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ABSTRACT

We describe the procedure to evaluate the image quality of a camera in terms of texture preservation. We use a
stochastic model coming from stochastic geometry, and known as the dead leaves model. It intrinsically reproduces
occlusions phenomena, producing edges at any scale and any orientation with a possibly low level of contrast. An
advantage of this synthetic model is that it provides a ground truth in terms of image statistics. In particular, its power
spectrum is a power law, as many natural textures. Therefore, we can define a texture MTF as the ratio of the Fourier
transform of the camera picture by the Fourier transform of the original target and we fully describe the procedure to
compute it. We will compare the results with the traditional MTF (computed on a slanted edge as defined in the 1SO
12233 standard) and will show that the texture MTF is indeed more appropriate for describing fine detail rendering. This
is true in particular for camera phones that have to apply high level of denoising and sharpening.
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1. INTRODUCTION

Sharpness is one of the main image quality attributes™®. However, qualifying sharpness is not an easy task, since the
concept actually covers several close but distinct notions. The sharpness of an image qualifies how acute the boundaries
of objects are. It is often mistakenly confused with resolution which is the size of the smallest details that a camera can
discriminate. In this paper, we focus on the acuteness of images. The 1SO standard 12233 describes a protocol to
measure the resolution and the spatial frequency response (SFR) of a camera®. However, it does not specify how to
compute the sharpness of an image. The I3A Camera Phone Image Quality group is trying to define objective notions of
sharpness which are consistent which subjective image quality. The work described in this article has been partly
achieved in this workgroup. The first observation is that digital imaging made the traditional concept of sharpness
obsolete. Indeed, in traditional photography, sharpness or lack of sharpness is related to the quality of the optics. In
digital photography, optical blur is usually corrected by digital processing as sharpen filters. It is also well known that
these types of filters increase image noise. Therefore, sharpen filters are often applied selectively on images, particularly
on parts which are likely to be edges, which are in general parts with a high enough local contrast. Parts of the image,
with more subtle variations may receive different processing. As a consequence, it seems necessary to introduce two
concepts of sharpness. The first one is related to edges with "high enough™ contrast. The second one is related to the
quality of textures and is the object of this article. In a previous article, we discuss the requirements for an objective
measurement of texture quality in digital images. We push the analysis further and completely describe the protocol and
the algorithm to perform the measurement. The outline of the paper is as follows. In Sect. 2, we remind the main
properties of the model that will be used for building a measurement target. In Sect. 3 we describe the target, created to
make the measurements and how to shoot it. In Sect. 4, we describe the algorithm to compute the objective
measurement, the texture MTF. In Sect. 5, we relate texture MTF and SFR, and study the behavior of the texture MTF in
presence of noise.
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2. THE DEAD LEAVES MODEL

The dead leaves model was proposed in Mathematical Morphology by G. Matheron®, as a model of stochastic images
that can reproduce occlusions. The generation of the dead leaves model is very intuitive. Consider a set of planar shapes
(the dead leaves) that are thrown on the image plane in a temporal series. The most important property of the model is
that one shape can be (and probably will be) occluded by the shapes that fall after it. The temporal series is supposed to
last long enough so that each point of the whole image plane has been covered by at least one leaf. Leaves can be
different in shape, size, orientation or color.

Several studies showed that some elementary statistics, as gradient distribution, wavelet coefficients, co-occurrence
values or power spectrum were very close to the ones of natural images®”®®. In particular, the power spectrum of dead
leaves images turns out to be very close to a power function. The power depends on the type of leaves that are used to
generate the image.

In this paper, we use a dead leaves model with the following characteristics:
e  Leaves are disks

e The radius of disks is a random variable following a power law with a power equal to -3. In practice, a maximal
and an minimal leaf size are two parameters of the model.

e The position of the center follows a uniform Poisson process in the image domain.

e The image is in gray levels (no color); gray levels follow a random variable, uniform in a given interval (which
is a parameter o the model)

This particular model has several nice properties:
e Itisstatistically rotation invariant (because leaves are disks)
e Itis statistically shift invariant (because positions follow a Poisson process)
e It contains sharp edges (by occlusion)
e It contains different levels of contrast (gray levels are random)

e ltis scale invariant. This means that the statistics of the target does not depend on the viewing distance. In other
terms, the target is fractal.

e  The power spectrum of the image is a power function. The exponent is approximately -1.93.

The fourth point was proved in [5]. It is a far from trivial consequence of the particular distribution of the size of leaves
(power -3). Because of radial symmetry, the Fourier transform of the dead leaves target also has a radial symmetry (up to
slight differences due to the fact that pixels form horizontal and vertical lines). The profile of the modulus of the FFT is
displayed in log-log scale on Fig.1. Except in very low and very high frequencies, it is very close to a straight line (in log
scale). Therefore, it is a power function. In practice, the target is printed such that the highest frequencies of a camera
will not reach the highest frequencies of the target, so that we remain in the linear part of the log-power spectrum. For
very low frequencies, the power law might slightly overestimate the power spectrum of the dead leaves target.
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Figure 1. Fourier transform modulus of a dead leaves target in log-log coordinates. Except in very high and very low
frequencies, it is very close to a straight line.

3. THE DEAD LEAVES TARGET

The target we propose is shown on Fig. 2.

Figure 2. The dead leaves target used for our experiment. See text for a full description.

This target can either be a reflection or transmission target. In the case of a reflection target, the background is a 18%
uniform gray. Markers can be used to automatically detect the target. The square around the main central part have
precisely chosen reflectance in order to measure the camera OECF. The patterns in the corner have horizontal and
vertical edges + 5° and 45°+5° for SFR measurement. The central part is a disk dead leaves pattern as described in
Sect.2. Contrast is chosen low enough. In practice, the contrast of the target in Fig. 2 is 3:1.

The target shall be uniformly illuminated. If possible, the size of the whole target in the field shall not exceed 30% of the
image field so as to limit the influence of light and color shading, whatever it is due to non uniform illumination or lens
and sensor characteristics. The dimensions of the texture part shall be larger than 250 pixels, and preferably larger than
500 pixels. For low resolution cameras, it is preferred that the texture part is larger, even though the accuracy of the
measurement may suffer from field non-uniformity.



Since digital processing is usually dependent on the noise level in the input raw image, measurements can be made at
different levels of illumination. The measurement can be performed on the three channels independently. The result also
depends on the illuminant. If possible, white balance should be adjusted to the ambient illuminant.

The image shall then be linearized by inverting the OECF on each color channel. This step will also remove a color hue
due to an imperfect white balance.The OECF patches should contain enough pixels so that the average value can be
accurately estimated despite noise, in particular in low light conditions.

The dead leaves MTF can then be computed on each channel independently.

4, TEXTURE MTF COMPUTATION
4.1 Definition

Let us first state the definition.

Let bea gray level (single channel) image of the dead leave target. Denote by be the discrete Fourier
transformon , — —. The 2D texture MTF is

where

Since two-dimensional MTF is not easy to handle, we usually assume that has a radial symmetry. The one-
dimensional texture MTF is the average of over all directions.

4.2 Interpretation

Let us now explain the definition. If the image is obtained from the original target by a convolution with a blur kernel,
then the MTF of this kernel can be computed as the ratio of the Fourier transform of the shot and the Fourier transform
of the original target. That is to say, if we denote by the Fourier transform of the image, by  the Fourier transform of
the convolution kernel and  the Fourier transform of the original target, we then have

Even though, digital processing is non linear, we can still make the analogy and define the texture MTF as this ratio. In
this equation, we obviously need to know the Fourier transform of the original target. As described in Sect. 2, the Fourier
transform of a dead leaves pattern is very close to a power function. The approximation fails for very low and very high
frequencies. For practical purposes, it does not really matters. Indeed, we can harmlessly assume that the texture MTF is
continuous for low frequencies. For high frequencies, the target can be printed with a high enough resolution so that an
image shot by a usual camera will never attain such high frequencies. Therefore, we can assume that

The constant only depends on the crop size.

It can be proved that



The proof is given in annex.

5. EXPERIMENTS
5.1 Acutance

A requirement of image quality evaluation is to be able to compare images or cameras. Therefore, measurements should
be limited to a single number. We first defined texture MTF in two dimensions, and then considered the problem in one
dimension by assuming that the MTF is radial symmetric. This result is comparable to the SFR computed on a slanted
edge. In order to summarize the MTF in a single number, a contrast sensitivity function (CSF) can be used to weigh the
different spatial frequencies, leading to a single acutance value. The CSF models human eye sensitivity to spatial
frequencies, expressed in cycles per degree.

The CSF we used is explicitly defined by

Where , ,and is chosen such that

On a digital image, frequencies are expressed in cycles/pixels. Therefore, acutance is relative to viewing conditions. In
what follows, the viewing conditions are as follows: 29.7" screen, resolution 2560x1600, and viewing distance in 34",

The acutance is computed by

5.2 Comparison SFR vs. texture MTF

Raw images

The texture MTF aims to measure the spatial response for a low contrasted pattern. The difference with SFR on a high
contrasted edge is that digital processing may behave very differently on these two structures. However, on a RAW
image, no digital processing has been applied. Therefore, texture MTF and SFR should only be characteristic of lens
performance and be very close to each other. However, on a RAW image, each plane is sampled at half Nyquist
frequency. Standard 1SO 12233 still permits to estimate the SFR at Nyquist rate. For texture MTF, we assume that all the
channels have the same blur. By applying white balance scales directly estimated on the image, we reconstruct a single
plane gray level image at the sensor resolution. The texture MTF is computed on this image. The result is displayed on
Fig. 3. The MTF curves (SFR and texture) are close. For low frequencies, the texture MTF is a bit under estimated, as
could be expected, since the power law is not exact for lower frequencies. For very high frequencies, the texture MTF is
a bit higher for two reasons: the three channels do not have exactly the same amount of blur (it might be due to a slight
longitudinal chromatic aberration) and the white balance may not be completely accurate, yielding some slight
oscillations up to Nyquist frequency.
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Figure 3. Comparison of SFR and texture MTF on a RAW image (Nikon D3x image)

JPEG images

The purpose of the measurement on the RAW image is only a consistency check between the edge MTF (SFR) and the
texture MTF. The actual purpose of the measurement is to evaluate the quality of the final image, so the analysis of
JPEG images is more relevant.

Table 1. The four different configurations of texture vs. edge sharpness.

Nikon D3x iso 100 Sony Ericsson K850i iso 100
1.2 1.8
1.6
1 PN
14 7 ~
- = SFR P \ — — SFR
0.8 ~ 1.2 - \
\ Texture 1 -~ \ Texture
w N w
E 06 S \
s SN 2 08 \
04 N 0.6 T
~
>~ 0.4 R
0.2 ~< \
= 0.2 R
0 T 0 T
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

Frequency {cy/pix) Frequency {cy/pix)




LG KU990i iso 400

Fuji Z33WP iso 1600

1.2

— — SFR
0.8

Texture

MTF

\
A\
\
0.6 \
\\
04 \
N
0.2

0 0.1 0.2 03 04 05

Frequency {cy/pix)

MTF

1.2

0.8

0.6

0.4

0.2

= = SFR

T

\‘\ / \ Texttj‘r,e
e \ /

‘\ I\_

0.1 0.2 03 0.4 0.5

Frequency {cy/pix)

There are four combinations of MTF:

e High texture MTF, high SFR: these are usually good cameras, good focus. Quality is good.

e Low texture MTF, high SFR: images have usually been digitally sharpened on edges, denoised in smooth
areas. Camera has not been able to detect the dead leaves as relevant signal. Quality is questionable, in

particular if the scene contains texture.

e Low texture MTF, low SFR: images are blurry, for instance because of a bad focus. Quality is bad.




e High texture MTF, low SFR: this case may happen if the image is blurry but also very noisy. This is the less
likely configuration.

The four cases are illustrated in Table 1 above.
5.3 Influence of noise

The sensitivity of texture MTF using the dead leaves model obviously depends on the contrast of the target compared to
the amplitude of noise. It is very difficult to avoid considering noise as texture. Noise is actually a particular kind of
texture. For some natural textures, noise also sometimes help by adding a crispy look to the image. However, we want
the measurement to get rid of this influence as much as possible.

Therefore, we use SFR as a reference MTF. Whenever texture MTF is larger than SFR, we consider that texture is
actually due to noise. On the opposite, SFR is usually larger than texture MTF since edges undergo digital sharpening.

Therefore texture quality is characterized by min(SFR, texture MTF). Noise contribution can be defined as
max(0,texture MTF-SFR). The rational of this definition is that the dead leaves target is composed of many edges in
every direction and any level of contrast. However, a very good camera should be able to discriminate every single edge
and reproduce it as it reproduces an isolated edge as a SFR slanted edge.

6. CONCLUSION

In this paper, we precisely describe the procedure to compute texture MTF from a dead leaves target as well as the
protocol to shoot the target. We showed that texture MTF and SFR coincide on RAW images, discrepancy being due to
image processing. We discuss the influence of noise on the dead leaves MTF and therefore propose to use the minimum
value of SFR and texture MTF to evaluate the texture content.

7. ANNEX: NORMALIZATION OF TEXTURE MTF

The normalization constant of a NxN dead leaves image is

Proof: The Fourier transform of an image is defined by

Parseval equality is

Applying this to

we get

Since we get the results.
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