGB color space and the gamma correction
is additionally applied. This simulation is performed for stepwise increasing signal
levels in the linear data to obtain a sufficiently detailed variance curve. 480 signal
values have been used for the LogC and video domain. We use two different pa-
rameters for the exposure index, 800 and 3200. Exposure index (EI) 800 usually
means good image quality with acceptable noise level; EI 3200 is used for low light
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Figure 2.22: Noise distribution after color transformation.

conditions and contains a significant amount of noise.

Fig. shows the results. The most important finding is that the variance in
the display domain and LogC data does not increase with signal level, as it was the
case for linear sensor data (Sec. It even shows the opposite tendency: after a
peak at low signal levels, the variance decreases with increasing signal levels. Since
most of today’s algorithms for image processing are designed and tested based on
readily processed image data, which means image data corresponding to the display
domain image, this finding is very important. It shows that it is very unrealistic
to test and design methods for real sensor noise (e.g. the Poisson noise reduction
in [116]) based on readily processed data. We expect that our publication of a real
camera image data set can serve as more realistic test data for such methods in
future research.

The last step is to evaluate the noise distribution. Whereas the distribution in
the raw data matches a Gaussian distribution (shown in Fig. , the LogC and
video data show a distribution that is more compact around the mean value and
has longer tails. The representative distribution for one signal level is shown in
Fig. and Fig. [2.22b]

In summary, the results show that the noise after the color transformations is
significantly different from the noise in the linear data: the distribution does not fit
a Gaussian distribution and the variance is not linearly dependent on the signal. In
contrast to the sensor noise, the variance is lowest for high signal levels and not for
low signal values.

Noise in wavelet domain

To evaluate how the different noise characteristics after color transformations influ-
ence noisy wavelet coefficients, the noise in the wavelet coefficients on two images
with and without color transformations is analyzed. Fig. shows the results for
the city image without color transformations; the results including color transfor-
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Figure 2.23: The noise standard deviation in the wavelet domain is plotted over the
input noise standard deviation.

mations are shown in Fig. 2.23b] Comparing Fig. with Fig. [2.23D] shows that

including the color transformations leads to a nonlinear relationship between input
noise (o in the raw data) and wavelet domain noise (o of the wavelet coefficients of
the transformed display domain image).

Two images are used, a homogenous grey image and the city image. On the grey
image, i.e., homogenous image content with a fixed signal level, the curve is almost
linear (Fig. since the color transformations do not change abruptly and can be
well approximated by a linear transformation around a fixed signal level. However,
the results show a higher slope towards higher sigma levels. This nonlinearity can
be explained by very noisy values being far away from the signal value, where the
linear approximation of the color transformations does not hold. Here the gain is
higher than at the mean signal level and therefore the values have higher noise than
expected based on a linear approximation at the mean signal level. For visually
pleasant denoising results, it is sufficient to use an approximation that holds in
homogenous areas, as noise is less visible in textured image regions. However, this
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is only the case if the noise in structured regions or at edges tends to be higher than
expected based on the approximation, because this leads to lower denoising strength
than the true variance would require, which is usually fine in structured areas and
does not cause artifacts. However, as the noise level depends on the signal, this
may not be fulfilled and could lead to denoising artifacts that decrease the image
quality. Denoising algorithms therefore are best applied in either the sensor data or
the linear debayered data.
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2.3 Denoising in the camera processing pipeline

Based on the last section’s analysis, we know that the noise of camera data is
not Gaussian, and with every processing step it veers away more from the usually
assumed AWGN model. To answer the question what impact the difference between
the traditional independent noise model and real camera noise has, the effect on
denoising is evaluated in this section. Two main questions are discussed: how do
the noise characteristics influence the performance of state-of-the-art algorithms?
Which domain, e.g., linear, LogC, or display domain, is best suited for denoising?

Whereas firt results, drawing from a previously published paper [5], are presented
to discuss these questions in more detail already in this introduction, the remainder
of this section provides an overview on existing denoising methods. Results on
camera data are presented and adaptions of the algorithms for camera data are
proposed and evaluated.

Denoising images containing more realistic noise

The first question is how the noise characteristic influences the performance of to-
day’s denoising algorithms. Do they show very different results? To answer this
question, we apply two state-of-the-art methods on the city image. First, in the
“traditional way”, i.e., AWGN is added directly in display domain. Second, in a
more realistic camera-like way, i.e., signal-dependent noise based on the model pre-
sented in Sec. is added to the Bayer data and then the image is processed till
display domain. Additionally, different versions were generated to find out which
properties of camera noise have the biggest impact on denoising effectiveness, e.g.,
signal dependence or debayering.

The PSNR of the denoising results is shown in Tab. [2.3] We compare signal-
dependent camera noise added in linear domain based on the model described in
Sec.[2.2.1] to Gaussian noise added in display domain. The variance of the Gaussian

Table 2.3: PSNR values for denoising results of the city sequence with BLS-GSM [101]
and BM3D [33] are shown. Two noise types are used: Gaussian noise added in
display domain (AWGN) and signal-dependent camera noise added in linear
domain (SD). Denoising is either performed in linear domain or in display
domain.

Noisy BLS-GSM BM3D
RGB | deb. | RGB | deb. | RGB | deb.

AWGN / display-domain denoising | 35.51 | 35.35 | 44.47 | 38.81 | 46.33 | 38.17
SD / display-domain denoising 31.51 | 33.95 | 36.45 | 37.43 | 43.11 | 39.49

| SD / linear-domain denoising | 31.51 | 33.95 | 39.40 | 36.61 | 41.99 | 38.34 |
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noise was set to obtain images giving a similar visual impression in display domain.
We process the frames in two ways: without debayering (called “RGB” in Tab.
and with debayering (“deb.” in Tab. [2.3). Note that the RGB version is
only possible as we have the computer-generated full-reference RGB values; in real
raw images the debayering cannot be omitted. Subsequently, all these versions are
denoised, either in the linear domain or in the display domain. Two state-of-the-art
denoising algorithms are used: BLS-GSM [101] and BM3D [33]. The parameters
are picked to obtain the most visually appealing results. We calculated the PSNR
of each frame and took the mean over 20 frames.

The effect of debayering on denoising effectiveness is evaluated. Although the
PSNR of the noisy image sequence after debayering is a bit higher than without
debayering — except a similar PSNR for the unrealistic case of AWGN debayered
in display domain — denoising results of debayered noisy data do not show higher
PSNR. BM3D shows significantly lower PSNRs when applied after debayering. BLS-
GSM also shows a significantly lower PSNR on debayered data compared to AWGN.
On signal dependent noise the PSNR is not lower, but the PSNR gain of 5 dB for
uncorrelated noise drops to 3.5 dB for debayered noise. These results thus show
that spatially correlated noise due to debayering is more difficult to denoise.

We now compare denoising effectiveness on AWGN and on signal-dependent noise.
BM3D seems to be quite robust to the signal-dependence; it leads to an improvement
of above 10 dB in PSNR for both constant AWGN and uncorrelated signal-dependent
noise. BLS-GSM, which showed an improvement of 9 dB for AWGN, provides lower
PSNR improvement for the signal-dependent noise (5 dB), and thus is less robust
than BM3D. We can conclude that the effect depends on the algorithm.

Finally, we compare the realistic camera noise, including both signal-dependence
and debayering, to the usual AWGN model. The PSNR of BM3D for the AWGN
version is 46.33, which corresponds to an improvement of more than 10 dB (for
BLS-GSM 9 db). The realistic camera noise can only be reduced by around 4 dB
with both algorithms. These results, based on the city image, indicate that the
question of whether existing denoising algorithms show very different results can be
answered with yes; denoising algorithms show very different results on data with
camera noise characteristics.

Denoising domain

What is the best domain for denoising with a state-of-the-art algorithm, linear,
logarithmic or the display domain? While denoising can be expected to work well
in a data domain that is close to the human perception, it can also be expected
to work well in a domain with known noise characteristics. This, however, cannot
be achieved together, and thus a trade-off between the two requirements must be
found. To answer the question which domain is best suited for denoising, BM3D
and BLS-GSM denoising were applied in linear domain.
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Figure 2.24: Test sequences for denoising evaluation

BM3D achieves higher PSNR in display domain both on RGB data containing
uncorrelated noise and on debayered data. BLS-GSM achieves higher PSNR in
linear domain on RGB, but the PSNR is higher for display domain denoising on
debayered data. Hence, no clear answer can be found based on that data.

The above presented results based on the city image sequence and two state-of-
the-art algorithms indicate that results can depend on the denoising method and on
the denoising domain. Therefore in the following, more different denoising methods
will be discussed.

Denoising methods

Denoising methods can be classified into pixel domain methods and transform do-
main methods. Pixel domain methods range from basic neighborhood filters, e.g.,
local Gaussian filtering, to the more powerful self-similarity based methods, the first
of these is the well-known non-local means algorithm. Additionally the variational
methods can be counted as pixel domain methods, the most known thereof is the
total variation denoising. Transform-domain methods differ mainly in their decom-
position method. Fourier methods are not best suited for denoising, as they do not
provide any local information in the coefficients. This is either solved by using a
DCT in a local window, or by using wavelet transformations, which provide both
frequency and spatial information.

The most successful methods nowadays build on the advantages of both domains:
transform domain and pixel domain. The method BM3D, for example, exploits the
idea of self-similarity in pixel domain, and then applies DCT-domain filtering.

As published denoising algorithms are far too numerous to be discussed entirely
in this chapter, one or two algorithms out of each group are selected. The first
method, presented in Sec. is an efficient low-cost denoising method, a simple
neighborhood filter. The concept of self-similarity and the denoising method non-
local means are presented in Sec. 2.3.2] Sec. 2.3.3] discusses DCT-based denoising
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methods: the state-of-the-art algorithm BM3D, which combines the self-similarity
concept and DCT thresholding, and a basic sliding-window DCT denoising method.
The total variation method and a new adaptation for color images is presented
in Sec. 2.3.4] Classical wavelet denoising is discussed in Sec. two algorithms
are selected: the state-of-the-art denoising method BLS-GSM and a more simple
approach, the bivariate denoising. The last denoising method is the sparse dictionary
based denoising discussed in Sec. Sec. [2.3.7finally discusses joint denoising and
debayering. Performing both tasks together seems very attractive to save resources.
However, we will also discuss the drawbacks.

A representative set of test sequences is used for evaluating denoising methods in
the following. The test set includes the computer-generated city sequence, described
in the last section, and four real camera sequences that were captured with the ARRI
Alexa camera. The real camera sequences are averaged over 40 frames to obtain a
reference image. The reference images of these five sequences are shown in Fig2.24]

2.3.1 Basic neighborhood filters

The most simple filters are moving-average filters, which provide efficient and low-
cost denoising, but the clear disadvantage is loss of detail and sharpness. Denoising
using smoothing filters, e.g., a simple Gaussian filter, still seems to draw some
interest [118] for the case of scarce computational resources or time constraints in
real-time applications. However, the denoising effectiveness is strongly related with
sharpness loss and therefore edge-preserving filters are preferable for a better trade-
off between computational cost and visual quality. One well-known and still simple
solution to avoid blurring of edges while reaching high noise reduction is the so-
called sigma filter, which preselects the pixels for averaging adaptively. Lee studied
the well-known filter in 1983 [6§].

The sigma filter selects all pixels that are similar to the pixel to denoise in a
limited spatial neighborhood. The selection is based on a threshold, which is usually
the noise standard deviation ¢ multiplied with a factor k£ that regulates denoising
strength. The sigma filter results are very natural appearing images; compared to
other filters no oversmoothing or contrast loss occurs. However, the tails of the noise
distribution remain unchanged, which visually leads to single noise pixels protruding
from the surrounding denoised image data, in particular when the noise level has
been high.

As the sigma filter operates in a spatial window, the highest noise reduction is
obtained when all the pixels in the window are used for averaging. All frequencies
lower than the window size remain unchanged. The remaining low-frequency noise
in the images leads to flickering if the filter is used for denoising digital video data.
The effect is measured using an image sequence of grey images with camera noise.
Fig. shows the original frequency distribution of the noise. The spectrum
of the denoising result in Fig. is very different in its distribution over the
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Figure 2.25: (a) shows the noise power spectrum of a sequence with real camera noise and
(b) shows the noise power spectrum after denoising with a spatial filtering
(sigma filter with 11 x 11 neighborhood and k = 2.5).

frequencies. Overall, it is lower because the noise is reduced, but the problematic
part is the frequency distribution: the low frequencies are not reduced because of
the limited spatial window, whereas the high frequencies are clearly suppressed. The
low spatial frequencies, however, are very disturbing in video data, as they cause
disturbing temporal flickering.

The sigma filter serves us as a basic example for discussing the two major trade-
offs in denoising: the trade-off between noise reduction and visual quality and the
tradeoff between denoising effectiveness and computational resources. Choosing a
high parameter k£ leads to low-frequency flickering that degrades the visual quality,
but it also leads to high noise reduction. Thus, a good tradeoff must be found. To
achieve high noise reduction and high visual quality the spatial support should be
large. This, however, requires significant buffer size in a stream based video pipeline.
This trade-off between denoising effectiveness and computational resources hence
mainly depends on the memory resources.

Note that the problem of remaining low-frequency noise does not only occur using
the sigma filter; the temporal flickering of spatially low-frequency noise in video data
appears also for other spatial denoising methods with limited spatial support.

The problem can be avoided using a temporal filter. Temporal filtering can reduce
noise without sharpness loss, which seems very attractive in times of the race of
resolution increase up to 4K, 6K and 8K. Regarding computational resources, one
drawback is that temporal filtering leads to high memory requirements compared
to a spatial filter, which only needs a very limited support window. However, if a
frame buffer is available it is computationally efficient.

The sigma filter is a good choice for temporal denoising, as it can be applied
temporally in almost the same way as spatially. It takes into account past and/or
future values instead of the spatially neighboring values, selects all the similar pixels
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Table 2.4: Sigma filter PSNR results [dB]: the spatial filtering uses an 11 x 11 window,
the temporal the past frame, which was already denoised, both results with
k = 2.5. The PSNR of the temporal version is the mean PSNR over 8 frames.

’ Method \ domain \ ball pool \ candy \ city \ street \ arch ‘

Noisy 30.86 30.14 | 35.91 | 37.04 | 32.68
Spatial, camera o. bayer 32.36 | 30.97 | 37.13 | 38.12 | 34.39
Temporal, camera o | bayer 31.90 30.52 | 36.08 | 37.84 | 32.83
Spatial, const. o linear 31.52 29.00 | 37.81 | 37.64 | 33.44
LogC 31.00 29.81 | 36.77 | 38.60 | 35.82
mon 30.82 29.93 | 37.01 | 38.97 | 35.85
Temporal, const. ¢ | linear 29.51 27.65 | 36.04 | 36.54 | 32.01
LogC 30.61 29.79 | 36.04 | 38.03 | 34.89
mon 30.65 29.81 | 36.06 | 38.03 | 34.58

according to the ko threshold, and reduces the noise by averaging. In the case of
temporal denoising, the selection of pixels does not avoid edge blurring, but serves
as a basic motion detection method: pixels deviating more than the threshold are
likely to belong to a different object and thus have to be excluded from averaging
to avoid motion blur. One may argue that in this case a temporal correlation is
introduced, which is true. But as long as the temporal support is low, this does not
disturb the human vision too much.

To limit the memory requirement we propose a temporal filter that is applied on
the past denoised frame, so it requires only one frame in the memory. Thereby we
implicitly provide a larger temporal support, which contributes with diminishing
influence, hence keeping the temporal correlation low enough to avoid disturbance.
The temporal support, however, still provides a much lower amount of potentially
similar pixels; hence the noise reduction will be lower than in spatial filtering.

The described variants are applied to five sequences: the computer-generated city
sequence, which allows calculating objective metrics based on the available full RGB
reference, and four sequences captured with the Alexa camera with static image
content, which can also be used for metric calculation, as the mean of all images
belonging to one sequence can serve as reference.

Tab. shows the PSNR of the different described sigma filter variants. The
variants differ in supporting pixel values (spatial/temporal), domain in which the
filter was applied (linear/LogC/monitor), and constant or signal-dependent noise
standard deviation.

The signal-dependent noise standard deviation is estimated based on the noisy
pixel value and the measurements presented in Sec. 2.2.1] This is a fairly good
estimation, as the variance does not change with a steep slope and thus it can be
assumed to be equal to the noise variance of the true pixel value. For the RGB data,
a constant threshold parameter based on the measured noise standard deviation in
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Figure 2.26: Results of denoising the City sequence using a temporal Sigma-Filter. The
parameter k is multiplied with the noise standard deviation o, to regulate
denoising strength. In linear domain (lin) the signal-dependent camera
noise was used. Additionally a constant sigma value was used for all three
domains. The filtering in the latter case is homogenous.

the complete image is used. This is chosen because most filters from literature
assume a constant noise standard deviation, and because no simple model exist for
the noise after color processing. As difference images have shown that the mean
reference image deviates partially from the true value — due to small movements or
changing lighting conditions — the overall noise standard deviation calculated using
the mean of the squared difference of the noisy image I, to the reference image
I, has not been robust enough; causing a clearly too high standard deviation, this
effect has led to extremely oversmoothed denoising results. Therefore, the standard
deviation of the noisy images is calculated using the median instead of the mean.

Oconst — \/med ((Inoisy - [ref)Q) (216)

This provides more robust estimates and reliable denoising strength.

The parameter k cannot be directly optimized for each sequence, as higher k
always lead to higher PSNR for static sequences but also to motion artifacts in non-
static sequences. It therefore was fixed considering visual quality, PSNR values and
the theoretical recommendation by Lee [68]. The PSNR values of the city image are
shown in Fig. [2.26, The PSNR is clearly rising for all different sigma filter variants
up to k = 2.5. Higher values for k gave better results in monitor and LogC domain,
but the improvement is not large. For linear data, the PSNR clearly drops for k-
values higher than 2.5. Additionally, higher k£ can lead to motion artifacts and thus
the parameter was fixed to k = 2.5 for all sequences. This parameter is close to the
parameter proposed by Lee [6§].

The PSNR values in Tab. show, as expected, the lower noise reduction of the
temporal filter, which is due to the lower support pixel values. The spatial filter
was applied with a 11 x 11 window, which provides 120 neighboring values, and
the temporal filter was applied using the past denoised frame, which provides one
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pixel value. However, as the past pixel value is already denoised and very likely to
belong to the same true signal value, the PSNR of the temporal filter is only around
one dB below the spatial filter result. The temporal solution hence provides a good
trade-off between computational complexity and quality of the denoising result.

Whereas the filtering based on the camera noise variance must be applied on
the Bayer data, the filtering based on the constant ¢ allows to compare filtering
effectiveness in linear, logarithmic, or final display domain data. The constant o,
however, does not provide comparable results to the signal-dependent ¢ on the ball
pool and candy sequence. Both of these sequences have content with very saturated
colors, and thus the signal differences are large. As significantly different signal
values also mean that the noise variance is significantly different, this data requires
a signal-dependent denoising parameter. City, street and arch sequences show large
signal differences only in very small regions around highlights, which almost do
not influence the overall PSNR. Therefore, relatively high denoising quality can be
achieved with a constant ¢ on these sequences.

In terms of PSNR no image domain can be stated to be preferred in general.
The temporal filtering is most effective in LogC or video domain, depending on the
sequence. For the spatial filtering, however, the linear domain leads to the highest
PSNR for the ball pool and the city sequence, whereas for the other three sequences
the highest PSNR is obtained by denoising in the video domain.

The sigma filter provides high-quality denoising results given its low computa-
tional cost. The PSNR can be increased up to 3 dB and the noise is clearly reduced
compared to the original sequences. For k < 2.5 no motion artifacts could be ob-
served in sequences containing motion. The spatial filter retains edges, but it can
smooth details and lead to unpleasant flickering due to spatially low-frequency noise.

2.3.2 Self-similarity

The previously described filter approach is based on averaging the values of similar
pixels. The similarity is determined based on the pixel values: when the difference
is not larger than the noise standard deviation the pixel is taken into account for
averaging. This very basic decision is extended by a concept called “self-similarity”,
which is exploited in the non-local means (NLM) algorithm, presented by Buades
in [20]. The NLM includes not only the pixel value itself, but also each pixels neigh-
borhood for the decision if a pixel is similar. This self-similarity concept assumes
significant redundancy in natural images: most image structure is not unique in
natural images, but similar image content can be found within a natural image. Of
course, this concept can, same as the sigma filter described in the last section, easily
be extended to temporal filtering, by just extending the support to the preceding
and/or subsequent frames.

The NLM algorithm consists of three steps: block matching to select similar
blocks within the image, weighted averaging to obtain an estimate for each block,
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Figure 2.27: Matching blocks in NLM denoising on Bayer data: when the red block
is denoised, pixels from other blocks with similar structure are taken into
account.

and fusion of the estimates, which is necessary because the blocks are overlapping.
The resulting estimate y depends on the noisy image z in the neighborhood N

around the pixel 7.
_ JEN()

>, w(i,j)

FEN ()

y(i)

(2.17)

The pixels weights w depend on the similarity between the patch B(i) around pixel
i and B(j) around pixel j: larger Euclidean distance leads to lower weights.

The filter parameter h is usually set empirically based on test data. As mentioned
above, B(i) denotes a patch around the pixel ¢ and N (i) the search area around
the pixel i. Hence, additional parameters are the block size of B and the size of the
neighborhood V.

Adaption for Bayer data The algorithm can very easily be adapted and used on
Bayer data: we just restrict the step in the block matching procedure such that only
blocks with the same pattern are taken into account. Fig. shows an example
of the block matching on Bayer data. In the example, the block in the red square is
denoised using the blocks in the white squares. Only blocks with the same pattern
— here, red Bayer pixel in the upper left corner— are taken into account.

Results for the NLM on Bayer data are shown in Fig. [2.28] Whereas the original
NLM often leads to oversmoothed results, the Bayer NLM keeps the image quite
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(a) NLM Bayer (b) BM3D

Figure 2.28: NLM denoising on Bayer data for the city sequence. The sky, a smooth
area, is better denoised than in BM3D. BM3D is applied on color RGB
data with spatially correlated noise. NLM is applied on Bayer data with
7 x 7 blocks, and a search window of 37 pixels.

sharp but denoises well the smooth area — the sky — in the picture. However, color
artifacts are visible in the small windows of the left house and the right side of the
right tower. The result depends on the chosen parameters; based on optimizing the
Bayer NLM search window A from width 5 to 37 with the block widths 3, 7, and
11, the highest PSNR is 39.21 dB, based on a neighborhood width of 37 pixels width
and a block size of 7 x 7.

The concept of self-similarity is exploited quite successfully in the BM3D algo-
rithm, a state-of-the-art algorithm that leads to almost optimal results — in terms
of MSE . The BM3D uses similar blocks within an image, as NLM does, but
on these blocks a more sophisticated denoising procedure is applied: the blocks are
grouped and denoised with a 2D-DCT and a Haar wavelet transform in the third
dimension. On the resulting coefficients, denoising is realized using hard threshold-
ing. In a second step, the basic estimate from the first step is filtered again, except
that Wiener filtering is used instead of hard thresholding.

The BM3D, applied on the processed monitor data, leaves a quite significant
amount of noise in the smooth area of the image, but retains well the structure.
Although the algorithm yields good PSNR results (41.06 dB on the city image), the
results are often oversmoothed but homogenous regions remain noisy. The remaining
noise is, as often after spatial denoising, low-frequency noise, which is known to be
very disturbing, especially in video sequences. Fig. [2.28 compares both algorithms.
Despite its lower complexity, the Bayer NLM result looks better in the sky, but
compared to BM3D the contrast in the building on the right is reduced and some
colored artifacts are visible.

BM3D is extended to video (VBM3D), which just uses blocks not only from one
image but also from other frames. However, this does leave the problem of low
frequency noise. Although Buades in states: “In all of these movie denoising
algorithms the neighborhood J(i) picks a single pixel per frame. One of our objectives
is to prove that this restriction is actually counterproductive. In fact the performance
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of movie denoising filters improves significantly by forgetting about trajectories and
using all similar pixels in space-time, no matter how many are picked per frame. For
this reason the NL-means filter treats movies as a union of images, rather than an
image sequence.”, Liu and Freeman disagree [75]. Especially in smooth areas block
matching methods are not the best choice: in smooth areas the blocks are matched
by the most similar noise pattern without a temporal consistency analysis. Perhaps
no sophisticated motion estimation is necessary, but methods should include some
regularization that works towards a temporally stable solution and thus reduces
flickering. Future research should concentrate on avoiding spatially low frequency
noise, which is very disturbing in videos.

Although temporal consistency is mentioned to be included in the VBM4D al-
gorithm, presented by Maggioni et al. in [80], the results using the Matlab imple-
mentation provided by the authors on the five selected camera noise sequences are
not better than BM3D: not more noise is removed. The denoising strength is low,
and hence, also the overall PSNR is low with 34.88 dB (mean over 5 sequences) and
for the city sequence 38.11 dB. However, this may be due to suboptimal parameter
settings. The algorithm has different parameters, and the parameters provided by
the authors may be not optimized for camera data, but, as usual, for grey sequences
with artificial AWGN. The selection of the optimal parameters is beyond the scope
of this dissertation.

2.3.3 DCT based methods

The DCT is a well-known transformation that is used in most popular image com-
pression methods, as it provides a sparse representation of the image signal and is
relatively easy to implement. Usually, it is applied patch-wise, e.g., with 8 x 8 or
16 x 16 patches. The transformed patches can be denoised using thresholding tech-
niques. To avoid blocking artifacts, the DCT must be applied in a sliding window
manner with overlapping patches. Patch estimates are the obtained by separate
thresholding of the patches and the patch estimates are finally merged by averag-
ing. The DCT denoising can be applied in RGB color space or in a decorrelated
luma-chroma color space; the latter one usually provides better results.

Image examples of a DCT thresholding are shown in Fig the PSNR of the
candy sequence crop is 31.95 dB. The DCT can well denoise the high frequency noise,
but low frequency noise remains in the image. Whereas this is not a big problem
in still image denoising, the low-frequency noise leads to flickering in denoised video
sequences. To reach optimal PSNR, the denoising strength must be increased until
the image is clearly oversmoothed and small artifacts (overshooting) at edges appear.
Overshooting refers to an output that takes on higher values than the input, and
it comes along with undershooting, which describes an output value lower than the
input.
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(a) noisy (b) Block DCT (c) BM3D

Figure 2.29: Image crops from the candy sequence (PSNR-optimized): denoising with
overlapping blocks and hard thresholding in the DCT domain is shown on
the left, denoising using the state-of-the-art method BM3D on the right.

The well-known state-of-the-art denoising method, building on a DCT transfor-
mation, is BM3D , described in the last section. This method provides good
results in terms of PSNR (candy sequence 33.09 dB). The result of BM3D applied
to the candy sequence crop is shown in Fig. Although the structure is better
retained than with the basic DCT thresholding, the PSNR-optimal result is over-
smoothed and low-frequency noise remains. When the denoising strength is set to
reach PSNR~optimal results, the parameter ¢ is ten times the measured noise stan-
dard deviation. The strong denoising leads to oversmoothed results. Compared to
the simple DCT thresholding, however, more details are kept (e.g., in the rose part
in the middle) and no artifacts at edges appear.

2.3.4 Total Variation

Variational methods for image reconstruction are widely used due to their flexibility
and the applicability to a wide range of problems in image processing. The typical
problem formulation is a minimization problem based on a data term and a regu-
larization term imposing some kind of smoothness or prior information [16}23,[79].
Many denoising methods mentioned in this dissertation could also be formulated
using this type of description.

For denoising, the problem formulation consists of a data term that keeps the
denoising result close to the noisy image and a regularization term that penalizes the
noise and hence is responsible for the denoising effect. A well-known regularization
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method has been presented by Rudin et al. in [104]; it is the so-called total variation
(TV).

V(@) = I/ (Dew)? + (D)’ (219)
Dyu and Dyu are the derivatives of the image in x- and y-direction respectively.
The total variation is a measure of the local activity of a signal; it is high when the
sum of the absolute gradients is high. As natural images are smooth in large image
parts, the total variation is low. When noise is added, the sum of absolute gradients
rises and thus the total variation increases.

The method is designed to remove noise while keeping the edges in an image sharp
and hence aims to avoid oversmoothing. It is very effective in retaining edges, how-
ever, it unfortunately also reduces contrast, especially in small details. To avoid this
contrast loss, the Bregman iteration method was proposed |17,/94], which iteratively
reconstructs the contrast, starting from a TV estimate.

Most of the available methods were proposed for grayscale images, in particular
Bregman iterations have been investigated on grayscale images or single channels
of a color image. Different TV variants have been proposed for color data, e.g.,
Vectorial TV [18]44,108). The idea of our color Bregman TV method, proposed
in [9], is to use the Bregman distance regularization in an iterative setting to make
use of the coinciding edge sets in the different channels.

Color Bregman TV

The motivation for our novel iterative procedure for multichannel image reconstruc-
tion, published in [9], is the co-appearance of edges and image structures in multiple
channels of natural images. The proposed color Bregman method aims at a solution
with reasonably small total variation. Additionally, it encourages different color
channels to have a common edge set by requiring the channels to share a common
subgradient of the TV functional 2.19] This way, no assumption has to be made on
the size of the jumps across the edges in each channel and better denoising efficiency
with good detail and contrast preservation can be achieved.

As the constraint of a common subgradient is difficult to impose directly, we use
the Bregman distances between color channels in an iterative procedure to measure
the differences between edge sets of different channels. We determine each iterate by
regularizing each channel with a weighted linear combination of Bregman distances
to all other image channels from the previous iteration. In this sense, we generalize
the Bregman iteration proposed by Osher et al. in [94] to multichannel images.

A common subgradient of different image channels forces the edges to — loosely
speaking — ‘go into the same direction’. We also consider the case of different chan-
nels sharing an edge set but not (necessarily) the edge direction. Mathematically, we
use the infimal convolution of Bregman distances to achieve the independence of the
edge direction. Whereas a more detailed mathematical description and convergence
analysis of the proposed scheme can be found in our paper [9], this section presents
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Table 2.5: Mean PSNR results [dB] of the 24 Kodak images of the 18 McM images with
AWGN (o = 0.05).

| Method | PSNR Kodak | PSNR McM |
TV 31.59 32.07
Channel-by-channel Bregman iteration 31.38 32.15
Color Bregman iteration 32.95 33.02
Infimal convolution Bregman iteration 32.41 33.01
Vectorial TV 32.16 32.52
Results of the 24 Kodak Images Results of the 18 McM Images
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Figure 2.30: PSNR results for the 24 images of the Kodak image set on the left and for
the McM data set on the right, sorted in descending order (o = 0.05).

denoising results based on two different usual data sets and on more realistic camera
data.

For our numerical experiments, we used the 24 images of the Kodak image data
set, which is usually considered to be a representative set of color images. We added
Gaussian noise with a standard deviation of ¢ = 0.05 (for images on a scale from
0 to 1) to obtain noisy color images and applied a channel-by-channel TV, regular
Bregman iteration, infimal convolution Bregman iteration and color Bregman itera-
tion to the noisy images and additionally compare our results to the vectorial total
variation (VTV) approach proposed by Bresson and Chan in [19]. The parameter p
for the Bregman iteration methods and the parameter A for the VIV method were
optimized using the first five images of each data set and then these parameters
were used for denoising the complete image data set. For the color Bregman TV
iteration, we set all weights to one third, w; ; = 1/3 since this choice gave the best
reconstruction quality in our numerical denoising experiments.

The mean PSNR values over all 24 Kodak images are shown in Tab. As we
can see, color Bregman iteration yields the highest and infimal convolution Bregman
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L

(a) Isotropic TV (b) Vectorial TV (c) Color Bregman TV

Figure 2.31: Crop of the Kodak image no. 23.

iteration the second highest PSNR value. The mean PSNR using color Bregman
iteration is about 1.35 dB higher than the PSNR using classical TV. In comparison
to VTV, the infimal convolution approach yields a small improvement and color
Bregman iteration show a PSNR gain of around 0.8 dB. Fig. shows the PSNR
results of all methods on all 24 Kodak images as a line plot. For the sake of read-
ability the results are sorted in descending order based on the color Bregman PSNR
value. As we can see, the color Bregman iteration results show the highest PSNR for
all the 24 images. The infimal convolution approach outperforms VIV in most cases
but remains clearly behind the color Bregman iteration results. Thus, for our test
data, the stricter assumption of the edges pointing into the same direction seems to
help much more with the suppression of the noise than it harms at parts where the
assumption might be violated.

We additionally used the McMaster (McM) data set. Similarly to the Kodak
data results, the mean PSNR values in Tab. show that color Bregman iteration
yields the best results in terms of PSNR. Interestingly, on this dataset the infimal
convolution iteration yields almost equally good results. This may be due to the
extremely strong colors in the images from the McM data set, which may lead to
a large amount of edges pointing in different directions. Fig. shows that the
color Bregman iteration outperforms VTV on all images with one exception: image
number 17, which shows a highly saturated image of a green and red flower. As
the edges mostly point into different directions, infimal convolution shows the best
result on this image.

A visual comparison of the results obtained on Kodak image 23 (see Fig. [2.31])
shows the advantage of obtaining higher contrast images with color Bregman it-
eration. The contrast and detail recovery is highest in the color Bregman results.
Notice that a higher noise level of ¢ = 0.15 was chosen in this example to better
show the differences of the results of the methods. Fig. shows the results of
classical channel-by-channel TV, Fig. [2.31D] the result of vectorial TV, and Fig.
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Figure 2.32: The mean PSNR of the five sequences (ball pool, candy, city, arch, street) for
the proposed color Bregman method and the regular channelwise Bregman
method is plotted over the denoising parameter pu.

(a) Regular Bregman (b) Color Bregman

Figure 2.33: Image examples of the color Bregman method and the regular Bregman
method, applied channelwise.

the proposed color Bregman method. Around the eye of the bird we observe higher
contrast in the color Bregman results compared to the TV results. The black color
in the circle around the eye can be recovered completely using the color Bregman
method. The color Bregman method is the only method that brings back details
(dark spots) on the blue wing of the bird.

The color Bregman method is additionally applied to real camera data in the
linear, LogC, and display domain. On the five sequences of real camera data and
the city sequence, the achievable gain in PSNR depends on the domain. Fig. [2.32
shows the mean PSNR over all five sequences plotted over the denoising parameter p.
The iteration number was optimized to yield highest PSNR for each . In display
domain, the mean PSNR is 1 dB higher for color Bregman, compared to regular
Bregman. In LogC domain, the difference is slightly smaller (0.7 dB), and in linear
domain, the regular Bregman method applied channelwise achieves clearly better
PSNR results. Visual inspection, however, shows that the moderately applied color
Bregman method yields a stronger suppression of colored noise than the regular
Bregman result (see Fig. , and hence seems to provide high visual quality.
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Table 2.6: PSNR results in dB of wavelet-based denoising methods: bivariate denoising
and BLS-GSM is applied on full-color image sequences in linear, LogC, and
display domain.

’ Method \ domain \ ball pool \ candy \ city \ street \ arch ‘

Noisy 30.86 30.14 | 3591 | 37.04 | 32.68
Bivariate orig. (YCbCr) | linear 29.84 28.05 | 36.58 | 37.07 | 32.45
LogC 31.03 29.82 | 36.39 | 38.04 | 34.70
mon 30.94 29.84 | 36.45 | 38.00 | 34.61
Bivariate orig. (RGB) linear 30.43 | 28.82 | 36.94 | 37.41 | 32.93
LogC 30.66 29.81 | 36.50 | 38.03 | 34.75

mon 30.74 29.83 | 36.48 | 38.02 | 34.64
BLS-GSM (0const) linear 30.68 29.23 | 36.80 | 31.58 | 29.94
LogC 33.81 31.41 | 38.46 | 38.33 | 34.73
mon 33.48 32.22 | 37.99 | 38.53 | 35.80

2.3.5 Wavelet Denoising

Denoising images usually works well in a domain providing a sparse representation.
A common tool for that is a wavelet decomposition, which transforms the image
pixels into wavelet coefficients. The term wavelet decomposition, however, does
not correspond to one single filter. Instead, multiple different decompositions are
possible, differing in their intended application and computational cost. The de-
noising procedure applied to the wavelet coefficients can be equally various: from
simple thresholding techniques up to expensive Bayesian estimation methods. A rel-
atively simple and still very effective method is the bivariate thresholding by Sendur
et al. [111]. Being computationally relatively simple, it exploits wavelet coefficient
dependencies and thereby reaches significantly better results than thresholding tech-
niques that assume independency of the wavelet coefficients.

The bivariate shrinkage is based on a model that captures the dependence between
a wavelet coeflicient and its parent. Sendur and Selesnick in |[111] derived from this
model a simple non-linear shrinkage function to reduce the noise. The shrinkage
function depends on the coefficient and its parent, and it includes a threshold calcu-
lated based on a local estimation of the signal standard deviation and an estimation
of the noise standard deviation.

Bivariate denoising using a simple Haar transformation is the easiest approach
implementable with very low implementation cost. Tab. provides the PSNR
values for the five test sequences. Given the extremely simple Haar wavelet basis,
an increase the PSNR about up to 2 dB is considerable. However, not always a PSNR
gain can be achieved. The visual results show that at edges blocking artifacts can
occur when using the method with this simple transformation, but overall the results
show high visual quality. Fig.[2.34a]shows an image crop from the arch sequence. As
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(a) Bivariate (b) BLS-GSM

Figure 2.34: The image crops of the arch sequence show denoising results on linear data.
The bivariate shrinkage (a) does not reduce the noise much, but no artifacts
appear; BLS-GSM denoising (b) leads to strong artifacts when applied on
high dynamic range sequences.

the method is quite efficient, Chapter [3| of this dissertation proposes a modification
for camera data.

A more sophisticated state-of-the-art wavelet denoising method is the BLS-GSM
algorithm, proposed by Portilla et al. [101]. To reach highest performance, it bases
on a more sophisticated model, which additionally accounts for the local correlation
between coefficients. Using an overcomplete multiscale oriented basis, it reaches
high-quality denoising results. The method reaches higher PSNR values than the
bivariate method on LogC and on display domain data. When applied to linear
camera data, however, the method shows strong artifacts. On the high dynamic
range scenes captured at night (street and arch) strong ringing artifacts occur around
highlights. Ringing describes the effect when the output signal oscillates around a
sharp transition in the input, e.g., an edge between very bright and very dark image
content. Fig[2.34b| shows the artifacts.

2.3.6 Sparse Representation Denoising

Sparse representation of image data has been successfully applied to various prob-
lems of image reconstruction such as denoising, demosaicking and super-resolution
with impressive results |14}81,82,|127]. Based on the assumption that image sig-
nals admit a sparse decomposition over a redundant dictionary, efficient methods
have been developed by approximating a noisy image patch y; by a sparse linear
combination of elements from the dictionary.

In literature, AWGN is used to demonstrate denoising performance on grayscale
data by Aharon et al. in [14] and on readily processed color image data by Mairal
et al. in [82]. Regarding real camera data, the method has been applied to some
low-dynamic-range camera raw data in a following publication by Mairal [81], but
without adapting it to the noise characteristics of the camera. In this section the
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method is shortly explained and adapted to the signal-dependent noise characteristic
described in Sec. [2.2.1] The method can easily be extended to joint debayering and
denoising, which will be discussed in Sec. 2.3.7]

Sparse representation

The method of sparse representation approximates a signal y € R™ by a linear
combination of so-called atoms from a dictionary D € R™**. Aharon and Elad used
the K-SVD method [36,[37], to train an over-complete dictionary D from a set of [
training data Y = [y!,...y!]. Describing the training method is beyond the scope of
this dissertation, for details refer to Aharon et al. [14]. Aharon showed impressive
results in denoising grayscale images using the K-SVD algorithm to train a dictionary
on the noisy image itself. Therefore the image is divided in [ overlapping patches of
size n. Each image patch is processed separately and the final estimate is achieved by
averaging the reconstructed patches. As this approach, however, requires significant
memory resources, we use a pretrained dictionary in the following.

The concept of sparse representation assumes that a signal y can be approximated
by Da with the representation vector o containing only a small number of non-zero
coefficients. To find the sparse representation, « is determined solving the following
minimization problem,

& =argmin [|a;l, st [y — Dal5 < ¢ (2.20)

with p typically {0,1}. As there is no unique solution to ||y; — Do |3 < € since k > n
for a redundant dictionary, the regularization term min,, ||o;||, is needed. For p =0
equation Eq. counts the non-zero elements in «. The solution is approximated
using greedy algorithms like the Orthogonal Matching Pursuit (OMP) [120].

The reconstruction Da is assumed to tend towards the noise-free image and the
allowed reconstruction error e€? should correspond to the noise because noise is a
high frequency and random disturbance to the image, which requires many atoms
to be reconstructed.

We choose the threshold e for the OMP based on o, patch size n, and a constant
factor c. The constant c is chosen aiming best PSNR. To prevent the OMP from an
over-adaptation of the patch we also choose a maximum sparsity of m = 12 atoms.
The dictionary D is a global dictionary trained on a fixed image set using the K-
SVD method with 15 Iterations and 500,000 training patches. The patches have a
size of 7 x 7 x 3 pixels.

As the noise in camera data is signal-dependent, we take into account the signal
dependency, which is known for the Bayer domain and is assumed to be similar
after debayering. We rely on a standard deviation ¢ estimated individually for
each noisy pixel. There are two approaches presented for taking into account the
value o for the denoising. Weighting each pixel individual based on its o-value —
already established as ”extension to nonuniform noise” by Mairal [82] — or weighting
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Table 2.7: PSNR [dB] of the sparse-dictionary-based denoising method and the adap-
tation for signal-dependent noise, applied on the linear city sequence after
debayering (linear) and on display domain data.

’ denoising domain \ linear \ display ‘
no modification 38.96 | 39.02
local OMP threshold | 38.99 | 39.28

(a) noisy (b) denoised

Figure 2.35: Artifacts around highlights: for high differences of the pixel values within
one patch, artifacts appear.

each patch individually — the corresponding ¢; is then calculated for each patch by
€; = \/nco;, based on the patch o;. Whereas the individual weight for each pixel
lead to no improvement in PSNR, the PSNR can be increased about 0.3 dB using
the local threshold e for each patch; Tab. shows the PSNR values calculated on
the city image. For the local OMP threshold in display domain, a variance curve
in display domain was used. Although this is not very precise and impractical in
real applications, it leads to the best PSNR results. However, this improvement is
extremely small and does not lead to a clear visual difference.

As mentioned above, images without gamma transformation have been used in
literature. However, these images have very low dynamic range and therefore are
not very different from the readily processed data. Denoising linear data with high
dynamic range from extreme darkness to the highlights leads to artifacts in the final
display-domain image, as illustrated in Fig. 2.35] However, a logarithmic transfor-
mation before denoising the linear data eliminates this problem, as it reduces the
strong gradients around highlights.

The sparse reconstruction can also be used on Bayer data. We tested two dif-
ferent versions. To respect the Bayer pattern in the denoising method, in the first
version, only patches with the same RGB pattern are used for training. Since the
Bayer pattern repeats every second row and column, training patches are selected
accordingly and denoising is applied to ever second patch. Tests show that this leads
to an improvement in quality of around 3 dB in the PSNR, compared to denoising
each color separately.
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To denoise every patch, in a second version, one dictionary per pattern is trained.
Hence, there is a dictionary to denoise every patch in the Bayer image. This improves
the visual quality at edges, as well as the PSNR by about 0.5 dB.

2.3.7 Joint Denoising and Debayering

A broad range of new or newly extended methods have been proposed in the last
years [25]|46}|52.[58,(63,[83,186,/131], to denoise Bayer sensor data directly with debay-
ering. The more sophisticated methods operate completely in frequency domain,
whereas the methods more easy to implement interpolate between pixels and esti-
mate pixel values.

In this section, the focus is on the relatively simple methods based on local poly-
nomial approximation (LPA) and intersection of confidence intervals (ICI) [95}96].
We additionally include a short section on sparse dictionary based denoising and
debayering, which was presented in last section and can easily be applied to joint
denoising and debayering.

Sparse reconstruction

The sparse reconstruction described in Sec. [2.3.6]can also be used for joint debayering
an denoising.

The sparse decomposition for Bayer data with respect to a full-lRGB dictionary
allows to reconstruct the full-color linear RGB image directly, which means the
debayering step is performed jointly with the denoising. Usually, debayering algo-
rithms interpolate the missing color values based on the Bayer data and keep the
color values of pixels from the Bayer data. In contrast, sparse representation can
replace the color values of the Bayer data with the reconstruction as well and thus
denoises the data simultaneously. While the results of the sparse reconstruction
debayering remain behind the camera debayering Ada3 for low noise, for high noise
levels the joint denoising and debayering leads to approximately equal visual quality
compared to the approach of debayering first and sparse reconstruction denoising
as a second step — for lower computational cost as both is done in one single step.
However, the sparse reconstruction requires high resources for the OMP, such that
it is not adequate for a hardware implementation.

LPA-ICI

Two methods using the LPA-ICI technique were proposed by Paliy et al. [95,96]
for performing denoising and debayering jointly. The first method — LPA-ICI on
sums and differences (LPA-ICI S/D) [96] — uses decorrelated color channels for the
LPA-ICI filtering; the filtering is performed on the differences of the green-red and
green-blue channels. The second method — LPA-ICI with cross-color filters (LPA-ICI
CCF) |95] — directly works on the subsampled Bayer image using cross-color filters.
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(a) o=4 (b) signal dependent
PSNR = 36.65 dB PSNR = 37.26 dB

Figure 2.36: In the original LPA-ICI S/D method a constant standard deviation is
assumed. This does not match the real camera noise, the method can be
improved by using the signal-dependent sensor noise standard deviation for
each pixel.

Both methods can be improved by an adaptation to the ALEXA noise characteristic
and by integrating more sophisticated debayer algorithms.

Motivated by the usual assumption that the differences of color channels are
spatially slowly varying, the LPA-ICI S/D is carried out on differences and
sums of G-R and G-B calculated by initializing the required values not available
in the Bayer data with a basic interpolation step. This corresponds to a partial
debayering.

The LPA-ICI-CCF method uses cross-color filters applied directly on the Bayer
data. The filters are composed of a combination of smoothing and derivative kernels
. The method can be separated into three steps: the first step is denoising the
Bayer data and the second step interpolating the green channel. Based on the
denoised R, G, B values of the Bayer data and the complete green channel, in the
third step the missing R, B values are interpolated using pre-designed interpolation
kernels. For performing this cross-color filtering of the Bayer image two sets of LPA
kernels are needed, one for denoising and one for interpolation.

In the original LPA-ICI method a constant standard deviation is assumed.
This does not match the real camera noise. Both methods are implemented and the

noise standard deviation is set to the noise characteristics described in Sec. 2.2.11
Fig. [2.36) shows the difference between the LPA-ICI S/D method using a constant
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2.3 Denoising in the camera processing pipeline

(a) Noisy Image (b) LPA-ICI S/D (c) LPA-ICI CCF

Figure 2.37: LPA-ICI S/D and LPA-ICI CCF color artifacts at highlights and zipper
artifacts at edges.

Table 2.8: LPA-ICI with debayering in comparison to other state-of-the-art denoising
and debayering methods, PSNR [dB] calculated on the city image (EI 3200).

JDD LPA-ICI S/D | LPA-ICI CCF
Method | JDD 3D RAD | Jeon | Zhang Adad DLMMSE
| PSNR [ 36.35|36.68 [ 34.29[3596 | 3658 | 38.51 | 3820 |

standard deviation and the LPA-ICI S/D method using a signal-dependent standard
deviation that is obtained based on the measurements. Using the signal-dependence,
more details are preserved in the dark parts of both buildings in the front.

Applying the LPA-ICI methods on real camera data leads to zipper artifacts at
edges, and strong artifacts occur around highlights, as shown in Fig. These
artifacts can be avoided using more sophisticated debayering methods that are bet-
ter optimized for camera data than the basic interpolation steps proposed in the
original method. To reduce the artifacts around highlights for the simpler debayer-
ing methods, another solution can be used: a logarithmic transform can be applied
before the LPA-ICI methods, which reduces the artifacts. However, this transform
cannot eliminate the artifacts completely.

The PSNR of the city sequence was thereby increased up to 1.3 dB by using the
camera debayering (Ada3) in the LPA-ICI S/D method (1 dB with DLMMSE) and
up to 2 dB using the DLMMSE [130] in the LPA-ICT CCF method (1.5 dB with
Ada3). The resulting PSNR values for the city sequence are compared to other
methods from literature in Tab. 2.8] For comparison we used “Joint Denoising and
Debayering” (JDD) by Menon et al. [83], “Regularization Approaches to Demosaick-
ing” (RAD) by Menon et al. [84], Jeon entitles the method proposed by Jeon and
Dubois in [58], Zhang the method by Zhang et al. in [131]. The methods are tested
using the Matlab code from the authors. The algorithms usually assume a Gaussian
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2 Beyond Standard Noise Models

distribution and a constant variance value. The JDD algorithm was adapted to
the Alexa noise by taking into account the signal-dependent variances of the Alexa
noise characteristic (JDD SD). For the other methods, we use the standard version
with constant variance value. In order to obtain the best possible result the input
parameters were iterated and the best obtained result was selected for comparison.

Both proposed LPA-ICI methods show similar visual quality, but the LPA-ICI
CCF method has a significant lower cost in terms of required memory and arith-
metic calculations in a hardware implementation than the LPA-ICI S/D methods.
A good trade-off between the computational cost and the visual quality could be
the modified LPA-ICI CCF method in combination with a performant debayer al-
gorithm, as shown in Fig.

(a) original (b) Ada3 (c) DLMMSE

Figure 2.38: LPA-ICI CCF is applied including the logarithmic transformation, and it
is combined with different debayering methods: (a) original LPA-ICI CCF
debayering, (b) including the camera debayering method Ada3, and (c)
including DLMMSE debayering.
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3 Denoising methods for real camera
data

Building on the more realistic noise model from Chapter [2| two methods are pre-
sented in this chapter that include the more realistic camera noise model and can
operate on linear data.

Both methods are computationally efficient, and could be implemented on a suffi-
ciently powerful FPGA to achieve real-time processing. The first method builds on
a DCT transformation. The DCT is quite commonly used in image processing on
embedded systems. However, we have seen in the last chapter that a simple block
DCT tends to produce artifact at edges and thus may not be the best choice. We
therefore use a shape-adaptive transform (SA-DCT) in this work. Drawing from our
previous work [3,|7], we propose in Sec. to use the SA-DCT directly on Bayer
data, thus avoiding the problem of spatially correlated noise due to debayering. We
show how to include the model from Chapter |2 and include a low-cost extension for
increasing the quality for video.

The second method builds on a wavelet transformation. Wavelet transformations
lead to a sparse representation providing information about the frequency and lo-
cality of a signal. This can be very useful in denoising, as it allows retention of
structure at edges while applying strong denoising in smooth image areas. Addi-
tionally, we identified an efficient possibility of including the spatial correlation of
the noise after debayering. Section first proposes a noise model in wavelet do-
main based on the analysis of the relevant processing steps from Chapter 2| and the
steps additionally necessary for wavelet based denoising. The description builds on
our previous publication [1]. We explore the possibilities with the simplest wavelet
transformation: the discrete wavelet transformation (DWT) based on Haar filters.
We build on the DWT despite the well-known fact that redundant transformations,
e.g., the stationary wavelet transformation (SWT), provide a better signal represen-
tation enabling better denoising results. This is due to the implementation cost: the
SWT would not be implementable with reasonable memory requirements, whereas
the DWT may be suited for an efficient hardware implementation. We aim for a
good trade-off between quality and implementation cost.
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3 Denoising methods for real camera data

3.1 SA-DCT Denosing for Camera Raw Data

As mentioned in the introduction, denoising methods for camera data can be applied
to the raw camera data, i.e., CFA data, or to the debayered full-color RGB data.
Whereas in the latter case, the noise characteristics are more complex, the noise in
the raw camera data has a known distribution and a signal-dependent variance, as
explained in Chapter 2.2.1] The signal-dependent noise can be taken into account in
the denoising method much easier than the complex and spatially correlated noise
after debayering. Therefore, denoising methods for raw camera data are required.

However, despite the richness of denoising methods, not many methods have been
proposed for raw data denoising up to now. Raw camera data denoising is challeng-
ing — due to the CFA, which is usually a Bayer pattern, neighboring pixels are not
of the same color. Most denoising algorithms, however, rely on spatial redundancy;,
i.e., a local pixel neighborhood. As this neighborhood is not available in the raw
data, existing denoising methods cannot be easily applied to raw camera data. CFA
data denoising has been studied by Hirakawa et al., who extended a wavelet-based
method to CFA data [51]. Zhang et al. proposed a principle component analy-
sis (PCA) based solution |129]. The state-of-the-art method in image denoising,
BM3D [33], was combined with a noise estimation algorithm and used for image
denoising and declipping by Foi et al. [39]. The latter provides very good results,
which, however, come at high computational cost. Nonlocal methods inherently
have high memory cost, as the complete image must be available in the internal
memory. With high resolution image sensors, this can be a limiting aspect.

This chapter therefore proposes a local method for raw data image and video
denoising. The description builds on previous work: first results are discussed in
[7], and a more detailed description with results using real camera data from the
ARRI image set [11], as well as an improvement for video data, is presented in
[3]. The method builds on a shape-adaptive DCT proposed by Foi et al. [40]. It
relies on a homogeneous neighborhood for each pixel and a thresholding operation,
which eliminates the noisy DCT coefficients. The neighborhood estimation prevents
oversmoothing, which is the prevailing drawback of denoising. The same authors
in [41] proposed an adaptation of the method for signal-dependent noise, thus it can
be easily used for our noise model. However, the method is still not adapted to linear
data and to CFA data. In the following, we propose a method to adapt this algorithm
to the CFA data in the linear domain (Sec. [3.1.1). We calculate the neighborhood
estimation on luminance data and we propose a luminance transformation that can
be applied directly to the CFA data. Additionally, we show how to adapt the SA-
DCT to Bayer data, as this is the most usual CFA, and describe how the real noise
characteristics from a digital camera can be included in the method. Sec. [3.1.2]
compares our solution both to Zhang et al. [129] and to Foi et al. [39] and evaluates
the visual quality of image and video data. Sec. [3.1.3] presents the improvement for
video data and discusses implementation aspects.
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3.1 SA-DCT Denosing for Camera Raw Data

Table 3.1: PSNR results of different luminance estimation methods on the city image.
| | Gaussian | hy, [57] | virtual | Ada3 | LSLCD [57D
| PSNR[dB] | 36.84 | 3674 | 36.76 | 36.85 [ 36.66 |

3.1.1 Adaptive Raw data denoising

Our goal is to develop a denoising algorithm that provides high visual quality by
remaining efficient in terms of hardware implementation costs. As proposed by Foi,
to prevent both the edge blurring problems and the oversmoothing of the image,
we use the LPA-ICI technique to find an adequate neighborhood for each pixel also
considering that our algorithm must directly work on Bayer data, i.e., neighboring
pixel do not belong to the same color channel. To estimate the neighborhood based
on the Bayer data, we apply a luminance transformation. In color image denoising,
a color space transformation from RGB to a luminance-chrominance color space
(e.g., YCbCr) is commonly used. As the structural information in natural images is
mostly contained in the luminance data, it is effective to perform the neighborhood
estimation on the luminance channel only and use this neighborhood for denoising
all three channels. In our case, we apply a similar strategy; we obtain an estimation
of the luminance channel based on the Bayer data. We discuss this luminance
transformation in the next section.

Luminance transformation of Bayer data

To estimate the luminance based on the Bayer data we tested different techniques:
filtering with a fixed filter kernel, partial debayering, and a new method we call
“virtual luminance”. Partial debayering means, we directly use the debayered green
channel as the estimated luminance, as the green channel is most dominant for
the luminance. We used the camera debayering method (Ada3). Another low-
cost luminance estimation is to apply filters directly to the Bayer data. We used
two different filters: a Gaussian filter (3 x 3) and a filter similar to the luminance
filter proposed by Jeon and Dubois in [57] (5 x 5). We additionally calculated a
luminance directly on the Bayer data by using the neighboring color values, which
we call “virtual” because the result provides luminance values which are located
between the pixels.

The results on our test image “city” in Tab. show that the difference in terms
of PSNR of the denoising result is marginal. The best value is reached by the camera
debayering and Gaussian filtering. We use the Gaussian filtering for our method, as
it shows one of the best results and is a very simple and cost-efficient method.
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3 Denoising methods for real camera data

LPA-ICI for neighborhood estimation

Once we obtained a continuous luminance estimation we can apply the LPA-ICI
method to find the dimension of the local homogenous neighborhood. The LPA-ICI
method chooses a polynomial model (LPA) of a certain scale. Based on the ICI rule,
the scale of the model is chosen and this scale defines the extent of a shape around
each pixel, in which no singularities or discontinuities are present.

The LPA-ICI method is applied in eight directions. In each direction 8y a set of
directional kernels g, 9, with the varying scale h is used to find an interval D.

Dﬂhi,ek = |Ynibr — Faﬂhi,ek s Yni oy, T FU@hi,Gk] (3.1)

I' > 0 is a tuning parameter, which adjusts the size of the interval. The standard
deviation of the estimate oy, o, 18 calculated by multiplying the standard deviation
o of the input with the norm ||gsg, ||2 of the used kernel.

Tino, = NG l2 (3:2)

The standard deviation of the input, o, is calculated using Eq. with the signal
value x estimated by using the noisy observation, thus the raw data pixel value.
This is a very simple estimate, but we found that the improvement using a better
approximation is marginal.

The largest possible scale h; is chosen using the ICI rule.

Lio, = ﬂ Dyh O (3.3)

This scale defines the shape dimension in the direction 6. The ICI rule is applied in
all eight directions and thereby a neighborhood U for the pixel position z is found.
This neighborhood can now be used for denoising.

Shape-adaptive DCT and denoising via hard thresholding

The shape of the neighborhood is found for each pixel. Now the SA-DCT must be
applied on the Bayer data to perform the denoising. Therefore the Bayer data is
separated into the four sub-channels, R, Gy, G2, and B, each of them containing
one fourth of the total pixel number.

For each sub-channel the SA-DCT is implemented as proposed by Foi [40]. A local
estimate yU+ is obtained by thresholding in the SA-DCT domain with the threshold

parameter t
ty = kpeor/2In|UF| + 1 (3.4)
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3.1 SA-DCT Denosing for Camera Raw Data

The constant k. regulates the denoising strength. The global estimate is given by
a weighted average of the local estimates.

Z wngN-&-
~ zeX ®
= ——— (3.5)

Z Wy X7+
rzeX Uz

The weights w, are calculated based on the size of the neighborhood U and the
noise variance o2. A smaller neighborhood gets higher weights, thus fine details
are preserved. N is the number of non-zero coefficients after thresholding, thus
sparse solutions are preferred over non-sparse solutions.

1
w, = - (3.6)
a?(1 4+ Npen)|Uf|

We showed how to apply neighborhood estimation on Bayer data and discussed how
this neighborhood can be used for denoising with SA-DCT hard thresholding. In the
following we evaluate our method and compare it to other state-of-the-art methods.

3.1.2 Experiments: Image Quality versus System Performance

We compare our method to the state-of-the-art denoising method, BM3D [33], which
was specifically adapted for raw data [39)], and the PCA-based method from |129].

Although we also tested our method on real camera data, we compare our method
quantitatively using simulated camera video sequences, as this provides us a realistic
reference. This test method was described in [10] and we use it for our data simi-
larly: we rendered the high-resolution image data and applied the camera simulation
including the optical low-pass of the camera optics. We obtain a simulated reference
image and including the camera noise added to the sensor data, we obtain realistic
noisy images. These images are then denoised and compared to the reference. We
tested the method using two different debayering methods: the camera debayering
method Ada3 and the DDFAPD[T| by Menon et al. in [85].

We perform a test with different noise levels. In a digital camera the noise is
signal-dependent corresponding to the characteristic described in Sec. 2.2.1] To
obtain different noise levels, we change the simulated brightness of the image and
subsequently process the images with a higher exposure index (EI) to obtain com-
parable results. This leads to a higher noise level, as the EI operates as a gain: the
higher the EI, the higher the amplification and thus the lower the signal-to-noise-
ratio. Three different noise levels were simulated: EI 800, which means a low noise
level, EI 1600, and EI 3200, which corresponds to a quite high noise level.
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3 Denoising methods for real camera data

Table 3.2: SA-DCT Bayer denoising results for the noise level EI 800.
| EI 800 | Debayering | PSNR | PSNR-HVS | SSIM | VIF |

proposed | Ada3 40.390 36.766 0.993 | 0.777
proposed | DDFAPD | 40.703 36.777 0.993 | 0.810
ClipFoi | Ada3 38.997 34.552 0.991 | 0.745
ClipFoi | DDFAPD | 39.312 34.449 0.991 | 0.765
Zhang Ada3 40.815 37.183 0.994 | 0.775
Zhang DDFAPD | 41.325 37.265 0.994 | 0.802

Table 3.3: SA-DCT Bayer denoising results for the noise level EI 1600.
| E1 1600 | Debayering | PSNR | PSNR-HVS | SSIM | VIF |

proposed | Ada3 38.395 34.537 0.988 | 0.696
proposed | DDFAPD | 38.682 34.787 0.988 | 0.737
ClipFoi | Ada3 40.649 37.058 0.995 | 0.792
ClipFoi | DDFAPD | 41.233 36.794 0.994 | 0.818
Zhang Ada3 38.957 34.821 0.990 | 0.676
Zhang DDFAPD | 39.458 35.089 0.990 | 0.703

Visual quality of denoising results

We first compare the method quantitatively based on quality metrics. We calculate
the PSNR, as it is a very usual metric, and we use three additional objective quality
metrics that according to [10] correlate better with the human perception of visual
quality: a PSNR adapted to the human visual system (PSNR-HVS) [35], the struc-
tural similarity index (SSIM) [124] and the visual information fidelity (VIF) [112].
Tab. B.3] and [3.4] show the results for EI 800, EI 1600, and EI 3200, respectively.

The Bayer SA-DCT reaches the highest VIF for the EI 800 sequences. The results
are very close to the PCA method by Zhang et al. [129], whereas the BM3D-based
method by Foi et al. [39], called “ClipFoi” in the following, achieves lower results,
which may be due to color artifacts. For higher EI, thus higher noise levels, the
ClipFoi method reaches the highest metric results, but the Bayer SA-DCT and
Zhang [129] show approximately the same results. We conclude that our method
achieves competitive results with respect to usual quality metrics.

When comparing the results visually, however, we think our method provides
slightly better results. As the visual perception is not well represented by the met-
rics, we can evaluate the results comparing the difference images

[dlff = [ref - Idenoised-

L“Demosaicing With Directional Filtering and a posteriori Decision”
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3.1 SA-DCT Denosing for Camera Raw Data

Table 3.4: SA-DCT Bayer denoising results for the noise level EI 3200.
| EI 3200 | Debayering | PSNR | PSNR-HVS | SSIM | VIF |

proposed | Ada3 35.890 31.781 0.976 | 0.586
proposed | DDFAPD | 36.120 32.239 0.979 | 0.631
ClipFoi | Ada3 39.272 35.458 0.991 | 0.726
ClipFoi | DDFAPD | 39.690 35.237 0.991 | 0.752
Zhang Ada3 36.342 31.678 0.980 | 0.546
Zhang DDFAPD | 36.726 32.031 0.981 | 0.567

(a) (b) (c)

Figure 3.1: Difference to the reference for the test image “City” denoised using (a) the
algorithm by Zhang [129], (b) Foi [39], and (c) the proposed version of the
SA-DCT.

The difference images are also used to compare denoising algorithms, as suggested
by Buades et al. [20]. An ideal difference image would look like noise; if image
structure is visible, image details are lost during denoising. Fig. shows the
difference between the reference image and the image denoised by Zhang [129]:
the image structure is clearly visible, which indicates that the image was blurred.
Fig. [3.1b| shows the difference image for the ClipFoi denoising result, in which we
observe finer image structures, thus finer details seem to get lost. Additionally, the
difference image is colored, which means that the error is an offset and thus the
color of the denoised image does not correspond to the correct color of the reference.
The difference image in Fig. |3.1c¢| shows the difference for the proposed Bayer SA-
DCT, which shows that the difference image is most similar to noise (it looks more
random), hence, not much image structure is lost and the absence of offset indicates
that also the colors are well preserved.

We calculated the correlation coefficient between the denoising error — also called
“method noise” — at one pixel position and the denoising error at the neighboring
pixel positions. Fig. shows the results. The correlation was calculated for all
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Figure 3.2: Spatial correlation of the difference images for red (left), green (middle) and
blue (right) channel. Displayed is the correlation for a 10 x 10 neighborhood.
From top to bottom: Foi , Zhang and the proposed Bayer Data
SA-DCT. Ideally only noise should be removed from the image and thus the
correlation of the difference image should be low.
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three color channels independently and shown for a 10 x 10 neighborhood. Further-
more, Tab. provides the 3 x 3 correlation matrices of the three denoising methods
(ClipFoi, Zhang and the proposed method) calculated based on the green channel.
The numbers thus correspond to the correlation of the noise at one pixel position
to the noise at the respective neighboring pixel position in the green channel.

Processing Real Camera Data

Applying image processing methods from literature to real camera data can lead to
artifacts, which are due to the different characteristic of the real camera data com-
pared to the standard test data. An investigation of the differences and resulting
artifacts using debayering methods is provided by Andriani et.al. . When we
used the method by Zhang , we observed similar artifacts in the highlights, see
Fig. To solve this, we first converted the data using a piecewise logarithmic
transformation into the 12-bit logarithmic format, as described in [11]. Fig. [3.3D)
shows the result with the logarithmic transformation: the artifacts around the high-
lights are almost not visible anymore. However, there are strong color shifts as it
can be seen in the U’ sign and in the bottom right corner in Fig. The result

70



3.1 SA-DCT Denosing for Camera Raw Data

Table 3.5: Spatial correlation of the difference images in the green channel calculated in
a 3x3 neighborhood.

Croi = CZhang = Csa—pcr =
1 0.5672 0.4167 1 0.4795 0.2767 1 0.3731 0.2359
0.5893 0.4047 0.2999 0.5235 0.2826 0.1571 0.4277 0.2449 0.1846
0.4104 0.2807 0.2645 0.3119 0.1545 0.0935 0.2745 0.1923 0.1534

(a) PSNR 35.7 dB (b) PSNR 37 dB (c) PSNR 41.1 dB

Figure 3.3: Denoising results for the test image night by using the algorithm of Zhang
[129] in linear domain (a), in logarithmic domain (b), and by using the pro-
posed version of the SA-DCT in (c).

of the proposed method is shown in Fig.|3.3c, We additionally calculated the PSNR
of the real camera sequences using a reference image calculated as the mean image
over 240 frames of a static sequence. The PSNR is clearly higher, as the proposed
method does not show the mentioned color artifacts and effectively removes the
noise in the image.

3.1.3 Video Sequences

When comparing video sequences we observe that both Foi’s and Zhang’s method
show more temporal flickering than the proposed Bayer SA-DCT. This is probably
due to the lower spatial correlation of the remaining noise, shown in Tab. [3.2d
Low spatial correlation means fine-grain noise, which is less visible than coarser
grain noise due to the frequency-dependent color sensitivity of the human visual
system. However, while the correlation is lower in the proposed SA-DCT compared
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3 Denoising methods for real camera data

Table 3.6: SA-DCT Bayer denoising results without temporal denoising. The metrics are
calculated and averaged over 10 frames.

| Sequence | EI [PSNR|PSNR-HVS| VIF |[MSSIM|
Color Test Chart [ 800 [43.72 [ 4431  [0.4912] 0.9963

Night Odeonsplatz| 800 | 41.18 39.33 0.7175| 0.9949
Siegestor Night 1600| 39.89 39.22 0.6280| 0.9911

Table 3.7: SA-DCT Bayer denoising results with the temporal denoising step. The met-
rics are calculated and averaged over 10 frames.

| Sequence | EI [PSNR|PSNR-HVS| VIF |[MSSIM|

Color Test Chart | 800 | 44.63 44.88 0.5008| 0.9976
Night Odeonsplatz| 800 | 41.77 39.41 0.7308 | 0.9958
Siegestor Night 1600 40.15 38.87 0.6492| 0.9924

to the other two methods, we still observe some temporal flickering in our results.
Therefore we extend our method using an additional temporal denoising step.

The flickering could be a consequence of the mean calculation, which dominates
the result for large homogeneous areas during the denoising. Large homogeneous
areas are likely to have maximum size |UI+ |, which results in a large threshold and
hence the result is mostly dominated by the mean and the DC-coefficient. As the
DC-coefficient is not noise-free, temporal flickering can be observed.

To improve the visual quality in video sequences, we therefore propose to add an
additional temporal denoising step. As motion estimation is difficult on Bayer data,
we propose to use a very simple criterion for motion detection: if the deviation from
a pixel in one frame to the same pixel in the next frame is large, we do not use it
because we assume that the pixel changed due to motion. If the pixel is similar, we
use it for the temporal denoising step. A reasonable threshold depends on the noise
variance.

To reduce the flickering, we average over n past and future frames. The temporal
smoothed output S, ; for every pixel x of the current frame I, ; can be calculated
based on the past and future frames I, ; as follows:

f4n

Z [x,iq)([z,h Ix,f)

i=f—n
Jn

> (L Ly

i=f—n
1 if Ly — Lp < 7(Ley)

0 else

Sy p =

q)(]z,ia Im,f) - {
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3.1 SA-DCT Denosing for Camera Raw Data

The threshold 7 linearly depends on the noise standard deviation o, which is esti-
mated based on the realistic model described in Sec. 2.2.1]

T(Lyp) =k-o(lyy) (3.9)

Tab. shows the result of the single-image SA-DCT without temporal denoising
and Tab. shows the results of the SA-DCT denoising with additional temporal
denoising. The temporal denoising step leads to a higher PSNR and effectively
reduces the flickering of the video sequence. The visual quality of the video sequence
is therefore clearly higher with the temporal denoising step.

Implementation aspects

Denoising algorithms like BM3D usually assume that the complete noisy image is
available at each pixel position. In stream-based image processing, as it is usual in
embedded systems and communication, only one pixel at a time is available. In these
applications an additional buffer must be implemented to provide the neighborhood
for the denoising step. Therefore, the memory cost is quite high for algorithms
like BM3D. Our method requires only a local neighborhood for the denoising step
and is therefore better suited for stream-based processing. Additionally, it operates
on Bayer data, and the raw Bayer data has only one value per pixel whereas the
processed RGB data has three values per pixel. Thus, a three times lower complexity
can be expected compared to algorithms that require the fully processed image data.
The temporal denoising step implementation requires additional frame buffers, but
the computational cost of the calculation is kept very low.

3.1.4 Conclusion

We proposed a method for real camera Bayer data denoising based on a neighbor-
hood estimation combined with a shape-adaptive DCT. Although the method has
been proposed for RGB or grayscale image data, it couldn’t be applied to Bayer data
directly. To perform the SA-DCT on Bayer data, we apply LPA-ICI-based neighbor-
hood estimation to the luminance data. As the luminance data is not available in the
Bayer data, we estimate the luminance efficiently using different methods. The best
tradeoff between computational cost and quality was found using Gaussian filtering.
Based on the neighborhood estimation, a hard thresholding is performed on the
coefficients of the shape-adaptive DCT. The threshold includes the noise variance,
and we show how real camera noise characteristics can be integrated. To evalu-
ate our method, we compare it with two state-of-the-art algorithms: a PCA-based
CFA denoising and a BM3D-based denoising that uses noise variance estimation.
Our method achieves competitive results in terms of PSNR and can lead to bet-
ter visual quality with lower computational cost. An additional temporal denoising
step is proposed, which effectively reduces temporal flickering in real camera video
sequences.
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3 Denoising methods for real camera data
3.2 Wavelet Denoising of linear debayered data

As mentioned in the introduction, two main issues need to be addressed for effective
noise reduction that can be applied to nowadays real camera data. First, as the
pixel count of today’s sensors is increasing, the data rate and memory requirements
are increasing significantly. Thus, efficient methods need to be developed that can
handle video data with a resolution of HD, 4k and beyond. Second, the usual
assumption that noise can be modeled as additive white Gaussian noise (AWGN)
does not hold in the case of real camera noise.

To solve both tasks, wavelet based denoising methods seem promising. First,
the scalable properties of the wavelet transformation allow accounting for available
resources. To achieve a low-cost denoising method we use the extremely low cost
wavelet transformation, the classical critically sampled discrete wavelet transform
(DWT), and the simplest filters, the Haar filters. Second, a wavelet based represen-
tation facilitates to account for real camera noise, as the signal is decomposed into
several scales that represent different frequency bands, and hence non-white noise
can be respected using level-dependent operations.

The implementation of wavelets for image processing has been discussed and ad-
vanced; in Hsia et.al. [53] an overview can be found. Although undecimated wavelet
transforms are better for denoising, the memory cost of these transforms is ex-
tremely high and increases with the image size. Although some implementations of
undecimated wavelet transforms have been proposed, e.g., |62, the memory cost of
these transforms can be expected to be too high for the high resolution video data
of today’s digital cameras. This section hence focuses on the low cost decimated
transforms. The computational cost of the denoising operation should also be low;
hard thresholding and bivariate thresholding is used, the latter uses the inter-scale
dependency of the wavelet coefficients.

Based on our publication [1], this section starts with providing a short overview of
the wavelet decomposition methods and the denoising methods. Sec. explains
the camera processing and how to obtain data describing the noise of the different
color channels and the different frequency bands. Furthermore, it shows how this
data can be used in two wavelet denoising methods: simple hard thresholding and
bivariate thresholding |[111]. Results are presented in Sec.

3.2.1 Wavelet Denoising

Wavelet denoising can be separated into three steps: the wavelet decomposition, de-
noising the wavelet coefficients and the inverse wavelet decomposition. The different
types of wavelet transforms are discussed and subsequently we provide an overview
of possible solutions for the denoising step.
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(a) Critically sampled wavelet transform (CS-DWT)
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(b) Stationary wavelet transform (SWT)

Figure 3.4: Structures of different wavelet filter structures

Wavelet Decomposition

Many other decomposition methods, such as the discrete cosine transform, have
a very specific definition and a limited number of parameters. The term wavelet
decomposition, however, does not correspond to one single filter. Instead, multiple
different decompositions have been proposed, differing in their intended application
and computational cost.

Often, the term DWT (discrete wavelet transform) is used to refer to a particular
filter structure, shown in Figure . The input signal zq[n] is filtered by two differ-
ent filters, fy[n] and fj,[n]. The results are downsampled by a factor of two, yielding
the signals z[n] and z; ,[n]. By design, z;[z] contains the low-pass components of
z[n] and z; ,[n] the remaining high-pass components. The procedure is repeated
on x1[z] in order to build a hierarchical filter. After all N levels, the final low-pass
coefficients xy[n] are obtained, called the approximation coefficients.

The filters are chosen such that perfect reconstruction of z; from x;41 and x4,
is possible for all levels 7. Therefore, it is sufficient to keep only the high-pass
coefficients xj p,22p,... in addition to the approximation coefficients for perfect
reconstruction of the input signal. Due to the downsampling steps, the number of
coefficients is the same as the number of samples in the input signal. Therefore,
we refer to this kind of wavelet transform as critically sampled discrete wavelet
transform (CS-DWT), or shorter DWT, in the remainder of this dissertation.

frln] and f,[n] are usually finite-impulse filters. The simplest non-trivial filters
that satisfy the perfect reconstruction property are known as the Haar filters. Alter-
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3 Denoising methods for real camera data

natively, the Daubechies construction method can be used to produce filter kernels
of any length, which have stronger high-pass and low-pass characteristics than the
Haar transform, but are more costly to implement.

As a consequence of the downsampling steps, a shifted signal z[n — 1] does not
usually yield shifted coefficients. When a lossy operation is performed on the co-
efficients, this can manifest itself as blocking artifacts. A simple approach to solve
this problem is to omit the downsampling steps entirely. The result is called the
stationary wavelet transform (SWT), illustrated in Figure[3.4b] While the CS-DWT
uses the same filters at every level, the SWT upsamples the filters at every step to
compensate for the missing downsampling steps.

To achieve a low-cost denoising method implementable in real-time applications,
we use the most simple wavelet structure, the CS-DW'T, and the simplest filters,
the Haar filters.

Denoising

Thresholding A basic approach for denoising wavelet coefficients is a coefficient-
wise thresholding of all high-pass signals. The simplest thresholding method is
known as hard thresholding.

0 if |z| <7,
Whard (7) :{ . (3.10)

x if |z| > T,

7 > 0 is the threshold value; wypuq(x) is the resulting wavelet coefficient. The
wavelet coefficients of an image are assumed to be sparse, thus most of the signal is
contained in relatively few coefficients with a high absolute value, whereas the noise
is spread uniformly across all coefficients.

Higher values of 7 cause stronger denosing, but also incur higher losses of signal
data. The optimal value depends on the underlying wavelet transform, the amount of
noise in the input signal and the metric used to determine optimality. Thresholding
methods are easy to implement using basic adders and comparators. To account for
the camera noise variance, the fixed threshold in the standard method is replaced
by the threshold 7 = ko. Thresholding methods are easy to implement using basic
adders and comparators.

Bivariate Denoising As large coefficients tend to propagate across the decompo-
sition scale, a significant wavelet coefficient ¢; is usually related to a high parent
coefficient ¢y, which is the coefficient at the same location in the lower frequency
band. This means, if the parent coefficient is large, the child contains generally
more details and thus should be denoised with caution. To find an estimate r; for
the coefficient ¢;, a shrinkage function is applied based on the parent (c3) and the
child (c;) wavelet coefficient in the bivariate denoising method proposed by Sendur
et.al. |111].
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Figure 3.5: Bivariate shrinkage function proposed in equation (3.11f).

(Va+ea-T),
Va+a

Fig. [3.5] illustrates this shrinkage function. The threshold 7" additionally takes into

account the noise variance o2 and the signal variance o, which is calculated from

Lcq. (3.11)

T =

the equation: o7 = 02 + 02.
o =1/ (02 — ag)+. (3.12)
o7 is calculated based on its neighborhood N(c1) of size M.
1
2 _ 2
0o = 77 Z cj- (3.13)
¢;€N(c1)

The original bivariate method [111] uses the following threshold 7,,;,.
V302

(021 - 0-7%) +

(3.14)

Torig =

The threshold T,,;, becomes very large when the noise variance o, is close to the
variance 031, which is estimated based on the neighborhood. This yields that the
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3 Denoising methods for real camera data

signal variance o, decreases towards zero. Hence, as the denominator is almost zero,
the threshold T7,,;, becomes extremely high, and even very high coefficients are set
to zero. This is especially critical at edges, where this effect causes strong artifacts
in the denoised camera data.

To avoid this problem we propose an adapted threshold function.

V302

Os + 0o,

T = (3.15)
In comparison to the original threshold, we added o,, to the denominator. The new
threshold is thereby limited by an upper bound of v/30,. This ensures that large
signal coefficients are not deleted. Thereby we retain more details in the images and
obtain fewer artifacts around edges.

In the original method, o2 is estimated via the standard median estimator cal-
culated on the first scale diagonal coefficients cpi: 02 = Miﬁg—gg’””. To adapt the
method to real camera noise, we replace the median estimator by a more realis-
tic noise variance, which is based on analyzing the camera processing described in

Section [3.2.2

Implementation

In the above described approach, the main resources are consumed by the wavelet
decomposition. Thus, we focus on the decomposition implementation in this section.
Many hardware implementations of the discrete wavelet transform have already been
published. However, none of these are directly suited to the way data is transported
in stream-based video processing.

One-dimensional wavelet transform units consume relatively little resources [60,
61]. In the simplest case, one can directly implement the filters in Figure . Due
to the downsampling steps, the higher-level filters run at lower frequency than the
ones for the first-level transformation. If all filters are implemented by identical
hardware modules, the available processing capabilities are thus underutilized. To
improve efficiency, all filters can be implemented in one single hardware module with
input multiplexers, which causes that module to be almost fully utilized [119].

Transitioning to two-dimensional filtering means that the filters do not only have
to be applied along the rows of the image, but also along the columns. Many
implementations assume the availability of a memory that can store the entire image
or at least sufficiently-sized blocks, where any pixel can be read on demand [103]. In
this way, the filters can always be fed the appropriate row or column of the image.
However, this is not possible with nowadays high resolution video data.

A single block of an image will easily fit into the internal memories of a modern
FPGA, but in stream-based image processing data is received as a row-wise pixel
stream. We therefore cannot select a single block to process, but instead need to
store enough blocks to fill the whole width of the image. Additionally, roughly the
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3.2 Wavelet Denoising of linear debayered data

same amount of memory has to be set aside for buffering in order to keep up the
continuous intake and output of image data.

A prominent usage of wavelets is related to compression algorithms such as those
specified in the JPEG2000 standard. There are hardware implementations tailored
to this usage [34]. These are, however, not real-time capable and generally require
the assistance of a CPU to provide the data in the correct order.

Although the lifting scheme [72,93] provides a way to create more efficient im-
plementations for longer filter kernels, the critical resource in stream-based image
processing is not the computation resources but rather the memory usage, which
cannot be addressed by lifting.

The completed design of CS-DWT was synthesized and tested on an evaluation
board and a timing analysis showed that the unit is capable of running at clock
speeds exceeding 200 MHz. The critical path lies in the control state machines,
which could probably be optimized at the cost of increased logic utilization. The
achieved speed is easily sufficient for real-time video processing.

Synthesis was run using different sets of parameters. As a baseline, a 3-level Haar
Transform (filter length two) has been implemented for three-channel images with
2048 pixels per row and 18 bits per channel. Additionally, a version with two wavelet
levels has been evaluated. Whereas logic and DSP resources are sufficiently avail-
able in today’s FPGAs, the RAM usage increases exponentially with the number
of levels. While the two-level decomposition can easily be implemented with the
typically available RAM blocks, in the three-level decomposition the required mem-
ory resources are very high. As about half of the RAM is used by the delay unit,
whose size increases exponentially with the number of levels, higher levels have not
been tested. An external memory would be needed to realize higher level wavelet
decompositions. Since an external memory chip can provide more memory than
available internally by orders of magnitude, and the resource usage of the remaining
units hardly depends on the number of levels, five levels of wavelet transform could
easily be achieved.
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3 Denoising methods for real camera data

3.2.2 Camera noise

To adapt the presented denoising operations from Section [3.2.1] to real camera noise,
we need to analyze the noise characteristics in detail. Although the noise in the
sensor data of a digital camera is Poisson noise [121], it can be well approximated by
a Gaussian distribution with a signal-dependent variance [5]. However, the sensor
data cannot be used directly for denoising in wavelet domain. It must be white
balanced and demosaicked to obtain an RGB image (details can be found in the
Sec. . After these steps the simple signal-dependent noise model cannot be used
due to the spatial and chromatic correlation. Building on Sec. which presents
an analysis that showed the significant impact of debayering on the noise of the
wavelet coefficients, a detailed analysis for all the steps previous to denoising is
shown in this section.

The processing pipeline including a wavelet-based denoising step is shown in Fig.
3.6l As additional processing steps lead to a more complex noise characteristic
(see Sec. , we apply the denoising step as soon as possible in the processing
pipeline. Although denoising methods exist that operate on Bayer data [51], the
application of wavelet denoising on real camera Bayer data can lead to artifacts.
Especially color artifacts on edges can appear. The usual input data for wavelet-
based denoising is a decorrelated Luma-Chroma color space, e.g., the simple and
often used YCbCr color space. Thus, the necessary steps that are applied before
denoising are the white balance, the debayering, a color space conversion, and the
wavelet decomposition.

Analysis of the camera noise in the processing pipeline

To improve wavelet denoising methods without significant computational cost, we
propose to include only the variance of the camera noise into the denoising methods
and disregard the exact shape of the distribution. In the following, we explain the
variance changes through the necessary processing steps applied before denoising.
Subsequently, we show how to integrate this information into the wavelet denoising

methods in Section [3.2.9]

E—» WB —>|Deb.—> [Ycoerl—»DWTH>Den. CT > I;
A A A A A 4
o @ & ® 6 O,

Figure 3.6: The processing steps including the wavelet denoising step are the white
balance (WB), debayering (Deb.), the YCbCr transformation, the discrete
wavelet transform (DWT), the denoising step (Den) and the remaining color
transformations (CT).
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Figure 3.7: The noise variance of the wavelet coefficients over the input variance is shown
for with (right) and without debayering (left) applied before the decompo-
sition. The noise in the high frequency bands (Level 1 and 2) is diminished
by debayering, while the noise in the higher levels is slightly stronger.

White Balance and debayering The first step, the white balance, is a linear gain
factor g. on each of the R-, G-, and B-channels. The debayering is the second
step. It generates three color values by interpolation using the pixel value and the
neighboring pixel’s values. Therefore, a spatial and chromatic correlation in the
resulting three color channels is introduced. The spatial correlation of the noise 4.y,
in the debayered image is usually disregarded in common state-of-the-art denoising
methods [5]. While it may be difficult to include the spatial correlation in pixel
domain denoising methods, wavelet denoising methods are a good choice, because
the spatial correlation leads to a different amount of noise in the different frequency
bands, like already shown in Sec. [2.2.3] As one frequency band corresponds to one
wavelet level, we use level-dependent variance information to incorporate the spatial
correlation of the noise after debayering.

YCbCr transformation After debayering, the subsequent step is the YCbCr trans-
formation. The variance after a matrix transformation is well described in [22]. The
matrix transformation is a linear combination of the color values, and thus, we can
use linear noise gain factors to integrate the variance changes through the YCbCr
transformation. However, the calculation must build on a correct correlated noise
model to provide correct results.

Wavelet decomposition On the YCbCr data the wavelet decomposition is applied.
This is the last step to obtain the wavelet coefficients, which are the input data for
our denoising step. The wavelet transformation is applied using a filter bank, as
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Figure 3.8: Approximation of the output variance after debayering and DWT in the Y
channel.

described in Section [3.2.1 With the most simple filter type, the Haar filter, the
filtering is a mean and a difference signal. For an uncorrelated input, the variance of
the filter outputs can be easily calculated. However, the signal is spatially correlated
due to debayering before the transformation.

To show the effect of debayering on the noise variance in the wavelet levels, we
applied artificial noise to a computer-generated image and plotted the results of the
different wavelet bands in Fig. 3.7 In a second test we applied debayering to the
same noisy image. After debayering, the noise in the high frequency bands (Level
1 and 2) is diminished by debayering, because of the interpolation step. The noise
in the higher levels is slightly stronger. As the effect is quite linear, we can account
for it using a level-dependent noise gain factor.

Noise gain factors

The calculation of this variance factors can be complicated as the theoretical in-
vestigation becomes more complicated and more error prone when more steps are
concatenated and a complex debayering algorithm is used. We thus choose an eas-
ier way to obtain the noise variance after all the steps: to evaluate the complete
variance changes of all these four steps realistically, we perform a simulation and
measure the variance of the output. This method can easily be repeated with differ-
ent debayering algorithms, whereas the theoretic calculations are different for each
algorithm and can be very time-consuming.
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3.2 Wavelet Denoising of linear debayered data

In this simulation we apply all the steps before the denoising operation, as shown
in Fig. [3.0] to obtain the variance of the denoising input signals, thus the variance
of the wavelet coefficients in Y, Cb, and Cr channel. We apply artificial noise
with a variance o2 to homogeneous image data at sensor level, and investigate
the variance of the wavelet coefficients o7, ,, for each color channel (Y,Cb,Cr), each
wavelet direction (vertical, horizontal, diagonal), and each wavelet level. Fig.
shows the input vs. coefficient variances for the first wavelet level in the Y channel.
As the curves are quite linear a noise gain factor is sufficient to model the noise in
the wavelet coefficients. Tab. shows the noise gain factors calculated based on
the simulation results. The noise variance afum(l, d,c) in the wavelet coefficients is
direction sub-band (d), level (1), and channel (c¢) dependent. Using these noise gain
factors we can account for real camera noise in the wavelet denoising methods.

Table 3.8: Noise gain factors for the Debayering step, YCbCr and the wavelet transfor-
2

mation. o} is noise variance before Debayering step.
Y channel Approximation horizontal-vertical diagonal
1st level dec. 0.42 o2 0.17 o2 0.05 o2
2nd level dec. 0.62 o2 0.40 o2 0.27 o2
3rd level dec. 0.7 o2 0.59 o2 0.51 o2
4th level dec. 0.75 o2 0.70 o2 0.66 o2
Cb channel | Approximation horizontal-vertical diagonal
Ist level dec. 0.44 o2 0.12 o2 0.03 o2
2nd level dec. 0.71 o2 0.41 o2 0.24 o2
3rd level dec. 0.84 o2 0.7 o2 0.56 o2
4th level dec. 0.91 o2 0.84 o2 0.77 o2
Cr channel | Approximation horizontal-vertical diagonal
1st level dec. 0.47 o2 0.14 o, 0.04 o2
2nd level dec. 0.74 o2 0.40 o, 0.3 o2
3rd level dec. 0.9 o2 0.7 oy, 0.6 o2
4th level dec. 102 0.9 o, 0.8 o2

3.2.3 Experimental Results

We first evaluate the objective quality using known image quality metrics. To re-
liably evaluate our method, we need real camera data. However, we also need the
corresponding reference data to compare with and calculate the objective quality
metrics. We use five different camera sequences with static image content, such that
we can obtain a reference image by averaging. To obtain test data, we apply noise to
the linear Bayer data and process the data according to Figure[3.6] thus apply white
balance and debayering. To evaluate our method for channel-independent noise, we
apply only the debayering step without the white balance. For both tests (with and
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a) Noisy image

b) Original bivariate method 3 c¢) Original bivariate method 5
level level
d) Proposed method 3 level e) Proposed method 5 level
Figure 3.9: The noisy image and the denoised images obtained by applying denoising

after three and five decomposition levels with the original bivariate method
and the proposed method.
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Figure 3.10: Metric results for wavelet hard thresholding with a threshold 7 = ko.

without white balance) the set of noise gain factors is calculated as described in the
previous section.

Whereas the bivariate method does not need a parameter to be set, the hard
thresholding must be optimized. Therefore, we perform a parameter sweep for each
image to find the optimal denoising result. The optimal parameter thus is different
for each metric. The PSNR is still the most widely used metric in image denoising,
however, as the PSNR does not correlate well with the human perception of image
quality, other metrics, e.g., the structural similarity index (SSIM) [124] and the
visual information fidelity (VIF) [112] have been proposed. Fig. |3.10| shows the
results of the parameter sweep with the adapted wavelet hard thresholding. The
fixed threshold in the standard method is replaced by the threshold 7 = ko.

We observe that the PSNR maximum is mostly around & = 2 up to k£ = 3.
As most of the noisy values corresponding to the same mean value will be in the
interval of 20 (68%) or 30 (95%) this means that most of the noise is eliminated.
When we look at the denoising results, we observe, however, that most details are
eliminated, and strong artifacts occur in the PSNR-optimized denoising result. To
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Table 3.9: PSNR in [dB] for the different algorithms with equal noise in R, G and B
channel, thus without the white balance step, o, = 10.

’ Sequence \ Std. HT \ Camera HT \ Std. Bivariate \ Camera Bivariate ‘
Siegestor 30.93 31.03 26.13 30.01
Odeonsplatz 34.06 34.35 32.18 34.93
Ball Pool 33.54 33.19 31.19 34.02
Tree & Lights | 27.76 27.77 26.00 27.95
Gate 41.23 41.22 38.37 41.76

Table 3.10: PSNR in [dB] for the different algorithms with equal noise in R, G and B
channel, thus without the white balance step, o, = 20.

’ Sequence \ Std. HT \ Camera HT \ Std. Bivariate \ Camera Bivariate ‘
Siegestor 28.01 28.21 21.71 25.93
Odeonsplatz 30.73 30.67 26.46 30.18
Ball Pool 30.28 29.90 26.13 29.79
Tree & Lights 25.14 25.19 21.38 23.94
Gate 38.20 38.10 31.89 37.25

obtain a better estimation of the optimal denoising result, we tried other metrics,
which correlated better with human perception. However, the SSIM results, shown
in Fig. [3.10, determine approximately the same maximum as the PSNR, and thus
SSIM does not seem to help much in this application. The VIF shows the maximum
quality for k£ = 0, which means for the noisy image. The VIF is hence not very
helpful for choosing the correct denoising parameter. We therefore decided to use
the PSNR in the following, and we will evaluate the results visually in the next
section.

The PSNR results for the channel-independent noise, i.e., using noise gain factors
that do not include the white balance, are shown in Tab. [3.9) and Tab. Using
our proposed noise gain factors in the wavelet hard thresholding shows similar re-
sults compared to the standard method, hence no significant improvement can be
observed here. One reason could be that the SNR is more essential than the pure
noise variance. As the signal variance is not taken into account in the hard thresh-
olding denoising step, it seems to be not very advantageous to use a more correct
noise variance. While the overall PSNR results of bivariate thresholding are not
significantly higher than the hard thresholding results, it must be mentioned that
the hard thresholding result shows severe blocking artifacts.

Bivariate thresholding takes into account the signal variance and applies a thresh-
olding function which depends on the parent coefficient and thereby provides better
denoising results than hard thresholding. This method can clearly be enhanced us-
ing our proposed more realistic noise variance. The proposed method shows a higher
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3.2 Wavelet Denoising of linear debayered data

Table 3.11: PSNR in [dB] for the different algorithms including the white balance step,

opn = 10.

’ Sequence \ Std. HT \ Camera HT \ Std. Bivariate \ Camera Bivariate ‘
Siegestor 27.78 27.81 24.43 28.09
Odeonsplatz 32.59 32.88 29.72 33.35
Ball Pool 31.85 31.49 28.93 32.26
Tree & Lights 25.24 25.45 23.22 25.58
Gate 39.67 39.83 34.64 39.57

Table 3.12: PSNR in [dB] for the different algorithms including the white balance step,

o, = 20.

’ Sequence \ Std. HT \ Camera HT \ Std. Bivariate \ Camera Bivariate
Siegestor 22.83 22.90 19.63 22.98
Odeonsplatz 29.29 29.47 24.84 29.68
Ball Pool 27.88 27.67 23.98 28.15
Tree & Lights 21.37 21.63 18.88 21.40
Gate 35.10 36.90 28.86 35.01

PSNR for all the images and both tested noise levels. The improvement compared
to the standard bivariate denoising is up to five dB and thus significant.

Including the white balance enlarges the improvement in terms of PSNR. For the
channel-dependent noise, so including the white balance in our method, the camera-

adapted method reaches up to 6 dB better results (Tab. and Tab. [3.12]).

Visual quality

While the hard thresholding results were comparable to the bivariate approach in
terms of PSNR, the visual quality is inadequate when the threshold is set to achieve
the optimal PSNR value. We thus conclude that the hard thresholding can be used
for moderate denoising and desist from showing image examples in this disserta-
tion. The bivariate denoising shows visually much better results compared to hard
thresholding. We selected a representative image crop to compare the standard and
the proposed method using a three- or five-level decomposition.

Fig. shows the noisy image with four different denoising results. Both with the
three-level (a and d) and with the five-level decomposition (b and e) the proposed
method reduces more noise while retaining the details in the image. As the five-level-
decomposition result in Fig. (e) shows the overall highest quality, we conclude
that the additional buffer requirements should be worthwhile.
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3.2.4 Conclusion

This section first describes a simulation procedure to obtain noise gain factors, which
allow us to capture the noise characteristics of spatially correlated camera noise
efficiently in look-up-tables. The proposed adapted version of the bivariate wavelet
denoising method accounts for the properties of real camera data and can operate
in real time on an FPGA.

Compared to the original bivariate wavelet denoising approach using the standard
median estimator for the noise variance, an improvement of up to 6 dB is achieved.
Visual comparison shows that it reduces more noise and preserves more details. Our
results hence demonstrate the importance of accounting for realistic camera noise
characteristics in denoising approaches. We expect that a comparable performance
increase might be achievable in other denoising methods that are based on the signal
and the noise variance.
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3.3 Comparison

3.3 Comparison

The test sequences used in Chapter are the basis for comparing the two methods
presented in this chapter, the SA-DCT Bayer denoising method (SA-DCT Bayer),
presented in Sec. [3.1] and the bivariate wavelet denoising based on noise gain factors
(wavelet NGF), presented in Sec. [3.21 The SA-DCT Bayer uses a joint shape selec-
tion based on an estimated luminance image, and the denoising step is performed
independently in the four subchannels of the Bayer data. The SA-DCT Bayer in-
cludes the signal-dependent camera noise model for the sensor data, described in
Sec. [2.2.1] Conversely, the bivariate wavelet denoising based on noise gain factors
(wavelet NGF) is applied on linear RGB data, which has been debayered before,
and hence, it includes the spatial correlation of the camera noise after debayering.

Visual quality and PSNR

The SA-DCT denoises well in smooth areas and along edges and leads to a very
natural appearance. No artifacts or artificial structures of the DCT are visible
and the noise characteristic remains almost unchanged, due to the flexible shapes
and the averaging of overlapping shapes. In contrast, the remaining noise of the
wavelet NGF method is not as natural as the original noise, since the thresholding
completely deletes coefficients, and thus the noise can appear blocky. The wavelet
NGF method, however, reduces the noise more than the SA-DCT. Overall, both
methods show visually appealing results.

The PSNR values on the city sequence, presented in Tab. [3.13], also indicate that
the wavelet NGF method reduces more noise: the PSNR is increased by 2.4 dB
with the wavelet NGF and by 1 dB with the SA-DCT Bayer. The SA-DCT Bayer
shows a reliable improvement of around 1 dB for all sequences. With the wavelet
NGF method, in contrast, the PSNR values of the real camera sequences are not
always increased. The PSNR on the candy and the ball pool sequence are even
lower than the PSNR of the noisy image. This is a surprise since higher PSNR
is usually associated with less noise and thus higher image quality, but the visual
comparison shows that the wavelet NGF reduces noise well and improves visual

Table 3.13: PSNR results in [dB] of the SA-DCT Bayer denoising method and the pro-
posed bivariate wavelet denoising adapted to camera noise using noise gain
factors (wavelet NGF).

’ \ ball pool \ candy \ city \ street \ arch ‘

Noisy 30.86 30.14 | 35.91 | 37.04 | 32.68
SA-DCT Bayer | 31.54 | 31.14 | 36.66 | 37.90 | 33.78
Wavelet NGF 29.27 27.40 | 38.30 | 37.61 | 33.42
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quality significantly. The question is thus, why are the PSNR values not showing
the improvement on these two camera sequences?

How the crosstalk effect influences the evaluation of denoising results

The reason for the low PSNR values of the wavelet NGF results is the crosstalk
effect. In image sensors, crosstalk describes that a pixel value does not only depend
on the amount of light of one color band at the respective location, but is influenced
additionally by the neighboring pixel values. A main reason for that is the crosstalk
of the read-out circuit, and in sensors with a Bayer pattern, this causes that the
effect is color-dependent. The crosstalk is clearly visible in highly saturated areas,
e.g., ared area, where the blue signal is low but the red signal is high: high red values
lead to higher green values for pixels in the same line, whereas the green values in
the line with the blue pixels are lower. The different green values lead to a regular
pattern in the final image, which can reduce visual quality significantly. Therefore,
crosstalk compensation methods have been proposed, e.g., by Andriani et al. in [15].
Since crosstalk compensation is not included in our evaluation, the crosstalk effect is
visible in the noisy images, and since it is visible in every frame, it is also visible in
the mean image that is used as a reference. The SA-DCT method denoises the four
subchannels independently, and hence, it does not change the crosstalk. The wavelet
NGF method, in contrast, reduces the noise in the RGB data, and therewith it also
reduces the crosstalk pattern. The bivariate method reduces coefficients that are
not protected by a high parent coefficient, and therefore, it is particularly effective
in reducing crosstalk patterns because the crosstalk only affects the first wavelet
level.

The above explained effect is visible when comparing the respective difference
images of the noisy and denoised images to the mean image. Fig. shows the
selected crop of the candy sequence that is used for illustration. The difference
images shown in Fig. - are multiplied by 3 for illustration. The crosstalk
effect is not visible in the difference of the reference to the noisy image, because it
is equally strong in both. The crosstalk pattern is not visible in the SA-DCT Bayer
difference image (Fig. , since the SA-DCT processes the Bayer subchannels
independently, and hence it does not change the crosstalk. The pattern is, however,
clearly visible in the difference image of the wavelet NGF as it reduces the crosstalk
together with reducing noise, see the bright sweets in the lower right of Fig[3.11d]

We conclude that the advantage of the wavelet NGF method is that it reduces
more noise and additionally reduces the crosstalk effect. Conversely, the SA-DCT
result is perceived as more natural, because the noise characteristic changes less
than with the wavelet NGF.
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(b) (c) (d)

Figure 3.11: (a) shows a crop of the reference image for the test image candy that is
used for comparison, (b) the difference of the noisy image to the reference,
(c) the difference image for SA-DCT Bayer denoising, and (d)the difference
image for the bivariate wavelet denoising based on noise gain factors.

Implementation aspects

Both proposed denoising methods are designed for very low computational com-
plexity to enable real-time processing in embedded systems. The SA-DCT can be
implemented similarly to the standard block DCT, and as most compression algo-
rithms use a DCT, efficient hardware implementations are already available. Since
the proposed SA-DCT operates on Bayer data, which has only one value per pixel,
only one third of the RGB data needs to be processed, a clear advantage compared
to RGB denoising methods. As shapes can overlap, memory capacities for buffering
the estimates are needed. The buffer size scales with the required neighborhood,
the window size, and hence can be adjusted according to the available resources.
However, the minimal window size is higher than for an RGB method as denoising
is performed on the subchannels of the Bayer data, and therefore, compared to RGB
denoising, only one fourth of the pixel values of a region is available for denoising.
The wavelet NGF is based on the easy-to-compute shift-invariant DWT using low
complexity filters. Sec. shows that high-quality results can be achieved, despite
the simple transformation. Despite the fact that further improvement certainly could
be achieved with better filters or more complex transformations, e.g., a dual-tree or
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stationary transformation, we do not use these improvements, as the computational
complexity would increase dramatically, and the wavelet decomposition accounts for
the main part of the required resources. The resource requirements of the wavelet
decomposition are scalable with the number of wavelet decomposition levels; in
particular memory requirements can be adjusted with the number of decomposition
levels. However, extremely low levels do not provide a significant increase in image
quality for RGB data with spatially correlated camera noise; based on the evaluation
in Sec. 3.2 it can be concluded that at least three levels should be used. A three
level DWT was implemented on an FPGA and shows real-time performance on HD
data with 30 fps. However, the resources needed for the wavelet decomposition
might still be too extensive in camera systems that include a high amount of image
processing modules. However, a wavelet decomposition can also be helpful for other
image processing tasks, e.g., multiscale algorithms in computer vision, and in that
case it might be worth the implementation effort.

For both methods, the available internal and external buffer influences the qual-
ity. To find a good trade-off between visual quality and memory requirements, the
SA-DCT window size or, respectively, the number of decomposition levels can be
adjusted. In a stream-based processing pipeline, window size is critical, because the
pixel values are stored linewise. This can lead to extremely high buffer requirements
for large windows and sensors with high resolution. Reordering the pixel values to a
blockwise transmission could therefore reduce memory requirements significantly in
the denoising step. The required buffer to reorder the pixels would of course com-
pensate for the buffers saved in the denoising step, but if other image processing
tasks also require a neighborhood the reordering can help.

Combining the spatial denoising with a temporal denoising step significantly im-
proves the results of the SA-DCT Bayer method and a similar improvement can be
expected for other spatial denoising methods. Hence, if an additional frame buffer
is affordable in the system, a temporal denoising step should be included.
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The aim of all denoising methods is to suppress the noise as much as possible while
still retaining the fine details in the image. To find the optimal tradeoff, almost
every method has one or more parameters that regulate the denoising strength. If
the denoising strength is too low, too much noise remains in the image, whereas
too strong denoising leads to oversmoothing of textures and small details and hence
to a less natural image. The highest visual quality can be achieved only when the
parameters are set to the optimal values. These values usually depend on both the
image content and the noise in the image. The optimization of these parameters is
crucial to achieve the best possible image quality in real applications.

The parameter setting is usually based on an image set that contains representa-
tive reference images, e.g., the well-known Kodak data set [136], with corresponding
noisy images that are obtained adding artificial noise. Such an image set allows one
to easily calculate denoising results with varying parameters. As subjective tests
with human observers are often too costly and time-consuming, the denoising re-
sults are subsequently rated using an image quality metric, e.g., PSNR, to find the
optimal denoising results and therewith the optimal parameters. The parameters as
determined based on the test set are subsequently used for denoising all images in
the real application.

This technique has two main drawbacks. First, the choice of the test set cru-
cially influences how well the chosen parameters fit the real application. Finding
a good test set is challenging; the need of a reference image limits the test data
to unrealistic data, because in the real application the reference is not available —
otherwise denoising wouldn’t be necessary. Thus, the test set either contains some
image data with artificial noise (e.g., the Kodak data set [136]) or artificial images
with realistic noise (e.g., [10]). As this test data does not completely correspond to
the data in the real world application, the parameter tuning on such test sets may
lead to suboptimal results. Second, the parameters are determined using the test
data and then are fixed in the real world application. This means that even the
most carefully selected test set cannot lead to best results, because the image and
noise statistics of the individual image in the application are not considered. To
achieve optimal results in the real world application, an image-adaptive, automatic
and referenceless parameter tuning method is needed.

Two different strategies for referenceless parameter estimation are known: on the
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one hand, analytical approaches for parameter optimization such as cross-validation
[45], the L-curve [50] method, or Steins unbiased risk estimate (SURE, [102]) could
be used. This proves to be computationally expensive and does not reflect the visual
perception of images [132]. On the other hand, a “no-reference metric” (NR metric),
i.e., a metric that can rate image quality without a reference, could be used. MetricQ
[132] was specifically proposed as an estimator for denoising parameter tuning, but
more general NR metrics can also be used, e.g., [70,87,88,90.91.[105,[106]. However,
it is usually not possible to apply these metrics in the real world application, because
they are too computationally complex to be calculated for every image.

We therefore propose a very efficient method with low computational complexity,
which adapts to the actual image content using gradient histograms. As the human
visual system is more sensitive to differences than to absolute values, gradient his-
tograms are linked to the human perception more than absolute statistics. Bayesian
denoising methods therefore use gradient distributions to improve their results, as
in [31,|107]. In |133] the gradient histogram statistics were integrated in a sparse
recovery algorithm, which led to better denoising results in textured areas. This
motivates us to design our method based on gradient histogram statistics. However,
in contrast to the usual approach of modeling the histograms via a parameterized
distribution, we directly estimate a gradient histogram from the noisy image. Our
method is thus image-adaptive and computationally efficient.

The method and the first results were presented in [4]. This chapter provides a
detailed explanation of the method and additionally extends the results to a broader
range of denoising algorithms. Sec. first explains the background of our work
— the gradient histograms of noisy and denoised images — and explains how our
findings help to detect the optimal denoising strength. In Sec. we explain our
method for estimating the reference gradient histogram based on the noisy image.
To evaluate our approach, we conducted a visual test with 20 participants based
on images denoised with the state-of-the-art algorithm BM3D. We explain the test
setup and discuss the results in Sec.[4.2] Sec. evaluates how our method performs
with 6 other denoising methods. Finally, we conclude in Sec. 4.4}

4.1 Proposed Parameter Estimation Method

4.1.1 Gradient Histograms of noisy and denoised images

Figure shows the gradient histogram of a noisy image as well as the gradient his-
togram of the corresponding noiseless reference image and the gradient histograms of
three differently denoised images. As natural images in general contain many homo-
geneous areas with just a little change in intensity, the reference gradient histogram
shows its maximum in the small image gradients close to zero. Image noise intro-
duces intensity changes in those former homogeneous regions and thus influences
the distribution of image gradients. Thus, the noisy image contains less gradients
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Figure 4.1: Gradient histograms for an image of the Kodak data set. We used zero mean
additive white Gaussian noise with variance 0.01 to obtain the noisy image.

close to zero and the corresponding gradient histogram has less entries for the image
gradients from zero to nine (see Fig. |4.1)).

When denoising is applied, the gradient histogram becomes more similar to the
reference gradient histogram again. The number of small gradients increases with
increasing denoising strength. With further increasing denoising strength, the gra-
dient distributions begin to diverge again and the image becomes over-smoothed.
We therefore can detect whether the denoised image is over-smoothed or still noisy.
Although we only use one image to illustrate the above effects in Figure [4.1} we
observed them for almost every image in our data set. Based on our tests with
BM3D applied to the Kodak data set, we suppose that the denoising strength is
optimal when the corresponding gradient histogram matches the reference gradient
histogram best.

We thus can automatically determine the optimal denoising strength by compar-
ing the gradient histograms of differently denoised images with the corresponding
reference gradient distribution. As the reference gradient distribution is not available
in the real application, it has to be estimated. Hence, we discuss how to estimate
the reference gradient distribution in the following section.

4.1.2 Estimating the gradient histogram

In literature, the reference gradient distribution is usually approximated using spe-
cific parameterized functions ( [54]). Zuo et al. ( [133]) use a hyper-Laplacian func-
tion as model and estimate the reference gradient distribution of an image using a
one dimensional deconvolution model. Cho et al. ( [32]) fit a generalized Gaussian
distribution to the gradient histogram of a deconvolved and downsampled corrupted
image to estimate the reference gradient distribution. However, using a model to
describe the distribution of image gradients has two major drawbacks. First, the
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parameterization of a model might be complex. Second, the model might not be
flexible enough to adapt to the gradient histogram of a specific image. Thus we
estimate the gradient histogram directly from a downsampled image without using
parameterization. This significantly reduces computational cost and does not limit
the gradient histogram estimation to a predefined distribution.

Our first tests with the usual low resolution Kodak images provide proper esti-
mates when our method is applied on the downsampled image. However, we don’t
obtain a good estimation of the reference gradient histogram when using the high
resolution Kodak images or real camera data. This is due to the different image
characteristics of the small Kodak data, which was already discussed in [11]. To
obtain a better estimate for today’s high resolution data, we have to upsample the
downsampled image again and use the corresponding gradient histogram as reference
distribution. Thus, our method consists of five steps:

1. Downsample the original noisy image

2. Upsample the downsampled image

3. Calculate the gradient histogram of the upsampled image
4. Calculate the gradient histogram of the denoised image

5. Compare the gradient histograms

The steps 4) and 5) are iterated for different denoising strengths until the min-
imal distance is found. We tested different combinations of algorithms for image
downsampling and upsampling. One promising approach uses bilinear interpolation
for downsampling by a factor of two followed by a DCT-based image upsampling to
the original image size. Inspired by [30], the resistor-average distance (Dgap, [59])
was used to measure the difference between the estimated reference histogram ()
and the histogram of the denoised image (P). The resistor-average distance is based
on the Kullback-Leibler divergence (Dkrp) as follows:

B R C)
Dikrp(P || Q) ;P( )1 900@) (4.1)
Drap(P || Q) = (Dxo(P || Q)" + (Dkrp(@ 1l P))™) ™! (4.2)

As our estimated reference gradient histogram is most similar to the true reference
for small image gradients, we only use image gradients = with a range X from 2 to
10.
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Matlab Code

To show how easy the method is to use, we present here the Matlab source code,
which can be used to reproduce the results.

function hist_hg= getHist (img)
img=im2double (img);
hg=img (1:size (img,1)-1,:)-img(2:size (img,1) ,:);
hist_hg = imhist (abs(hg));
hist_hg = hist_hg' ./ sum(hist_hg (:));

end

function sig_opt=findSigOpt(img_noisy ,img_denoised)

% Step 1: Downsampling

img_ds=imresize (img_noisy ,0.5, 'bilinear ');

% Step 2: Upsampling

img_dct=dct2 (im2double (img_ds));

img_dct=padarray (img_dct , size (img_ds),0, 'post ');

img_us=im2uint8 (idct2 (img_dct )*2);

% Step 3: Calculate histogram of upsampled image

hist_estimate=log(getHist (img_us));

% Step 4+5: Calculate histogram of denoised image,

% compare histograms

for sigma=1:1:50
hist_denoised=log(getHist (img_denoised {sigma}));
rad_value (sigma)=RAD( hist_denoised (2:10), ...
hist_estimate (2:10));

end

[~,best_sigma]=min(rad_value);

end

Listing 4.1: This Matlab code performs the five steps from section The in-
put parameter img noisy is a single noisy image and the input parameter
img_denoised is a struct that contains several differently denoised images.

4.2 Evaluating the DUG metric applied to BM3D
parameter estimation

To evaluate our method we need to compare the estimated parameters to the truly
optimal parameters. The truly optimal parameters are the parameters leading to the
denoising result with the best visual quality. As none of the usual quality metrics
can reflect the human perception of visual quality perfectly, we can not use any
objective metrics as a reference for our evaluation. As the visual quality can only be
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Table 4.1: Error and mean execution time of different methods for estimating the BM3D
parameter sigma. The error is the mean deviation of the parameter chosen by
the respective estimation method to the optimal parameter determined based
on the subjective test. The execution time is measured using the given Matlab
implementations provided by the authors.

y | NIQE | BRISQUE | MetricQ | DIIVINE | BIQI | DUG |

Overall Mean Error | 21 3.46 7.42 3.30 1.82 1.50
Kodak Mean Error | 22.53 1.69 8.80 1.36 1.14 0.92
ARRI Mean Error 17.86 8 3.85 8.28 3.57 3.00

| Execution Time (s) | 0.540 | 0.223 0.207 25.338 | 0.517 | 0.014 |
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Figure 4.2: Evaluation results of the subjective test and the metrics for parameter esti-
mation. The goal is to find the best sigma parameter for the BM3D denoising.

determined by human perception, we have to perform a subjective test with human
observers that rate the visual quality and thus tell us the truly optimal parameters.

4.2.1 Test Data

We use the 9 test images of the Kodak data set [136] with a resolution of 768 x 512
pixels and added white Gaussian noise (AWGN) with a variance of 1% and 2%,
respectively, on all color channels. Afterwards, we converted the color images to
grayscale images by calculating the luminance value of each pixel. Since Andriani
et.al. showed the limitations of this data set [11], we also included images from
the ARRI data set |11] as well as simulated data with realistic camera noise [10]
in the test. These images are taken with a digital camera, therefore no reference is
available. The data, however, is video data and thus we can calculate a reference by
using the mean of a static sequence. We thus include 7 images with realistic camera
noise in our test. We apply the state-of-the-art denoising algorithm, BM3D [33], to

98



4.2 Evaluating the DUG metric applied to BM3D parameter estimation

all images. The denoising parameter o regulates the denoising strength: a higher o
value leads to stronger denoising.

4.2.2 Subjective Test Setup

In the subjective test, we have asked a group of volunteers to select the optimal
denoising parameter o for each image in our data set, such that the noise in the
image is reduced while still preserving the fine details in the image.

To this end, we developed an application in which a test subject could choose
the denoising strength via a slider that could be controlled with two keyboard keys
("higher” or "lower”) from a range of o € [0.50] in steps of Ao = 1. All images were
pre-calculated such that a change of the parameter had an immediate effect on the
displayed image. The participants were free in their choice of the parameter value
and were given no time restriction for the setup, however, most subjects found their
subjectively optimal denoising parameter for each image very quickly with very few
iterations necessary.

To avoid any artifacts due to scaling of the images, all images were displayed in
their native resolution (1:1 pixel mapping) on a calibrated reference studio monitor
Sony BVM-L230. For the high resolution ARRI dataset, we cropped the images to
a size of 1280x720 pixels to fit the monitor without downsampling. In accordance
with |137], the distance between the observer and the screen was set up to be three
times the height of the screen. The test was conducted at the video laboratory at
Technische Universitat Miinchen in a room compliant with ITU Rec. BT.500 [137].
Prior to the test, all participants were screened for visual acuity and color blindness.
The group of participants consisted of mostly university students with no special
background in image processing. In total, 20 test subjects, 9 female and 11 male,
aged 19 to 30 with a mean age of 23 participated in the test. The results in Fig.
show the median ¢ value for each of the 25 test images and the respective confidence
interval.

4.2.3 Test Results

Once we obtained the optimal parameters based on the subjective test, we can
evaluate our method using the mean error. Our method shows an overall mean
error of 1.5, which can be considered being very close to optimal, as the step size of
the paramter in the subjective test was equal to one.

We compare the parameters found by our method to the parameter estimation
using NR metrics. Tab. shows the mean error of the estimated parameters
with our method, compared to a parameter estimation using MetricQ [132] and
recently proposed general NR metrics: the “blind image quality index” (BIQI) [91],
the “distortion identification-based image verity and integrity (DIIVINE)” [90], the
“blind /referenceless image spatial quality evaluator” (BRISQUE) [87] and “natural
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image quality evaluator” (NIQE) [88]. Our gradient based method DUG shows a
lower error and thus matches better the visually best denoising parameters than
the other methods. BIQI provides second best results. MetricQQ shows a high error
in the test, which is surprising as it was designed for denoising parameter selection
specifically. We understand the reason by observing Fig. [£.2] which shows the test
results for each test image. MetricQ) choses too strong denoising for all our test
images.

We also compare the runtime of our algorithm in a simple Matlab implementation
with other NR metrics. Tab. shows the corresponding mean execution times per
image in seconds. We used the available Matlab implementations of the NR metrics
for comparison. The measurements were performed on a 64-bit Windows System
with Intel-Core i3-2100 and 8GB of RAM. Our method has the lowest execution
time and is more than ten times faster than the fastest NR metric in comparison.

The results indicate that our method, while being very simple, can accurately
estimate denoising parameters. In our subjective test with BM3D denoising, our
method outperforms the other NR metrics.

4.3 Metric-based evaluation of the parameter
estimation for different denoising methods

We proposed a both cost-efficient and accurate method for denoising parameter
optimization. This section focuses on further tests including a broader range of de-
noising algorithms. As the subjective tests are extremely time consuming, we need
a different method for evaluating a wider range of denoising algorithms. Despite the
fact that the existing objective quality metrics are not perfect, full-reference metrics
can be used for a basic evaluation. We present a comparison to two metrics: the
PSNR, as it is widely used in denoising, and the IFC, as it has correlated best with
human vision in tests with real camera noise [§8]. We thus obtain two different ref-
erence parameters considered to be optimal, one chosen by PSNR optimization and
one chosen by IFC optimization. In Tab. to Tab. the results are presented.
The tables show the mean deviation of the parameter to the optimal parameter
chosen by PSNR/IFC for Kodak data and ARRI data.

4.3.1 BM3D

The denoising method BM3D has already been used in the subjective test. Hence,
the results in Tab. allow us to compare the metric-based evaluation to the
subjective-test-based evaluation (results in Tab. [4.1)). The mean deviation of the
estimated parameter to the PSNR- and IFC-optimized parameter is larger than the
mean deviation of the estimated parameter to the subjective test parameter. This
applies to the metrics DUG, BIQI and DIIVINE. In contrast, the deviation of Met-
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ricQ is smaller than in the subjective-test-based evaluation. This behavior can easily
be explained: both PSNR and IFC overestimate the denoising strength, and from
the last section we know that MetricQ shows the same behavior. However, despite
the fact that the metric-based evaluation is not optimal for representing human per-
ception, it provides us results that indicate how well the DUG method performs for
other denoising methods. For BM3D, the DUG method reaches lowest deviation to
PSNR and IFC, and this matches the human rating.

Table 4.2: Mean deviation of the parameter ¢ in BM3D denoising
| | DUG | MetricQ | DIIVINE | BIQI |

Mean deviation PSNR 3.60 5.80 6.00 4.04
Mean deviation (Kodak) PSNR | 3.17 6.56 4.28 3.50
Mean deviation (ARRI) PSNR | 4.71 3.86 10.43 5.43
Mean deviation IFC 3.24 6.00 5.40 3.68
Mean deviation (Kodak) IFC 3.50 6.22 4.61 3.83
Mean deviation (ARRI) IFC 2.57 5.43 7.43 3.29

4.3.2 BLS-GSM

BLS-GSM [101] is a global denoising method operating in wavelet domain. The
authors provide a matlab package, which is used here. The parameter to adjust
denoising strength is the noise standard deviation ’sigma’. All other parameters
were set to the values suggested by the authors. Sigma was changed with a step size
of 0.005 in the range of 0 to 0.25.

For the BLS-GSM parameter estimation, Tab. shows the smallest error using
MetricQ. However, DUG results are the second best method for BLS-GSM. As Met-
ricQ usually overestimates the denoising stregth, results for DUG can be expected
to be able to estimate the visual quality better than MetricQ.

Table 4.3: Mean deviation of the parameter ¢ in BLS-GSM denoising
| | DUG | MetricQ | DIIVINE | BIQI |

Mean deviation PSNR 1.84 1.24 3.00 2.96
Mean deviation (Kodak) PSNR | 2.06 1.22 2.56 2.50
Mean deviation (ARRI) PSNR | 1.29 1.29 4.14 4.14
Mean deviation IFC 1.56 1.12 2.48 2.84
Mean deviation (Kodak) IFC 1.89 1.39 2.39 2.11
Mean deviation (ARRI) IFC 0.71 0.43 2.71 4.71
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4.3.3 Total Variation

Rudin, Osher and Fatemi [104] introduce the Total Variation (TV) as a regularizer
which retains sharp edges in the image. Many improvements have been proposed,
but in this test the classical implementation is used. The denoising strength is
regulated by the parameter v, which is adjusted from 0 to 50 with a step size of
1 for the Kodak data, and 0 to 200 with a step size of 5 for the ARRI data. We
included this classic method because the artifacts are very different from the usual
blur: typical are staircasing artifacts, which could lead to a different behavior in the
gradient histograms.

The results in Tab. show that BIQI and DUG provide the best and the second
best result. That indicates that DUC is able to cope with different types of artifacts
and is not limited to detect blur.

Table 4.4: Mean deviation of the parameter v in Total Variation (TV) denoising
| | DUG | MetricQ | DIIVINE | BIQI |

Mean deviation PSNR 5.28 10.12 12.56 4.60
Mean deviation (Kodak) PSNR | 4.33 9.56 7.22 3.89
Mean deviation (ARRI) PSNR | 7.71 11.57 26.29 6.43
Mean deviation IFC 7.24 8.88 10.04 6.88
Mean deviation (Kodak) IFC 5.56 8.78 8.00 5.11
Mean deviation (ARRI) IFC 11.57 9.14 15.29 11.43

4.3.4 Wavelet hard thresholding

A well-known method for denoising is hard thresholding in the wavelet domain. A
dual-tree wavelet transformation |110] was used, with three levels of decomposition.
Coefficients smaller than a threshold ¢ were set to zero. Compared to the other
evaluated methods this simple method leads to insufficient results. The poor quality
of the output images renders it difficult to rate an optimal parameter. The threshold
was set from 0 up to 0.5 with a step size of 0.01.

The PSNR prefers a high threshold, thus it probably over-estimates the denoising
strength. The PSNR-based results show the lowest error for MetricQ), which seems
reasonable as Metric() usually overestimates the denoising strength, too. The IFC
results, in contrast, rate the necessary denoising strength much lower, which leads to
the result, that DUG shows the lowest error for the Kodak data. However, using the
ARRI data the error of BIQI and DUG is extremely high. This is due to a second
minimum, which occurs at very high threshold (between 0.4 and 0.5). As such
high thresholds are unrealistic to provide good results; this can be easily avoided by
choosing a more appropriate range of the threshold parameters. Thus we conclude
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that DUG can provide good estimation results also with wavelet hard thresholding
if the parameter range is well adjusted.

Table 4.5: Mean deviation of the threshold parameter in wavelet hard thresholding (HT)
| | DUG | MetricQ | DIIVINE | BIQI |

Mean deviation PSNR 6.20 1.32 3.88 6.40
Mean deviation (Kodak) PSNR | 3.78 1.22 3.00 3.22
Mean deviation (ARRI) PSNR | 12.43 1.57 6.14 14.57
Mean deviation IFC 6.40 5.36 3.28 6.52
Mean deviation (Kodak) IFC 3.22 6.44 3.78 3.78
Mean deviation (ARRI) IFC 14.57 2.57 2.00 13.57

4.3.5 Gaussian filtering

The simplest method used in image denoising is probably Gaussian filtering. While
it is not an option in high-quality applications, the method is very basic and shows
the classical denoising artifact, it blurs the image. We use a filter kernel based on a
5 x 5 neighborhood and change the filter kernel size by adjusting ¢ from 0.1 to 5.1
with a step size of 0.1. For classical blurring the MetricQQ seems to underestimate
the denoising strength and thus provides the best results based on IFC. Compared
to PSNR the DUG and BIQI perform very well.

Table 4.6: Mean deviation of the parameter o, which adjusts the spatial kernel size of
the gaussian filter

| | DUG | MetricQ | DIIVINE | BIQI |

Mean deviation PSNR 2.92 4.12 4.16 2.48
Mean deviation (Kodak) PSNR | 2.00 3.67 2.33 1.83
Mean deviation (ARRI) PSNR | 5.29 5.29 8.86 4.14
Mean deviation IFC 3.08 2.52 4.64 3.20
Mean deviation (Kodak) IFC 2.94 2.17 3.39 3.00
Mean deviation (ARRI) IFC 3.43 3.43 7.86 3.71

4.3.6 Bilateral filtering

Bilateral filters and derivations are widely used in low cost denoising. We use a
spatial kernel with o, = 3 and adjust the range kernel 0,44 from 0 to 1600 with
a step size of 250 (for 16 bit values). The window size is 9 x 9.

The results in Tab. show the lowest error for MetricQ in the IFC based eval-
uation. We observed that the denoising parameter was overestimated by all other
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Figure 4.3: The graph shows the DUG metric result for bilateral filtering. The x-axes
corresponds to the step of the range kernel parameter o,qnge (0 to 1600 in
16 bit values).

methods, thus PSNR, BIQI, DIIVINE and also DUG. Only IFC and MetricQ seem
to provide good results. For DUG, this behavior comes with multiple minima: the
first minimum in Fig. [4.3]would probably be at the correct position, however, another
minimum occurs at higher denoising strength and this leads to the wrong param-
eter choice. As mentioned before, this can be avoided by selecting an appropriate
parameter range based on test data.

Table 4.7: Mean deviation of the parameter 0;.4,4e, which adjusts the range kernel in the
bilateral filter

| | DUG | MetricQ | DIIVINE | BIQI |

Mean deviation PSNR 9.60 17.64 12.12 5.24
Mean deviation (Kodak) PSNR | 9.22 21.94 12.17 5.22
Mean deviation (ARRI) PSNR | 10.57 6.57 12.00 5.29
Mean deviation IFC 16.80 7.96 18.68 11.88
Mean deviation (Kodak) IFC 21.61 | 10.00 24.56 | 14.17
Mean deviation (ARRI) IFC 4.43 2.71 3.57 6.00

4.3.7 DCT-based hard thresholding

A sliding window DCT hard thresholding was implemented. The blocks of 8 x 8
size are transformed in DCT domain. Blocks are selected every third pixel, thus
they are overlapping. Hard thresholding is applied in the DCT domain and the
overlapping results are averaged. The threshold range is 0 to 1 with a step size of
0.02. The results of the DUG metric are better than the results of BIQI, MetricQ
and DIIVINE for the Kodak data in the PSNR-based evaluation. In the IFC-based
evaluation on the Kodak data BIQI and DIIVINE provide best results, and DUG
follows them closely. However, the DUG metric generates wrong results for the
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ARRI data, which leads to a high overall error. Similar to the above results, this
seems to be due to double minima. Further research would be necessary to optimize

the DUG metric for ARRI data.

Table 4.8: Mean deviation of the threshold parameter in a sliding-window block DCT
denoising using hard thresholding

| | DUG | MetricQ | DIIVINE | BIQI |

Mean deviation PSNR 7.20 | 1.60 3.32 1.96
Mean deviation (Kodak) PSNR | 1.11 | 1.72 1.56 1.72
Mean deviation (ARRI) PSNR | 22.86 | 1.29 7.86 2.57
Mean deviation IFC 8.12 | 3.40 2.96 1.36
Mean deviation (Kodak) IFC 2.67 | 4.39 1.44 1.50
Mean deviation (ARRI) IFC 22.14 | 0.86 6.86 1.00

4.4 Conclusion

We proposed an image-adaptive method to automatically determine denoising pa-
rameters without a reference. The method is based on gradient histogram com-
parison. We showed that the optimal denoising strength can be determined by
comparing the gradient histogram of the denoised image to the true gradient his-
togram. To estimate this true gradient histogram, we propose an image-adaptive
approach, which is solely based on the noisy image. First, downsampling is applied
to the noisy image, second it is upsampled to its original size, and finally the gradi-
ent histogram is calculated on the upsampled image. The method is very fast and
easy to calculate. To evaluate the accuracy of our approach, we conduct a subjective
test with 20 participants. In our test we included images from both the well-known
Kodak data set and the ARRI data set, a set of realistic camera data. We used the
state-of-the-art method BM3D for denoising. The test results provide us a reference
for the optimal parameter, which can be compared to our method, to MetricQ, and
to four general NR metrics. Our method provides parameter estimation results that
lead to higher visual quality and significantly lower execution times than all other
tested metrics. We further evaluated the performance of the DUG metric based on
an evaluation taking the PSNR and IFC as a reference metric. While this evalu-
ation is not as reliable as the subjective test, it can still provide an indication for
the performance of DUG with other denoising methods. The results show that the
DUG metric works well in most cases. However, in some cases either BIQI or Met-
ric@ seem to perform better. Furthermore, it was shown that the parameter range
must be adjusted appropriately before the test, as otherwise double minima can
lead to wrong parameter estimation results using DUG. There is room for improve-
ment for the ARRI data. Given an appropriate parameter range setting, the overall

105



4 Parameter Estimation for Denoising

the performance of DUG is definitely acceptable, especially given its extremely low
implementation cost.
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Rating the quality of the denoising results is an important task to test, optimize, and
develop denoising algorithms. Denoising algorithms can be tested automatically and
optimized efficiently only with a realistic test setup. Whereas the last chapter pro-
poses a method for the optimization of denoising parameters, this chapter presents
a more general approach for the evaluation of denoising results and an analysis of
the underlying aspects of human vision.

The first section in this chapter, Sec. proposes a method to evaluate denoising
methods more realistically, which is based on previous publications [8|[10]. Whereas
AWGN allows generating test data easily in a repeatable manner, it does not reflect
the noise characteristics of a real digital camera. Chapter [2| concludes that realistic
camera noise is fundamentally different from AWGN. Using such unrealistic data to
test, optimize, and compare denoising algorithms may lead to incorrect parameter
tuning or suboptimal choices in research on denoising algorithms. In the following
section, we therefore propose an approach to evaluate denoising algorithms with
respect to realistic camera noise, including a new camera noise model and the full
processing chain of a single sensor camera. Based on that model, the visual quality
of noisy and denoised test sequences is determined in a subjective test with 18
participants. The results show that the noise characteristics have a significant effect
on visual quality. We apply and evaluate the performance of 12 full-reference metrics.
As no-reference metrics are especially useful for parameter tuning and evaluation of
real camera sequences, we additionally evaluate five no-reference metrics with our
realistic test data.

As the first section of this chapter shows the significant effect of the noise char-
acteristics on the quality metric performance for real camera noise and spatially
denoised video sequences, improving quality metrics is necessary. To that end,
Sec. discusses the aspects of human vision that might explain the human per-
ception of noise. As noise in camera data is not white, it has frequency-dependent
noise characteristics. If sequences are additionally processed with a spatial denois-
ing, the frequency-dependence becomes even stronger as high-frequency noise is
reduced. Compression could lead to a similar effect. The question is how this
frequency-dependence affects the perceived image quality. Since human vision is
clearly frequency-dependent, we analyze noise visibility with respect to different fre-
quency bands. Most quality metrics are designed for single images; however, this
dissertation tackles video denoising. Therefore, the visibility of static (spatial) and
dynamic (spatiotemporal) noise is compared.
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Figure 5.1: Image processing pipeline of a single-sensor camera.
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5.1 Evaluating Denoising Algorithms with Respect to
Realistic Camera Noise

The development and tuning of denoising algorithms is typically based upon stan-
dard test datasets like the Kodak image set [136]. These datasets include a collection
of representative reference images. To evaluate denoising algorithms, the reference
images are degraded using artificial noise, to obtain pairs of a reference and a noisy
image. In the simplest case, the results of the denoising algorithms are subsequently
evaluated using the difference to the reference image (PSNR). As this measure does
not correlate well with human perception of visual quality, several more sophisti-
cated quality metrics have been proposed [24,/35,/99}/112,/124-126,|132].

Typically, the mentioned noisy images are generated by applying additive white
Gaussian noise (AWGN) to the reference images. While AWGN allows us to easily
generate noisy images in a repeatable manner, it does not reflect the properties of
realistic camera noise. In [121] it is shown that noise in the raw sensor data is signal
dependent. While in Chapter [2| a detailed overview of the processing pipeline is
given, we recall in Fig. [5.1]the three major steps which are required to transform the
raw sensor data to an image that can be viewed on a display device (display-domain
image). The first step is the white balance. Since the sensor data only provides one
color value per pixel (Bayer mask) debayering is required, as a second step, to obtain
a full-color image. In a third step, a color transformation is applied to transform the
image into the monitor color space. Previous work showed that the second step, the
debayering, has a significant effect on denoising results using the Kodak data set,
as it introduces a spatial correlation in the noise characteristics [97]. Further, the
color transformation changes the noise distribution in a nonlinear manner. Hence,
the realistic noise characteristic in the camera data is fundamentally different from
AWGN.

Thus, the complete processing pipeline must be considered to generate test images
with realistic camera noise. Some recent denoising methods implement more realistic
camera noise models, e.g., [38,43,/76]. To evaluate these algorithms representative
result images based on real camera data are shown. To quantitatively compare
their results simple models as AWGN are used. When denoising algorithms are
evaluated and optimized using unrealistic test data, this, however, may lead to wrong
parameter tuning or suboptimal choices in research and development of denoising
algorithms.

In the following section, we propose an approach to evaluate denoising algorithms
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with respect to realistic camera noise. Following the first results in [10], [8] presents
an extension of the work to blind image quality evaluation for denoising results. In
this section, the approach is explained in detail.

We first describe a new camera noise model that includes the complete processing
chain. Further, two state-of-the-art denoising algorithms are evaluated with respect
to their denoising results on test images with AWGN and images generated using
our new realistic camera noise model. To evaluate the visual quality of the denoised
images a reliable quality metric is required. Up until now, quality metrics have not
been tested with respect to realistic camera noise. Thus, to determine the visual
quality of the test images in a reliable way, a subjective test with human observers
is performed. Further, the results of the subjective test are compared to a large
set of existing quality metrics. We analyze in detail how the individual processing
steps influence the performance of these metrics. This allows us to identify the most
suitable metrics to evaluate denoising algorithms with respect to realistic camera
noise.

Blind quality evaluation, i.e., rating the visual quality without a reference image,
is crucial for the automatic parameter tuning of denoising algorithms. Furthermore,
these metrics would enable us to directly use test data without reference. Thus, real
camera data could be used for denoising evaluation directly. So-called no-reference
metrics (NR metrics) are therefore of high interest for the evaluation and parameter
tuning of denoising algorithms. As recent research results on NR metrics are very
promising [87],188,190,/105], we also discuss blind image quality evaluation in this
section.

The remainder of this section is organized as follows: the test setup for the subse-
quent experiments including the subjective test is outlined in Sec. [5.1.1] We discuss
the subjective quality results and we compare the performance of full-reference and
no-reference quality metrics with respect to realistic camera noise in Sec. [5.1.2] In
Sec. [5.1.3] two state-of-the-art denoising algorithms are evaluated using test images
with AWGN and test images with the new realistic camera noise model and quality

metrics are compared using the Spearman correlation over all the test sequences.
Finally, we conclude in Sec. [5.1.4]

5.1.1 Test Setup

The images in display domain have a noise characteristic that is spatially correlated,
signal-dependent and with an unknown noise distribution. Hence, the noise char-
acteristic is very different to AWGN in the display domain, which is the adequate
domain for human observers and thus the appropriate domain for the evaluation of
denoising algorithms. For a realistic evaluation, test data in the display domain is
required. We show how to obtain realistic test data taking into account the complete
camera processing pipeline.

109



5 Quality Evaluation

To evaluate denoising algorithms, our test setup consists of a reference image, a
noisy image and a denoised image. While noisy images could be obtained in the form
of real camera data, we would lack the corresponding reference imagery. Applying
noise to a readily processed image, e.g., an image from the Kodak data set, cannot
be used for tests with realistic camera noise, as it is necessary to include all the
processing steps described in Sec. 2.1} To obtain realistic test data, a full-color
reference in the linear domain is required. We obtained this reference data from a
rendered 3D scene.

Reference sequences

For our test we use two different scenarios, one pan over a city, named “city”,
Fig. 5.2a] and a landscape sequence obtained by moving a static image by a few
pixels to provide a video sequence, named “landscape”, Fig. [5.2bl The sequences
have been chosen to reflect typical challenges in denoising natural images. The city
sequence is dominated by horizontal and vertical edges and squares, whereas the
landscape sequence has a lot of fine details that are not part of larger structures. In
the landscape sequence, the optical low pass filter of the simulated camera has been
adjusted to be less restrictive such that more high-frequency content is left in the
images. The sequences are 16 bit data rendered in linear domain. To incorporate the
optics of a camera system the images are multiplied in the Fourier domain with the
optical transfer function of the camera. This step takes into account the diffraction
limited lens, the optical low pass filter and the pixel aperture. For details we refer
to [109]. The rendering of the 3D scene has to provide high resolution images to
avoid aliasing effects in the camera optics simulation. We use a resolution of 40962
pixels to obtain 10242-sized images as simulation output. This approach provides
realistic reference data in linear domain. Applying the color transformation to this
data provides a display-domain reference image.

Test sequences

Besides the reference images, noisy test images are required for denoising evaluation.
To generate these noisy images, we use the most usual and most simple model,
AWGN in display domain, and our new realistic camera noise model. Additionally
we use noise models that enable us to evaluate the impact on visual quality of the two
main differences between camera noise and AWGN individually: signal-dependence
and spatial correlation through debayering.

In Fig. the usual AWGN model corresponds to the simulation path named
"noisy AWGN uncorrelated“. We use AWGN with a standard deviation of 1100 in
16 bit domain, which is equivalent to approximately 1.7% of the signal range. To
evaluate the influence of the debayering step on visual quality, we simulate AWGN
and apply a Bayer mask with subsequent debayering, which is represented by the
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Z
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Figure 5.2: One frame of the computer-generated test sequence

simulation path "noisy AWGN demosaicked“ in Fig. [5.3, While this does not cor-
respond to real camera data, we can expect more realistic results by including this
step into the usual AWGN model. To obtain signal-dependent noise, we replace the
AWGN based noise model with the signal-dependent camera noise from Sec.
added in linear domain (“noisy SD uncorrelated” in Fig.[5.3)). The noise level of the
camera noise in our test sequences corresponds to a sensitivity of 3200 EI. To obtain
realistic camera noise the debayering step must be included, thus the simulation
path for realistic camera noise is "noisy SD demosaicked “ in Fig.

To obtain denoised sequences, all the noisy sequences from Fig. [5.3] are denoised
with two different denoising algorithms, BM3D and BLS-GSM [101].

Subjective test design

With the approach described above, we obtained reference, noisy and denoised im-
ages. To evaluate denoising algorithms, the visual quality of the noisy and the
respective denoised image must be compared. We thus require a metric, which can
reflect the visual quality of the noisy and denoised test images similar to the hu-
man perception. However, to the best of our knowledge, the performance of quality
metrics has not been validated for realistic camera noise.

The validation of quality metrics is based on databases that contain test images
with artificial degradations and respective results of subjective tests, in which the
test participants assess the perceived visual quality of these test images. To de-
termine quality metric performance, the metrics are applied to the database test
images and the results are compared to the respective subjective test result. While
databases as the LIVE [49], the TID2008 and the CSIQ database were
used to evaluate state-of-the-art quality metric performance with respect to differ-
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Figure 5.3: Processing of simulated sensor data for the test using signal-dependent noise
(SD) and AWGN.

ent noise models, none of them uses realistic camera noise. The performance of the
quality metrics is thus unknown for camera noise.

To obtain reliable information on the visual quality of our noisy and denoised
test sequences, we conduct a subjective test with our test material. We used the
double stimulus DSIS methodology with a undistorted reference and impaired noisy
sequence according to I'TU-R BT.500. A discrete scale from 1 to 10, representing
a impairment range of “very annoying” to “imperceptible”, was used. The test
participants were 18 students, aged between 20 and 30. The task for the participants
was to assess the perceived impairment of the images. Before each test, a training
session was performed and the expected distortion, blur and noise, were mentioned
in this training. The test was performed in the ITU-R BT.500 compliant video
quality evaluation laboratory at the Institute for Data Processing at Technische
Universitdat Miinchen. For displaying the videos, a color calibrated Sony BVM-L230
reference LCD display with a screen diagonal of 23 inches was used. To get reliable
results, the outlier were removed in the post processing of the subjects’ votes. Votes
were removed, if they deviated more than 20 from the mean for a sequence. Using
this criterion, 4.6% of all votes were discarded. After outlier removal, the mean
opinion score (MOS) was determined for the different test images.

The subjective test results provide reliable values for the subjective quality of all
our test images. These results enable us to compare the visual quality of the noisy
and denoised test sequences. Furthermore, the test data enables us to determine
the performance of quality metrics with respect to realistic camera noise.

112



5.1 Evaluating Denoising Algorithms with Respect to Realistic Camera Noise

5.1.2 Visual quality of sequences degraded by camera noise

The performance of denoising algorithms is evaluated by comparing the quality of
a denoised image to the quality of the respective noisy image. To determine the
performance of denoising algorithms we therefore need to evaluate the quality of the
noisy images first.

Subjective quality

As described in Sec[5.1.1] four different noise models were used in our test: the usual
AWGN model, AWGN with debayering, signal-dependent noise without debayering
and finally the realistic camera noise model — signal-dependent noise with debayer-
ing. In this section, we evaluate the visual quality of the noisy test sequences and
analyze the main differences between the realistic camera noise and AWGN: spatial
correlation introduced through debayering and signal-dependence.

In Fig. the MOS results are shown for sequences without the debayering step,
thus containing uncorrelated noise, on the left, and the results for noisy sequences
with debayering are shown on the right. We notice that the debayering leads to a
lower MOS for all three test sequences. The MOS of the city sequence with AWGN
is about 3 scores lower when debayering is included. Regarding the sequences with
signal-dependent noise, the MOS is 0.5 lower for the city sequence and 2.3 lower for
the landscape sequence when debayering is included. The debayering changes the
difference in visual quality of the sequences: while it is noticeable that the MOS
for the uncorrelated noisy landscape sequence is quite good (7.1) compared to the
respective city sequence (4.9), the difference is much smaller (0.4) when debayering
is included. This may be explained by the image content: while the fine grain of
the uncorrelated noise that is hardly differentiable to the sand, the coarser grain of
the spatially correlated noise that is clearly visible in the landscape sequence. For
all three test sequences the spatially correlated noise is perceived as more annoying
than the uncorrelated noise. Furthermore, the debayering changes the difference in
visual quality of different noisy images.

To reflect realistic camera noise a signal-dependent noise model is required. The
noise level of signal-dependent noise depends on the signal and thus on the image
content. Through the color transformation, the signal-dependence is nonlinear in
display-domain images, usually noise is most visible in dark regions of the image.
The noise level of signal-dependent noise is varying with the image content and thus
not directly comparable to AWGN. For the city sequence we simulated both AWGN
and the signal-dependent noise. While AWGN is classified as less annoying than
signal-dependent noise when it is uncorrelated, AWGN with debayering is classified
as more annoying than signal-dependent noise with debayering. That means, the
relative order is changed with the noise model.

The MOS results showed that debayering has a significant impact on visual quality,
in our test it leads to a lower visual quality of the noisy sequences. The noise model
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Figure 5.4: The MOS and PSNR results for the test sequences “City” and “Land-
scape” using the traditional AWGN model (dashed) and the realistic signal-
dependent noise (solid lines). The uncorrelated noise, processed without
debayering, is shown on the left, the results with debayering on the right.

can change the difference and the relative order of the visual quality of the test
sequences.

The effect of the noise model on the PSNR results, shown in Fig. [5.4b] shows
clearly different results than for the MOS. While the decrease with debayering is
correct for the landscape sequence, very different results are obtained for the city
sequences: the PSNR is approximatly constant when AWGN is compared to AWGN
with debayering, and regarding the signal-dependent noise it is about 2dB higher
for the demosaicked city image (33.95 dB). With debayering, the quality of the city
sequence is rated much higher compared to the landscape sequence, thus the relative
order does not correspond to the MOS results.

In this section, we have seen that the noise characteristics have a significant effect
on the subjective quality. Interestingly, subjective quality in terms of MOS does
not match the PSNR of the test sequences. While the PSNR is still widely used,
it is well known that it is not optimal for visual quality estimation. Therefore, we
evaluate more sophisticated metrics that can be expected to correlate better with
the visual quality in the next section.

Full-Reference quality metrics

To improve the correlation with the perceived visual quality, adaptations of the
mentioned PSNR were proposed, such as the visual signal-to-noise ratio (VSNR) [24]
and the human visual system based PSNR (PSNR-HVS/ PSNR-HVSM) [35]. The
performance of several quality metrics including the above has been evaluated using
the TID2008 database in [100] that contains a test setup with different types of
noise, including spatially correlated noise. In this test the PSNR-HVS achieved
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Figure 5.5: Quality metric results for the test sequences “City” and “Landscape” using
the traditional AWGN model (dashed) and the realistic signal-dependent
noise (solid lines). The uncorrelated noise, processed without debayering, is
shown on the left, the results with debayering on the right.
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a high correlation with the subjective test results. We therefore can expect good
results using this metric for our test data.

Other approaches that showed good results for various degradations, including
white noise and Gaussian blur [114], are structural algorithms, as the structural sim-
ilarity (SSIM) index |124] and the multiscale SSIM (MSSIM) [126], and information-
theoretic algorithms, as the visual information fidelity (VIF) |112] and the informa-
tion fidelity criterion (IFC) [113].

We add three recently proposed metrics that are adaptations of the PSNR and
SSIM and showed high correlation based on tests with different standard databases,
the PSNR-HMA [99], the “information content weighted PSNR” (IW-PSNR) and
the “information content weighted SSIM” (IW-SSIM) [125]. As we work on color
image sequences, we add a metric named “color-image-difference” (CID), which is
designed for color images specifically [74].

We use the publicly accessible Matlab package “metrix mux” for most full-reference
metrics. For PSNR-HVS, PSNR-HMA, IW-PSNR, IW-SSIM and CID we use the
Matlab code provided by the authors. While some metrics have parameters that
could be tuned, we stick to the default parameters for all the test sequences to
achieve comparable results.

An optimal quality metric would show the same tendencies and relative order as
the MOS results described in the previous section. One of our main results from the
previous section was that including the debayering step in the processing pipeline
of the noisy test images significantly reduces visual quality. That means, for both
noise models the MOS is lower when debayering is included. In contrast, the SSIM
is higher for the spatially correlated noise with debayering (Fig. , the relative
order of the sequences including debayering is thus incorrect.

The MSSIM better matches the subjective quality, as it shows a lower value for
the noise after debayering, see the MSSIM in Fig. [5.5b] IW-SSIM is not shown, as
the results are very similar. Also the VIF, IFC, PSNR-HVS, PSNSR-HMA and ITW-
PSNR and CID rate the noisy images including debayering lower and thus reflect
well the subjective quality, Fig. [5.5¢ shows PSNR-HVS and the VIF. CID in
Fig. 5.51 was included as it specifically works on color images. Despite that the
noise seems very colored in the demosaicked landscape sequence, the quality of is
rated very high using CID, which is incorrect. Additionally the order of AWGN and
signal-dependent noise does not match the MOS result.

In summary, none of the tested metric is able to perfectly reflect the visual quality
of all the noisy sequences as given by the MOS. However, most of the metrics showed
lower results for the noisy images when debayering is included compared to the
uncorrelated noise, and thus matched this important tendency shown by the MOS.
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Figure 5.6: No-reference quality metric results for the test sequences “City” and “Land-
scape” using the traditional AWGN model (dashed) and the realistic signal-
dependent noise (solid lines). The uncorrelated noise, processed without
debayering, is shown on the left, the results with debayering on the right.

No-reference quality metrics

A test setup to compare denoising algorithms usually works with pairs of a reference
and the corresponding degraded noisy image. However, in real applications that
require a denoising step, no reference image is available, which is the reason why
real camera data cannot be used directly for a quantitative evaluation. To make
use of real-world data that does not provide a reference, e.g., the new image test set
proposed in [11], metrics that can evaluate the visual quality without a reference
would be necessary. Besides, automatic parameter tuning would require such NR
metrics. The best denoising parameters depend on the image content, and NR
metrics would enable to adjust the parameters for each image adaptively. We thus
extend our recent work |10] to general no-reference (NR) metrics evaluation.

The recent progress in NR metrics is encouraging. In [132] a metric for parameter
tuning, the “MetricQ” is shown to enhance denoising performance. In 2010, Moor-
thy and Bovik published the NR metric “blind image quality index” (BIQI) [91].
The metrics are usually evaluated using the LIVE database [114] that provides five
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different types of degradation: JPEG, JPEG2000 (JP2K), white noise, blur and fast
fading. The two most relevant distortions for denoising are white noise and blur; we
thus compare and select the methods mainly based on the Spearman correlation for
these two types of distortion. For both distortion types a higher correlation than
PSNR is reported for BIQI, so we include it in our test.

Since then, five other quality metrics have been published. The “general regression
neural network (GRNN)”, proposed 2011 [70], can provide results highly correlating
to the human perception when the right dataset was chosen in the training. For
in the most relevant criteria, white noise and blur, the correlation results strongly
depends on the dataset: a high correlation for WN comes with a low correlation
for blur and vice versa. Therefore we conclude that it may not be appropriate for
denoising tests.

The NR metric “distortion identification-based image verity and integrity (DI-
IVINE)” [90] shows a very high correlation with the mean opinion score of the
LIVE database of 0.98 for the white noise distortion and a considerable correlation
coefficient of 0.92 for blur. It thus clearly outperforms a NR metric named BLI-
INDS [106]. An upgraded version thereof, named BLIINDS II [105], was proposed
in 2012. However, we do not use it in our test, as it shows an extremely low corre-
lation for white noise (0.1) and thus does not seem to be appropriate for denoising
tests.

Two other recently published NR metrics show promising results: the “blind /ref-
erenceless image spatial quality evaluator” (BRISQUE) [87] shows a lower correla-
tion for white noise compared to DIIVINE, however, the correlation coefficient is
higher for blur. We thus include it in our tests. NIQE [88|, which stands for “natural
image quality evaluator”, outperforms DIIVINE and BRISQUE in both white noise
and blur and thus is the most promising method included in our test.

Fig. shows the NR-metric results for the noisy test data. MetricQ shows a
very high quality for the demosaicked sequences compared to the sequences with
uncorrelated noise, whereas the MOS indicates a lower quality for the demosaicked
sequences. The same problem we have seen before with the FR metrics SSIM and
PSNR. We tried to calculate the anisotropy map differently, however all the MetricQ
versions were not able to reflect the decrase when debayering is included for the noisy
data. As the results of the difference versions are very similar, we show only the

original version in Fig.

While BIQI shows the same problem (Fig. [5.6d)), the metric NIQE in Fig.
shows for a part of the sequences a lower quality when debayering is included, it
matches the MOS results for the sequences with signal-dependent noise. While
DIIVINE in Fig. shows the correct tendency for the landscape sequence, it
rates the demosaicked sequences with higher quality for the city sequences, which
does not match the MOS results. Regarding the relative order of the test sequences,
the MOS value only shows a small difference in the absolute quality of the two
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sequences, while, according to BIQI and DIIVINE, the landscape sequence has a
clearly higher quality rating.

While most metrics, except CID, rated the sequences containing signal-dependent
noise lower than the sequences with AWGN, all no-reference metrics rate the se-
quences with signal-dependent noise higher compared to the AWGN sequences.
None of the tested metrics, however, evaluated the sequences corresponding to the
MOS, which indicates higher quality of the sequence with signal-dependent noise
compared to the AWGN sequence when debayering is included, but a clearly lower
quality for the sequence with uncorrelated signal-dependent noise compared to the
sequence with uncorrelated AWGN.

The NR metrics seem to less reflect the MOS result than the FR metrics. Espe-
cially the relative order of the sequences with different image content is more difficult
to estimate without a reference.

5.1.3 Quality Assessment of Denoising Results

In the last section we discussed the subjective quality and the quality metric per-
formance for noisy sequences. In this section, we discuss the visual quality of the
denoised test sequences and based on these results we evaluate the performance
of the quality metrics for the denoised test images. Finally we identify the most
suitable quality metrics for denoising algorithm evaluation.

Subjective quality

We used two different state-of-the-art denoising methods, BM3D [33] and BLS-
GSM |[101]. In Fig. the MOS results for denoised sequences are shown. In the
subsequent plots the two left results show the quality of the usual AWGN model and
the AWGN model with debayering, whereas the two results on the right show the
quality for signal-dependent noise and for signal-dependent noise with debayering.
The last corresponds to the realistic camera noise model.

The noise model significantly affects the visual quality of denoising results. In-
cluding the debayering step into the noise simulation, leads to a MOS that is up to
3 scores lower. Thus, denoising uncorrelated noise is easier than denoising spatially
correlated noise. The signal-dependence also affects the denoising performance:
BLS-GSM achieves a 1.7 lower MOS for uncorrelated signal-dependent noise com-
pared to AWGN. When both signal-dependence and debayering is included, thus
realistic camera noise is used, the quality of the BLS-GSM result is even lower than
the quality of the noisy sequence, thus no improvement is achieved with denois-
ing. This shows that it is crucial to use an adequate model in the development of
denoising algorithms.

We found that the noise model has a significant effect on the visual quality of
denoising results. We have shown that debayering decreases denoising performance
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Figure 5.7: MOS and full-reference quality metric results for the denoised test sequences
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Figure 5.8: Spearman correlation coefficients of full-reference metrics for the visual test.

of both tested algorithms significantly and found that the signal-dependence leads
to a lower visual quality of the BLS-GSM results.

Full-Reference quality metrics

Optimal quality metrics should show the same tendencies and relative order as the
MOS results. As described above, the debayering leads to a lower MOS, thus the
lines in Fig. are decreasing. This is reflected by the MSSIM, VIF, PSNR-HVS
and CID, see Fig. 5.7¢5.7f The PSNR in Fig. matches this tendency for the
denoised sequences except for the sequence with signal-dependent noise denoised
with BLS-GSM. The PSNR-HMA shows very similar tendency like the PSNR-HVS
and thus is not shown. Regarding the relative order of the sequences with realistic
camera noise, the VIF is the only metric in our test that rates the denoised sequences
using BLS-GSM lower than the noisy sequence, which reflects the MOS (see “dem.
SD” in Fig. [5.7d). However, the VIF rates the sequences denoised with BLS-GSM
lower for the other noise types, too, which does not reflect the MOS results.

Comparing our subjective test results to the quality metric results shows that
none of the tested metrics reflects the MOS perfectly. To determine the metrics that
correlate best with the perceived quality, we evaluate the overall metric performance
by means of the Spearman correlation coefficient.

Fig.|5.8shows the correlation coefficients for the full-reference metrics. The corre-
lation coefficients with and without the Landscape sequences are shown. Most of the
metrics show lower correlation coefficients when both test sequences are compared.
The most stable results are achieved using PSNR-HMA and IWPSNR. The highest
correlation to the subjective quality over the entire test is achieved by the full-
reference metrics IFC, VIF, PSNR-HVS and PSNR-HMA. Thus, among the tested
metrics these are the most suitable for the evaluation of denoising algorithms.
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Figure 5.9: No-reference quality metric results for the denoised test sequences using
BM3D [33] and BLS-GSM [101].

No-reference quality metrics

The visual quality of the denoised sequences is higher than the noisy sequences,
except the BLS-GSM algorithm applied to realistic camera noise. BM3D shows a
higher MOS rating than BLS-GSM and debayering leads to a lower visual quality
of the denoising results. An optimal metric would reflect these findings.

While the MetricQ indicates a lower quality for the demosaicked and denoised
AWGN test sequences in Fig. [5.9d] it does not show this tendency for the signal-
dependent noise with debayering. We tested three versions in addition to the original
version: MetricQQ with an anisotropy map that was calculated on the same noisy
images (MetricQ AM noisy). This is a reasonable setup, as the noisy image is known
when denoising is applied. Additionally, we included two versions that are using
the reference data partially. In a second new version, the MetricQQ with the same
anisotropy map (MetricQ AM const noisy) is used for all the different degradation
types. As the authors proposed to use the most degraded image in this case, we used
the noisy images with debayering included. In the third version the anisotropy map
was calculated on the reference image (MetricQ AM const ref). Fig. [5.10| shows
the Spearman correlation coefficient over all the test sequences for the different
variants of MetricQQ. Compared to the original MetricQ, the variants using degraded
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Figure 5.10: Spearman correlation coefficients of MetricQ variants

images correlate less with human perception. The MetricQ with the anisotropy map
calculated on the reference image (MetricQQ AM const ref) shows a higher correlation.

While DIIVINE rates the denoising results with debayering higher compared to
the denoised sequences without debayering, BIQI, NIQE and MetricQ show a con-
stant or slightly decrease in quality when debayering is included before denoising,
thus partially match the MOS result. DIIVINE rates all the noisy sequences higher
than the denoised sequences. This does not match the MOS result. This may be
due to a high sensitivity to blurring in the DIIVINE metric.

The noise model has a significant effect on the visual quality of denoising results
and none of the NR metrics in our test fully reflects the MOS. To determine the NR
metrics that correlate best with the perceived quality, we evaluate the overall metric
performance by means of the Spearman correlation coefficient, shown in Fig [5.11]
The NR metrics achieve a much lower correlation compared to the FR metrics.
The highest correlation coefficient is 0.6 for the BIQI metric, which additionally
seems to be most robust to the image content. While NIQE and MetricQ achieve a
considerable correlation coefficient of 0.4 on the city test set, BRISQUE practically
does not correlate to the MOS results (0.08) and DIIVINE even shows a negative
correlation coefficient, as it rates all the denoised sequences with a lower quality
than the noisy sequence. We thus did not find a no-reference metric reflecting the
MOS in our test.

While the correlation coefficients given in the literature usually are around 0.9,
we have seen relatively low correlation coefficients between visual quality and metric
result. This is mainly due to the different approach of calculating the correlation
coefficients: in the literature correlation coefficients are usually given for a single
degradation type (e.g., white noise) separately. This means the correlation coefficient
represents how well a metric can compare a noisy image to another noisy image. In
denoising evaluation, however, the metric must cope with different degradations that
occur in one image simultaneously and find the best tradeoff, i.e., the best image.
Thus the correlation coefficient has to be calculated over the denoised and the noisy
test sequences to obtain useful information about how well a metric is suited for
denoising evaluation.
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Figure 5.11: Spearman correlation coefficients of no-reference metrics for the visual test.
DIIVINE shows a negative correlation, which is probably due to the low
quality rating for the denoised sequences.

We mentioned two reasons to use NR metrics: first, these metrics would enable us
to directly use test data without reference, and thus real camera data could be used
for denoising evaluation. However, as the correlation to human perception is much
higher using FR metrics, we conclude that future denoising tests should be based
on test sets including reference data. The second reason was that parameter tuning
could be done automatically using a NR metric. Our test results indicate that BIQI
could be a possible candidate for a parameter tuning metric. However, we need to
verify this in future tests including more different sequences and different denoising
results obtained by varying parameters.

5.1.4 Conclusion

In this section, we proposed a realistic camera noise model and showed how to inte-
grate the complete camera processing chain into the test setup to evaluate denoising
approaches. We not only showed that the noise characteristic of the typically applied
AWGN is fundamentally different from our realistic noise model, but also identified
that the signal-dependent noise as well as its spatial correlation has a significant im-
pact on the perceived visual quality of noisy and denoised images. In our subjective
test, we found that the spatially correlated noise, introduced in the debayering step,
is perceived as more disturbing.

Denoising test images degraded by signal-dependent noise leads to results with a
lower visual quality than for AWGN. Further, the performance of state-of-the-art
denoising algorithms is considerably impaired by spatially correlated noise. Using
realistic camera noise, denoising can even reduce the perceived visual quality.

To estimate the visual quality of denoising results without costly subjective tests,
reliable quality metrics are required. In this section, several state-of-the-art quality
metrics are evaluated. No-reference metrics as well as full-reference metrics have
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been tested, however, none of the tested metrics fully reflects the perceived visual
quality. While the widely used full-reference metrics PSNR and SSIM show a low
correlation with the subjective test results, the highest correlation is obtained using
the metrics PSNR-HVS, IFC, VIF and PSNR-HMA. All the tested no-reference
metrics show a very low correlation to the test results.

With the significant impact of the chosen noise characteristic on the visual quality
of noisy images and of denoising results, we conclude that a realistic noise model
should be used in future research. For realistic denoising evaluation, a new extensive
test set based on realistic noise, as well as new quality metrics that better reflect
the visual quality of camera data, would be required.
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5.2 Noise perception

5.2.1 Visibility of spatio-temporal noise: introduction

Noise is an unavoidable effect in real-world video sequences, seriously reducing the
visual quality of video, especially in low light conditions. With today’s high res-
olution sensors having a smaller pixel pitch, the need for algorithmic solutions is
heightend.

In this work, we study the visibility of noise. Our motivation originates from
observations in motion picture denoising. An extensive set of denoising methods has
been developed to reduce the noise in image and video data after capture. Of course
none can perfectly reconstruct the true image; an estimation error always remains.
The challenge is to hide this estimation error as well as possible. We observed that
this estimation error is especially severe when a spatial image denoising method
is applied to video data. The estimation error, or remaining noise, in this case is
usually very low frequency noise. This low frequency noise is hidden in still images,
because it is almost invisible due to the decrease in the contrast sensitivity of human
vision for very low spatial frequencies.

If the images are part of a video sequence, this low frequency noise reappears as
flickering in the video sequences and thus disturbs the viewing experience. As the
noise in the low frequency bands is very difficult to separate from real image content,
it is still a common quality issue in video denoising.

Although temporal denoising methods can better reduce flickering, they may also
introduce new artifacts, especially motion artifacts, and they come with high compu-
tational cost; memory requirements in particular are extremely high for the current
high resolution data (4k and beyond).

To the best of our knowledge no study is available that provides details about
the visibility of noise in video sequences depending on their spectral distribution.
Winkler and Siisstrunk [145] presented a subjective study examining noise visibil-
ity in still images. In addition to white noise, they also used mid-frequency and
high-frequency noise. The results show lower noise visibility for the high-frequency
noise compared to the mid-frequency noise, as would be expected from the contrast
sensitivity function. We expect that the same effect could have been shown for
low frequency noise, as contrast sensitivity also falls off towards low frequencies.
Unfortunately this has not been a subject of the study.

In this section, we study the visibility of noise for eight different frequency bands.
We evaluate the visibility of both static noise, as it occurs in still images, and
dynamic noise, as it is present in video data. We start by giving a short overview
of the literature about spatial and temporal contrast sensitivity of human vision
in Sec. [5.2.2] We then explain how we obtain the different noise patterns, which
can be displayed on a standard monitor (Sec. [5.2.3). The results of a test with
nine observers for static noise and a dynamic (spatiotemporal) noise are presented
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in Sec. [5.2.4, We discuss and compare our results in Sec. [5.2.5] and conclude in
Sec. £.2.6

5.2.2 Related Work

Technical developments like movies and discharge lamps provoked early experiments
on temporal effects of human vision. Contrast sensitivity of time varying signaly
and how effects can be explained using Fourier analysis was already studied almost
sixty years ago by de Lange ( [154-158]), Kelly ( [147,148]), and Roufs ( [139-143]).
An overview of the early experiments is given by Kelly in 1977 |152].

The first measurements for combined spatiotemporal sensitivity were presented
by Robson in 1966 [159]. He determined the thresholds for four spatial frequencies
and four temporal frequencies. The lowest frequency was 1 Hz, which is considered
to be equivalent to static results (Van Nes result’s indicate threshold modulation a
little bit above at 0 Hz [160]). The results indicate that while the spatial CSF mea-
sured for static patterns shows a band-pass characteristic, the sensitivity function
for the same spatial frequencies, measured with spatial patterns that are temporally
varying, becomes a low pass. The spatiotemporal contrast sensitivity is thus not
separable, it shows a clearly more complicated shape than could be obtained by
the product of spatial and temporal CSFs. Kelly in 1966 already mentioned effects
not explainable by a separable model [149] and measured the CSF for spatiotem-
poral stimuli (travelling waves) [150]. The results are similar to Robson’s: for 2
Hz the band-pass shape holds, the frequencies 13.5 Hz, 17 Hz and 23 Hz suggest a
low pass structure. For the chromatic CSF curves, refer to Kelly’s later measure-
ments [151,|153]. Most applications that use spatiotemporal CSF models still rely
on this data, e.g., the perceptual quality metric by Winkler [146].

The experiments, however, were all conducted with sine waves. While this has
become the standard procedure to measure CSF curves, this section evaluates the
sensitivity to noise of different spatial frequencies, as it can occur in video sequences.

Some studies examined the visibility of signals when noise is added [161-163].
However, for the application of video quality assessment and denoising evaluation it
is more important to study the visibility of the noise.

5.2.3 Noise visibility Test

We investigate the visibility of noise of different spatial frequency bands in still
images and in video sequences (we use 24Hz video sequences). To that end, we
conduct a subjective test. We include two types of test patterns in the test: static
(spatial) noise patterns and dynamic (spatiotemporal) noise. Eight spatial frequency
bands were used for each pattern type.
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Figure 5.12: Workflow for generating the test stimuli for the noise sensitivity experi-
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Test Pattern Generation

The test patterns were obtained by first generating white noise and subsequent
band-pass filtering by cutting the desired frequency band in the Fourier domain.
To separately test for the sensitivity of lightness and chroma channels, we used the
IPT color space and added the noise in only one of the three channels. IPT is an
opponent color space that was developed by Ebner and Fairchild to create a
space that is perceptually uniform but still easy to calculate.

The workflow for the noise pattern generation is shown in Fig. and described
in the following.

1. First, 2-D zero-mean white noise is generated by Matlab’s randn-function

2. The noise is transformed to the Fourier domain and a band-pass filter is used
to cut a defined band from the spectrum.

3. Each pixel row of the image is multiplied by a factor that increases logarith-
mically from top to bottom, to obtain noise with increasing variance (i.e.,
contrast).

4. A uniform gray image, with a constant pixel value of 0.6104, is generated in
sRGB color space.

5. The gray image is transformed to the IPT color space.
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6. The zero-mean noise is finally added to one of the channels of the IPT image.
7. The noisy image is transformed back to sRGB.

The test patterns for the dynamic noise measurements are the same as those for the
static noise. We generated 50 static noise patterns, which are displayed as a video
sequence with 24 frames per second for the dynamic noise experiments.

Test Setup

TR Ey
(I
§

=

Figure 5.13: Test setup: the red line was adjusted by the observers to match the visibility
threshold.

The stimuli are a rectangular field of the test patterns with increasing contrast
from top to bottom, Fig shows a screenshot. The concept of the test is to
directly measure the sensitivity by letting the observers choose the limit of visibility.

On the left, the test pattern is displayed (static noise in the achromatic channel
in this example). The subject is asked to move the red bar, by using the slider
right to the test pattern, to the highest possible point where the test pattern is
still visible. With the radio buttons on the right, different frequency bands can
be selected. As eight frequency bands are available the subject has to evaluate
eight images. When clicking on “Save and Next”, the slider positions for all images
are saved and the GUI for the temporal measurements is loaded. The next test is
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dynamic, achromatic noise. When the observer has completed the adjustments for
all the achromatic patterns, the GUIs for the chromatic patterns are loaded, first
static and then dynamic measurements.

The test patterns were displayed on an sRGB monitor with a viewing distance of
150 cm. We did the measurements for 8 frequency bands between 0.14 and 27.62
cpd. Tab. shows the frequency bands of the noise test patterns.

Table 5.1: The frequency bands used in the test are given in pixels per period and cycles
per degree.

Nr. of pixels per period | Spatial frequency in cycles per degree
range \ mean | range \ mean

311.11 - 700 505.55 | 0.14 - 0.31 0.19
155.56 - 311.11 | 233.34 | 0.31 - 0.62 0.41
77.78 - 155.56 | 116.6 | 0.62-1.24 0.83
38.89 - 77.78 58.335 | 1.24 - 2.48 1.66
18.67 - 38.89 28.78 | 18.67 - 38.89 | 3.36

9.33 - 18.67 14 5.18 -10.36 | 6.9
4.67-9.33 7 10.36- 20.70 | 13.81
2.33 - 4.67 3.5 20.7 - 27.62 | 24.16

5.2.4 Results

Based on the row that the nine observes chose, we calculate the contrast sensitivity,
Fig. and Fig. [5.15] We additionally plotted bars indicating the standard devi-
ation of the different votes. The bars show that the votes deviate from observer to
observer significantly. Hence, it may be worth extending the excellent and extensive
early research, e.g., by Kelly, beyond the experiments based on a single observer.

The static noise sensitivity in Fig. shows a peak in the I-channel curve around
1.66/3.36 cpd. The chromatic curves, however, show a peak shifted to lower frequen-
cies, the maximum sensitivity is in the three lowest frequency bands (0.19, 0.41 and
0.83 cpd). This finding matches quite well the shape of the curves measured by
Kelly for unstabilized stationary sine gratings in [153]. One difference to the pre-
viously reported curves is the relation between achromatic and chromatic channels.
As in previous results [151] the achromatic gratings induce higher sensitivity than
chromatic gratings, one could have expected that the P- and T-channel noise would
also show lower sensitivity than the I channel. However, this is not the case: the
peak sensitivity for the I-channel noise is not higher than for the P- and T-channel
noise — it is only shifted to lower frequencies. The reason for that can be explained
by the design of the IPT color space. It is designed to be perceptually uniform, and
therefore an I-channel contrast should correspond to the same perceived contrast in
the P- or T-channel.
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Figure 5.14: Test with the static noise patterns: mean results are averaged over all
observers adn plotted with the standard deviation of the results.

The dynamic noise results are very different. Fig. [5.15| shows that the sensitivity
in the achromatic I-channel is clearly higher than in the chromatic channels. Fur-
ther, the peak is completely shifted to the lowest measured frequency for all three
sensitivity curves.

This explains what we observed in videos that were spatially denoised: whereas
the denoising result, viewed as a still image, looks unimpaired, a video sequence
composed of these images shows disturbing flickering.

5.2.5 Discussion
Comparison of test results to the contrast sensitivity function

Due to the clear decrease of the temporal contrast sensitivity above 10 Hz, one
would have expected that a flickering grating displayed at 24 Hz could lead to lower
sensitivity than the static spatial noise. However, our results show the contrary. In
Fig. |5.16] we replotted our previously shown results in the XYZ color space, instead
of IPT, to make them more comparable to other publications.

In the low and mid-frequency range, sensitivity is clearly higher for dynamic noise
compared to static noise. This matches the observed problem we have seen in the
visual quality of denoised videos in contrast to the good denoising results achieved
by applying the same algorithms to still images. In the high frequency bands around
13.8 c¢pd and 24 cpd, sensitivity to the dynamic noise is lower than to the spatial
noise, but the difference is not large.
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Figure 5.15: Result of the test with the dynamic noise, which is a sequence of newly
generated static noise patterns with 24 frames per second: mean results are
averaged over all observers adn plotted with the standard deviation of the
results.

The absolute value of the contrast sensitivity is hardly comparable, as it depends
on parameters like mean luminance and the presentation of the patterns, e.g., how
many cycles are shown. Campell et al. found that the contrast sensitivity for a single
sine wave is lower than for the standard repetitive sine wave grating |[164]. However,
a fixed image size forces the cycle number to vary depending on the frequency.
Future experiments should be performed with different image sizes to study the
influence of the number of cycles.

As we used a standard monitor, the quantization with 8bit can unintentionally
affect the shape of the signal at very low contrast levels. It can lead to a grating that
would be more comparable to a rectangular pattern than a sine wave. This would
explain higher higher sensitivity values in our test, since a square wave grating has
been shown to lead to higher contrast sensitivity than a sine wave grating in the low
frequency range by Campbell et al. in [165]. In future experiments, a 10bit monitor
would be preferable to be sure that the quantization is beyond perceptional limits.
However, as an 8bit monitor is the usual display, our results are relevant for this
very realistic use case.

The absolute values of the contrast sensitivity function are higher than reported by
Robson [159] and Kelly [150]. Besides the above described effect of 8bit quantization,
the test setup can be a reason: the users drew the line at a point where they were
sure not to perceive any noise. This leads to a higher sensitivity than the one in the
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Figure 5.16: The contrast sensitivity was calculated in XYZ color space for better com-
parison with other results. Plotted here, is the luminance(Y-channel) re-
sults of the static noise patterns and the dynamic noise patterns.

usual tests, in which observers adjusted the modulation such that the grating is just
visible. Additionally, the luminance levels of the screen do not match exactly and
the surrounding luminance may also be different. Whereas the above mentioned
reason explain that absolute sensitivities do not match previous results exactly, our
goal in this work was not to reproduce the extensive research that has been done
in the last decades. Our goal was to investigate the visibility of spatial noise in
still images and compare it to the spatiotemporal noise in video sequences. For this
relative comparison, our measurements provide meaningful data.

The main result of comparing the visibility of spatial static noise to spatiotemporal
dynamic noise is that the noise of spatially low frequencies is clearly more visible in
the dynamic noise test than in the static noise test. This result matches the clear
visual impression and should be considered for improving research on denoising for
video sequences.

Perceived lightness vs. luminance measurements

When comparing the results in IPT (Fig. and to the curves that show the
contrast in terms of luminance (Fig. , the contrast sensitivity function varies in
shape. This is due to the nonlinear mapping of luminance and perceived lightness,
which is also implemented in other perceptual color spaces, e.g., Lab. Although it
is practical to use XYZ for the comparison with the available literature, we have
the impression that the shape in the IPT contrast sensitivity matches better our
visual perception because the dynamic noise seems to increase towards lower spatial
frequencies, which is well represented by the I-channel results, shown in Fig. |5.15]
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Sensitivity increase

Tab.[5.2]shows the sensitivity compensation factors (S) from the static noise contrast
sensitivity Y+ to the dynamic noise contrast sensitivity Ygyn,.

Yo
S =" 5.1
}/stat ( )
These factors can easily be included in metrics that already include the CSF to
adapt them to video. This can be expected to improve the quality estimation of
noisy and spatially denoised videos.

Table 5.2: Sensitivity compensation factors calculated for the luminance contrast sensi-
tivity in Fig. 5.16}
mean spatial frequency | sensitivity compensation factor ‘

0.19 cpd 2.9
0.41 cpd 2.9
0.83 cpd 2.4
1.66 cpd 2.0
3.36 cpd 1.6
6.9 cpd 1.0
13.81 cpd 0.7
24.16 cpd 0.8

5.2.6 Conclusion

We measured the visibility of noise for eight spatial frequency bands. The subjective
test included both static noise, as it can occur in denoised still images, and dynamic
(spatiotemporal) noise, as it can occur in denoised video data. Comparing the
dynamic results to the static results with the same spatial frequency yields two
main results.

First, the contrast sensitivity of spatially low frequency noise is significantly higher
when the noise is temporally varying. Due to the decrease of the temporal sensitivity
with higher temporal frequencies, this may be a surprise, but it matches well to our
visual impression. This finding can be helpful in denoising video sequences, where
the frequency dependence can now be included in the design and optimization of
new denoising algorithms. Further, the proposed sensitivity compensation factors
can easily be included in metrics that already include the CSF to adapt them to
video.

Second, we showed the contrast sensitivity both in terms of perceived lightness
(in IPT color space) and for luminance (XYZ color space). The shape in the IPT
color space is different — the effect of increasing temporal noise visibility when the
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noise is low in spatial frequency is even more clear when shown in IPT. We think
that this is very interesting, since, for the application in image quality estimation,
perceived lightness is more important than the absolute luminance.

The factors proposed to improve existing quality metrics for noisy and denoised
video have been obtained from tests with grey background. Future research should
therefore focus on using more realistic test stimuli, e.g., real motion picture data,
to evaluate how masking of image content influences the visibility of spatiotemporal
noise. Secondly, more realistic broader band noise could be included in future tests
to evaluate how well our findings can be used for real videos.
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6 Realistic Noise Model and
Denoising Method for
Time-of-Flight data

Whereas the main part of this dissertation aims at improving color image sequences,
this chapter presents how data of other cameras can be improved based on gathered
experience.

Nowadays, additional information captured together with a color image becomes
increasingly important. Combining the color camera with a depth camera creates
added value — the 3D information can, e.g., be used to improve interaction between
computer graphics and real-world objects, allow for object dependent color grading,
or facilitate focus adjustment.

Time-of-flight (TOF) technology enables capturing depth data with relatively high
speed and thus can be used to capture depth video data. However, the limitations
are the low resolution compared to color imaging sensors, the limited range of dis-
tinct depth, and very high noise in the TOF depth images. The resolution may be
increased with advancing sensor technology, but the noise can be reduced directly
using algorithmic methods. In this chapter, which builds on our previous publica-
tion [2], we describe the noise characteristics of the TOF data and present a solution
that is specifically designed to reduce this noise.

6.1 Introduction

Fig. shows a typical native depth map taken with a TOF camera. Two types of
noise can be observed: the first type are fluctuations mainly around the true signal
level, usually assumed as Gaussian noise [180,(181]. The second type appears like
salt-and-pepper noise, thus noisy pixels appear to be unrelated to the true signal
level.

A typical method for denoising TOF data is joint-bilateral filtering (JBF) [174-
176,/178]. Whereas the JBF significantly reduces Gaussian noise, the typical solu-
tion for salt-and-pepper noise is median filtering [182]. However, median filtering
smoothes the image and therefore leads to a loss of details.

We propose to use a new method to remove the salt-and-pepper noise. Our
method is not based on the observed noise types but deploys the physical TOF-
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Figure 6.1: Example of a photonic mixer device TOF depth map in grayscale represen-
tation (white=0m; black=7.5m; linear in between). Crucial salt-and-pepper
Noise is obvious in the right image area

specific causes of the noise. The cause of the salt-and-pepper noise in photonic mixer
device (PMD) TOF images is phase ambiguity: due to the cyclic nature of phase, the
range of distinct depth values (non-ambiguity-range) is limited. We explain the noise
characteristics of the TOF data in detail in Sec [6.3] In the following, we present
our solution to the described problem, a novel phase-aware pre-processing filter
(Sec. [6.4). The experiments with real TOF data in Sec. show the effectiveness
of the proposed method, and conclusions are drawn in Sec.

6.2 Related work

Typically, salt-and-pepper noise is removed by nonlinear filters like the traditional
median filter. Various improved median filtering methods have been proposed to
better preserve image details ,. Median filtering tends to oversmooth
the image as it does not distinguish whether a pixel is corrupted. Improvements
have been proposed that detect and process only the corrupted pixels [167,[169,[171]
,. Recently methods for mixed noise removal (AWGN and salt-and-pepper
noise) have also been proposed, e.g., by Jiang et al. in and methods mentioned
therein. All these methods, however, assume corruption of pixels by effects like
faulty memory or bit errors in transmission and thus rely solely on the signal values
in a neighborhood for removing the noise. We will show that the corrupted signal
in the TOF data still carries valuable information that can be used. The usual
assumption behind denoising algorithms is that the correct estimate is the value
corresponding to the highest probability density of a signal distribution. Whereas
median filtering is more robust to outliers, e.g., the white pixels in Fig. [6.1] it still
follows the assumption that many white values indicate a brighter true value and
vice versa. However, in the case of TOF noise, a white value can indicate that the
true value is very dark, thus close to the end of the non-ambiguity range.
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Figure 6.2: Noise characteristic of PMD TOF signals far away from the range limits.
PACS does not propose a candidate value because the noisy value IV is far
enough away from the TOF range limits.

In order to un-wrap phase ambiguity in phase-modulated TOF systems, two dif-
ferent approaches exist.

The first class of methods exploits time-division multiplexing techniques to over-
come the modulo principle and hence to extend the measurement range. Therein,
at least two modulation frequencies take turns [183,/184]. In detail, at least two con-
secutive TOF images with different modulation frequencies are captured and result
in one un-wrapped image out of both, similar to HDR in computational photogra-
phy. However, this technique is only useful for still images or motion pictures with
very slow motion, as it requires static content in both depth images for a robust
composite.

The second class of methods estimates the un-wrapped depth using a rough es-
timate about the true depth based on an empirical amplitude to depth ratio of the
TOF signals [185,|186]. This principle makes use of the assumption that an object
surface located further away reflects less due to the quadratic loss of light inten-
sity. However, different surface reflectance can compensate the quadratic law and
to failing of these methods.

As phase unwrapping is thus difficult to be applied in a reliable way for motion
picture content, in this work, we are not aiming for range extension but for repo-
sitioning the noisy pixels that are wrapped because of the TOF modulo principle.
This allows an optimal use of the available TOF range and reduces errors at the
borders of the non-ambiguity range. In the following we explain the occurrence of
the salt-and-pepper-like noise in detail.

6.3 Range ambiguity noise

As mentioned, our method is based on the physical causes of the noise, thus we first
describe the relevant noise characteristics in detail in this section.
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Figure 6.3: The modulo effect of a TOF system illustrated by a signal value S close to the
upper signal limit. The measured noisy signal N near the lower limit possibly
depends on the Gaussian distribution of the Signal S. PACS proposes C as
an alternative candidate value.

The noise characteristic far from the borders of the signal range can be approx-
imated by a Gaussian distribution which is visualized in Fig. [180,/181]. In the
TOF data, salt-and-pepper noise is not a different noise contribution, instead it
is caused by the inherent Gaussian noise. Fig. illustrates this issue. When a
signal S is located close to the borders of the non-ambiguity range, in our example
7.5m, the Gaussian noise leads to values exceeding the signal range. As the mea-
surement is a phase measurement, this leads to a modulo effect with respect to the
non-ambiguity range. That means, value C is mapped to value N near the opposite
border of the signal range. Value N is very far away from the true signal S and
hence appears as salt-and-pepper noise. For clarification, this noise is called range
ambiguity noise (RAN) in the remainder of this dissertation.

Instead of directly estimating the true signal S, we first recover the noisy depth
value C in our method. This value is the physically correct depth value affected by
Gaussian noise only. This pre-processing trick is crucial, as now the filters originally
optimized for Gaussian noise distributions can be used adequately.

6.4 Phase-Aware-Candidate-Selection

We first present our basic method and subsequently describe how to optimally re-
strict the filter to the affected pixels based on noise measurements.

6.4.1 Method

Our proposed pre-processing filter, the Phase-Aware-Candidate-Selection filter (PACS),
estimates the value C based on the spatio-temporal neighborhood €2 x T'. In case
that the current noisy depth value N is close to the borders of the TOF range, PACS
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Figure 6.4: The range parameter r is responsible for the application of PACS. In this
case filtering is applied.

determines the corresponding candidate value C utilizing the non-ambiguity range
dpar (€.g., 7.5m).

2 (6.1)
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Subsequently, PACS calculates weighted FEuclidean distances d for N and C' using
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G is a Gaussian weighting function.

To take advantage of the nearly noiseless edge information of the color image, the
weighting function is based on the color intensities I from the RGB image, which
is registered to the depth map. The last step is the decision for the final depth
intensity D at the position p:

b Cpr, ifdy,, >dc,, (6.4)
"Ny, ifdy,, <dc,, |

6.4.2 o-LUT thresholding

To enhance the filtering results, we add an additional step that decides if PACS
is required. As described in Sec. [2.2] RAN only occurs close to the borders of the
non-ambiguity range. Therefore, in this section, we derive a criterion whether a
pixel is close to the borders.
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Figure 6.5: The red values are calculated standard deviations of measured TOF data at
different distances in front of a plain wall. The green curve is the adapted
LUT. The blue values show standard deviations of a realistic static scene
with their averaged amplitudes.

According to the Gaussian distribution the probability that a noisy signal is within
S + 20 is 95.4%. Hence, a deviation between the noisy signal and the true signal
bigger than 20 is rather unlikely. Therefore, the threshold r for filter application is
chosen as r = 20. As the noise standard deviation o of the TOF data depends on
the signal amplitude, we need to choose r depending on the correct o for each pixel
based on the TOF amplitude image. The latter is additionally generated by the
TOF camera giving information about the received relevant signal strength. This
observation leads to the rule that if a pixel’s distance has a margin of more than r
to both borders; it is not suspect to RAN. This procedure is visualized in Fig. [6.4]

For TOF amplitude and ¢ comparison during PACS runtime, we generated a
generic TOF camera-specific standard deviation look-up table (LUT) based on a
priori measurements. Fig. shows the relation between the measured amplitude
of the TOF signal and the standard deviation (o) of the TOF depth noise. Therein,
the crosses represent ¢ amplitudes pairs acquired from a dedicated measurement
using a plane wall target. To obtain a dense data set in the most relevant amplitude
range, an arbitrary real scene is additionally evaluated, see the triangles in Fig. [6.5]
To derive a generic o-LUT, we finally use the upper envelope estimate of both data
sets which is shown as solid line. The o-LUT results obtained in this step are in line
with fundamental results presented by Lange et al. |18§].
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Figure 6.6: The red rectangles show the selected patches: 1 - Head, 2 - Legs, 3 - Hat, 4
- Shoulder, 5 - Arm, 6 - Wall and 7 - Doll.

6.5 Experiments

To evaluate our proposed method a reliable ground truth is needed. We thus first
explain how the ground truth is generated and subsequently present the evaluation
results.

6.5.1 Generation of Ground Truth Data

A ground truth can be obtained by two approaches. First, a simulation of the
data can be performed using depth image data generated artificially. Second, a
real sequence can be used and the ground truth can be generated based on the real
data taking a mean over a sufficiently long sequence . Both approaches are not
perfect: the simulated data has different characteristics compared to the real data.
Especially the complex noise, shadowing and the influence of the optics are difficult
to simulate. As we need realistic noise characteristics to prove the effectiveness
of our approach, simulation cannot be used here. Using real camera images still
has two disadvantages. First, it is limited to static scenes, because the noise is
eliminated using the redundant information in other frames. Second, the described
phase jumps would cause a bias error in the mean image and thus this approach is
insufficient for TOF data with RAN. While we cannot overcome the first issue and
thus use static sequences for our evaluation, we found a more sophisticated method
to generate the reference data out of the sequence data.

Our method generates a ground truth for image patches by optimizing the non-
ambiguity range such that RAN is avoided. To that end, we detect the maximum of
the depth distribution and shift it such that the peak is far from the non-ambiguity
range borders. The prerequisite for our method is the selection of patches. Figure[6.6]
shows the seven selected patches for generating reference patches. Each patch,
except the patch ”Doll”, contains RAN. The steps for generating reference patches
are
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Figure 6.7: The histogram of the depth values in one reference patch (“Head”). Shown
is the histogram after step 1., step 3. and step 4.. The non-ambiguity range,
which corresponds to the input signal range, is 7.5 m here. After the proposed
transformation this range is extended and the distibutions can be assumed

to be Gaussian.

1. smoothing the histogram of the patch using a Gaussian kernel,

2. searching for local maxima,

3. center the maxima using the modulo shift operation,

4. extending the domain and shifting back to the original position and

5. averaging.

The first step is necessary to improve the detection of the local maxima and
therewith the depth of the objects. Figure shows the smoothed histogram of
the patch ”Head”. The red markers show the location of the detected maxima. The
histogram shows three accumulations at around Om, 3.3m and 6.7m. Since we know
that there are just two possible depth levels in this patch (i.e., the head and the
wall) relating the objects to the accumulations is simple: the accumulation at 3.3m
is the head of the doll and 6.7m is the location of the wall in the background. While
the accumulation at Om pretends to be another object, it is only the distribution
tail of the wall’s depth values. To center the distribution, we apply a translation in
combination with a modulo operation. The translation ¢ is based on the location
of the maxima X,, and connects the distribution tails close to the borders to the
corresponding main part of the distribution.
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Table 6.1: RMSE (m) of the static sequences by comparison. TOF represents the original
data. While TJBF (o = 10) is optimized for a static scene, TJBF (o = 0.01)
is adopted for a dynamic scene.

Preprocessin TJBF
Sequence | TOF | py g | Median | without PACS | with PACS
Head 1.354 | 0.738 | 0.336 1.433 0.266
Legs 1.387 | 0.836 | 0.625 0.548 0.258
Hat 1.121 | 0.748 | 0.453 1.122 0.250
Shoulder | 1.287 | 0.731 | 0.576 1.371 0.309
Arm 1.298 | 0.980 | 0.784 0.932 0.423
Wall 1.456 | 0.446 | 0.212 1.800 0.108
Doll 0.070 | 0.070 | 0.023 2.081 0.017
mean 1.139 | 0.650 | 0.430 1.327 0.233
L d”% - X, when 3! X, (6.5)
dnar — (X, + L—XngXmLJ) otherwise '

The first case is applied when only one maximum exists (in the patch ”Wall” and
"Doll”). Case two calculates the translation for the remaining patches by the lo-
cation of the most left maximum X,,, and the most right maximum X,,,. This
method reaches its limits when the distance between X,,, and X,,, is too large
(an object that is close to the camera and an object at 7.5m). Fig. shows the
centered histogram. After centering the maxima, we perform a retranslation with-
out the modulo operation in order to shift maxima back to their original location.
Fig. shows the difference between the final histogram (blue) and the original
smoothed histogram in Fig. (red). The histogram after the final transformation
is similar to the version before the modulo shift operation, but the range is extended.
To obtain the final ground truth of one patch, we apply the described transfor-
mation and then average over the transformed patches of the static sequence.

6.5.2 Results

To evaluate the effectiveness of our approach, we use our pre-processing filter fol-
lowed by a typical spatio-temporal joint-bilateral filter (TJBF) and compare it to
the result achieved with TJBF without PACS. As median filtering is usually applied
for images degraded by salt-and-pepper noise, we additionally include the results of
a spatio-temporal median filter [177].

We optimized the parameters of TJBF with and without PACS pre-filtering for
minimal RMSE on the static sequence with respect to the previously generated
ground truth. The corresponding RMSE values are listed in Tab. TJBF with
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Figure 6.8: The left image is denoised by TJBF (without PACS) using the optimal pa-
rameters of a RMSE sweep with respect to the ground truth (cg = 1,w =
4,0 = 0.01, 070 = 10, temporalwindowlength = 9). The center image (with-
out PACS) and right image (with PACS) use TJBF optimized for usage with
PACS (05 = 0.5,w = 2,0 = 10,07 = 10, temporalwindowlength = 9).
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Figure 6.9: The curves illustrates the course of a pixel over 50 frames in a dynamic
scene. The maximum TOF range is marked by the red line. The blue dashed
line and the green line represent the TOF data and the values after PACS,
respectively. An object close to the camera moves in at frame 43.

PACS achieves clearly lower RMSE values than both TJBF without PACS and the
median filter.

Besides the best RMSE values, Fig. visually proves that more details are
retained: the clear outlines of the mannequin as well as the gap between left arm
and body show sharp edges and high contrast. The pre-processing algorithm PACS
has thus shown convincing results.

Median filtering is able to suppress RAN and achieves an average RMSE value of
0.430m on the static sequence in contrast to PACS with 0.650m. However, median
filtering causes oversmoothing along edges in the depth map. This effect is prevented
by PACS because PACS performs just a re-arrangement of the values instead of
smoothing the depth map. This explains the allegedly better RMSE of median
here. It also shows that RMSE is not able to evaluate edge preservation.

The influence of PACS on the main filter is the next evaluation step. While the
denoising result of TJBF without PACS has an average RMSE of 1.327m, TJBF
achieves a significant reduction to 0.258m using PACS. The observation of TJBF
without PACS is again oversmoothing because of the high denoising attempt which
is necessary to eliminate RAN.

The elimination of RAN using PACS works on static sequences as well as on
dynamic sequences which is shown in Fig. [6.9 Therein, a single noisy pixel with
RAN is observed over time. The blue line depicts the original values of this pixel
whereas the green line shows the values after PACS. While the jumps of the pixel
value, which are caused by RAN, are eliminated, the signal is preserved. Notice that
at the end of this sequence at frame 43, an object covered by that pixel is passing
into the scene and PACS does not suppress this complex dynamic behavior.
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6.6 Conclusion

This chapter proposes a novel pre-processing algorithm named PACS for time-of-
flight depth map denoising. It outperforms traditional filters like the median filter
in scenarios where almost the entire depth range is covered by the scene, and thus,
range-ambiguity noise (RAN) observable as salt-and-pepper noise becomes visible.
An evaluation method together with a custom ground truth data set has been in-
troduced. PACS with subsequent standard temporal joint-bilateral filtering (TJBF)
decreases the mean RMSE value by 46% when compared to pure median filtering
and by 82% when compared to pure TJBF, while preserving most edge information.
Therefore, we conclude that PACS is beneficial for all TOF denoising approaches
that assume underlying Gaussian noise in the raw data.
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7 Conclusion

State-of-the-art denoising methods are limited in their application to real camera
data, due to the unrealistic noise model assumed in the design of the algorithms and
due to the misleading use of error metrics, which do not accurately reflect the human
perception of visual quality. Furthermore, denoising algorithms have become more
and more complex, and finding a computationally efficient solution that provides
high visual quality is challenging. In the following, the main findings regarding the
four research questions raised in the introduction are summarized.

How can denoising methods be improved for real camera data?

As mentioned above, the commonly assumed AWGN is fundamentally different from
camera noise. In the readily processed image for display, the noise is spatially
correlated, signal-dependent, and the distribution is not Gaussian. The noise of
the sensor data is easier to model, but the signal properties are different from the
readily processed data as the values are linear to the amount of light. High brightness
differences in linear data lead to extremely steep edges, and hence, large pixel-to-
pixel differences. As such large differences are rare in readily processed images,
many algorithms show artifacts around edges from very bright to very dark when
used on linear data. As discussed in Chapter [2 preprocessing the linear data can
only reduce these artifacts for some of the algorithms.

Therefore, Chapter [3| proposes two new denoising methods for real camera data.
Both methods are specifically designed to work in the linear domain: the first method
operates on raw CFA data, i.e., Bayer data; and the second operates on linear RGB
data, taking the spatial correlation of the camera noise into account.

The first method, presented in Sec. relies on a shape-adaptive DCT (SA-
DCT). The SA-DCT can adapt well to linear data, as the shapes are homogenous
and thus do not include large pixel-to-pixel differences. Whereas the original SA-
DCT was proposed for standard non-CFA data, the method proposed in this dis-
sertation can denoise Bayer data directly. The method consists of three steps: a
luminance transformation of the Bayer data, determining an adequate neighbor-
hood for denoising, and hard thresholding in the SA-DCT domain. The method
adapts to the camera noise in the raw data with a locally adaptive threshold and
signal-dependent weights. Applied to real camera data and realistically simulated
test data, the proposed method shows good results in a visual and in a quantitative
comparison to other state-of-the-art methods. To improve the denoising results on
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video data, an additional temporal filtering step has been added in order to avoid
temporal flickering.

Sec. proposes a new method based on wavelet thresholding with a shrinkage
function that is adapted for linear RGB data and can handle the large gradients
around highlights. The method is designed for linear, debayered data and thus
needs to take the spatially correlated noise into account. The method copes with the
camera noise characteristics via level-dependent noise gain factors. Both the visual
quality inspection and objective quality metrics show the advantages of the proposed
method. As wavelet representations are widely used for denoising, the developed
noise gain factors could be used to improve other wavelet-based algorithms as well.

Both proposed methods show visually appealing results. The wavelet method
on linear RGB data removes more noise than the SA-DCT Bayer denoising, which
operates on the four subchannels independently limiting denoising strength, as in-
dependent denoising of the color channels can lead to color artifacts. The wavelet
NGF method, in contrast, operates on full-color data and higher denoising strength
can be achieved. However, the remaining noise is not as natural as the remaining

noise of the SA-DCT.

Which denoising methods can be implemented efficiently?

Both proposed denoising methods are designed for very low computational complex-
ity to enable real-time processing in embedded systems. The SA-DCT can be imple-
mented similarly to the standard block DCT, and as most compression algorithms
use a DCT, efficient hardware implementations are already available. Despite mem-
ory requirements are low compared to nonlocal algorithms, the overlapping shapes
require highly parralell implementation that may exceed available processing power.

The wavelet based bivariate thresholding proposed in Sec. is based on the easy-
to-compute shift-invariant DWT using low complexity filters. Despite the simple
transformation, high-quality results can be achieved. While results certainly could
be improved with better filters or more complex transformations, e.g., a dual-tree or
stationary transformation, computational complexity would increase dramatically
because the wavelet decomposition accounts for the main part of the required re-
sources. The resource requirements are scalable with the number of wavelet decom-
position levels. An implementation of three levels on an FPGA allows for real-time
performance on HD data with 30 fps. In a camera, denoising is only one of many im-
age processing tasks, and the resources needed for the wavelet decomposition might
still be too extensive in such systems. However, wavelet decomposition can also
be helpful for other image processing tasks, e.g., multiscale algorithms in computer
vision and thus be worth the implementation effort.

For both methods, the trade-off between visual quality and memory requirements
is critical, as larger neighborhood and higher number of wavelet decomposition levels
enables higher visual quality. The SA-DCT requires additional buffer for storing the
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overlapping estimates, and hence, it can be advantageous to use the wavelet NGF
method for achieving high noise reduction. However, the SA-DCT results are more
natural. The trade-off is thus influenced by the processing power and memory
resources available in the system, whether buffer can be shared with other image
processing modules, and the visual quality goals in the application.

Combining the spatial denoising with a temporal denoising step significantly im-
proves the results of spatial denoising methods, and hence, if an additional frame
buffer is affordable in the system, temporal denoising should be included.

How can the parameters of denoising methods be adjusted to achieve the
best visual quality?

To achieve the best visual quality, the denoising strength must be optimized for each
image. In most publications, the parameters regulating denoising strength are opti-
mized for high PSNR on each test image. This is not applicable in real applications,
as a reference image is not available. Additionally, the PSNR does not correlate well
with human perception of visual quality. Therefore, Chapter [4] proposes a method
for automatic parameter optimization. The proposed approach compares the gra-
dient histogram of a denoised image to a reference gradient histogram, which is
estimated based on down- and upsampling of the noisy image. Thus, our method
works without a reference and is image-adaptive. Both the results of a subjective
test with 20 participants and the comparison with full-reference quality metrics show
that the method estimates parameters very well: the method yields a higher image
quality than existing no-reference metrics.

The method requires only very limited resources and is easy to implement. Thus,
it is expected to be very attractive for real-time applications.

How can denoising algorithms be evaluated adequately and what are the
important factors that influence human vision?

Realistic evaluation of denoising approaches is difficult; evaluation is mostly based
on an unrealistic noise model or unrealistic test data — or even both. Therefore,
Chapter |p| proposes two strategies for an improved evaluation of denoising algorithms
on video data.

Sec. shows a method to enable a more realistic evaluation of denoising results
by including the full processing pipeline of a camera. To identify the properties of
the camera noise that influence the perceived visual quality of noisy and denoised
image sequences, a subjective test with 18 participants was performed. The test
results show that signal-dependence and spatial correlation of the camera noise
significantly influence the visual quality. The spatially correlated noise — introduced
in the debayering step — is significantly more disturbing than AWGN. Consequently,
including a realistic noise model is important for future research.
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To estimate the visual quality of denoising results without time-consuming subjec-
tive tests, reliable quality metrics are required. Therefore, five no-reference metrics
and 12 full-reference metrics were compared to the visual quality scores acquired by
the above mentioned subjective test. The comparison shows that none of the tested
metrics fully reflects the perceived visual quality. We thus need to improve quality
metrics for reliable denoising evaluation.

Understanding human perception of noise is critical to improve video quality
metrics for denoising evaluation. Therefore, Sec. studies the visibility of noise
based on a subjective test. For the test, noise was first filtered with a bandpass
of different center frequencies, and then added to one frame of a video. For each
frame, new noise with the same characteristics was generated. This noise video was
then shown to the observers, first as an independent frame and second as a video.
In this way, we can evaluate the perception of the same noise on a still image and
on a video.

The test results show that the contrast sensitivity to spatially low frequency noise
is significantly higher than for high spatial frequencies, which matches well previous
results with sine waves. Whereas this tendency is visible in both video data and still
images, the sensitivity difference is clearly higher in video data. Hence, low frequency
noise is more visible in video data than in a still image. As expected, the results
explain the above-mentioned quality drop in image sequences with spatially corre-
lated noise compared to AWGN and the high impairment through low-frequency
noise that remains after spatial denoising in videos.

Furthermore, these results indicate that metrics designed for still images should
not be used directly for quality estimation of noisy and denoised videos. For this
reason, sensitivity compensation factors are presented in Sec. that can be in-
cluded into future quality metrics to improve visual quality estimations for noisy
and denoised videos.

Is denoising dead?

Despite the huge body of research that has already been carried out in this field,
the above raised questions show that there is room for improvement. This disser-
tation has shown that significant improvement can be achieved accounting for a
realistic camera noise model. Whereas a DCT-based and a wavelet-based method
are adapted to camera noise, many other types of denoising methods exist. Similar
to the noise gain factors for wavelet denoising, efficient methods for camera data
may be also be found based on other denoising methods.

Evaluating denoising methods realistically and according to human perception
is critical for achieving high visual quality. This dissertation proposes a low-cost
method for parameter tuning, which, however, does not claim to serve as a general
quality metric. Sec. shows the significant differences in the human perception
of noise in video sequences compared to still images, which indicates that, despite
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the vast amount of research on human vision, this research might still be advanced
to tackle today’s image processing problems. A quality metric reflecting human
perception would allow for rapid advances in denoising development and facilitate
the trade-off visual quality vs. implementation resources. Hence, denoising is not
dead, and many advances can be expected in future research.
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