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Overview and Comparison of Python Image Processing Tools with Gabor
Functions

Abstract: With the invention and development of digital photography technology, the num-
ber of images obtained for various purposes has dramatically increased. So the need arose for
efficient methods of processing, transferring and storing them. It is obvious that the methods
of working with images should be scientifically grounded and reflect the peculiarities of human
visual perception. Omne of such methods is systems of Gabor functions, which are a basis in
the space L2 (R). Their construction is based on the application of the wavelet theory and
multiresolution analysis presented in this article.

The next step after building the necessary mathematical model of images is its efficient and
convenient software implementation. Python is a great tool for doing this. The purpose of this
article is to provide an overview and comparison of libraries containing ready-made implemen-
tations of these functions, both as simple linear filters and as whole wavelet-bases.

Keywords: image processing, multiresolution analysis, wavelet-transform, Gabor functions,
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I. Introduction

Nowadays, a substantial part of the performed scientific and technical measurements is stored
in the form of images. Examples include microscopy slides, quadcopter images of the earth sur-
face, astronomical observations, satellite maps, magnetic resonance images, or computer tomog-
raphy. Sophisticated software tools, allowing efficient pre-processing of images for subsequent
study are required for consequent study of these abundant data sources. The essence of this
processing may be, for example, the signal notation as a set of its successive approximations.
Sometimes it is necessary for transmission of images, when there is need to transfer their rough
version first, and then an improved one. It is possible as well to remove insignificant small-scale
details from images when compressing them with no loss in quality. These and many other
problems are successfully solved by using a new wavelet theory for research and processing of
one-dimensional and two-dimensional (image) signals.

Wavelets are special systems of functions and wavelet transformations, which started to de-
velop rapidly in the mid-80s, early 90s of the XX century. In particular, the international
Standard for Image Compression JPEG 2000 was developed based on them. The new wavelet
theory was Fourier transformation alternative for signal analyses, processing and transmission.
Wavelets and wavelet-transforms make it possible to determine the frequency-time characteris-
tics of the signal, as opposed to Fourier transformation, which provides the spectral characteristic
of signals only [1]. This weakness of Fourier transformation was partially eliminated by Gabor
windows. Wavelets are commonly used in the theory and practice of signal processing of various
nature (in processing and recognition of images, sound and seismic signals, in astronomy and
medicine), as well as in mathematics and theoretical physics.

II. Gabor functions and wavelets

It is obvious that the methods of working with images should be scientifically grounded and

reflect the peculiarities of human visual perception. Scientists Hubel and Wiesel demonstrated
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in their experiments in 1959 that it can be modeled by linear filters, the impulse responses of
which depend on the frequency and orientation of visual stimuli [2].

These impulse responses can be approximated with Gabor wavelets, obtained by multipli-
cation of Gaussian window g (z,y) :%6_%@62—'—‘1}2) by sinusoidal wave [3]. Gabor wavelets are
special system of functions, allowing to do with the minimum number of expansion terms with
sufficiently accurate approximation of the description, and model well the way the visual cortex
represents the image.

Wavelet theory made it possible to find and build the basis set out of such function systems.
This construction is based on the multiresolution analysis, introduced by Mallat and Meyer [4].
The signal resolution concept is widely used herein, allowing to process just the required parts
of the specific tasks.

Coherency of closed sub spaces VjC]L2 (R), j€Z is called the multiresolution analysis in

L2 (R), subject the below is true:

L ...CcV_cVocViC... V,cV c...cL? (R), ViEZ;

2. U2 V=L (R);

3. N2 Vi={0};

4. f (t) EVj<:>f (Qt) EVj+1, VieZ;

5. f(t)eVef (t—279n) €V}, Vj, neZ;

6. There is a function (called a refinable function) ¢€L?(R,) with which the function

system {¢ (t—k|k€Z)} generates an orthonormal basis in Vj.
As {qﬁj,n:\/gqﬁ (2jt—n)}oo_ — an orthonormal basis in V; (in particular,

{¢on (t)=¢ (t—n)}.— . — an orthonormal basis in Vg ), then ¢_1¢(t) :%qﬁ (L) ev_1cV,

and we obtain the below decomposition

\}f G) - jf <¢1§¢ (;) ,¢<t—n>>¢<t—n)- (1)

n=—oo
Wavelet space Wy is defined as an orthogonal complement to Vg in space Vi, that is
Vi= Vo@&Wy. In space Wy the orthonormal basis generates shifts {1g, (t) =9 (t—n)} > .
From (1) it follows that

1 [t =
7 (5)= X s, ©)

where h [n] :% (¢ (%),0(t—n)). Coherency h[n] is interpreted as discrete filter. Analo-

gously, we can demonstrate that

+oo
v (;) =S gllo(—n), (3)

where g [n] :% (¢ (%), (t—n)). It is evident, that an orthonormal basis in W; can be

n=—oo

built by scaling and shifting wavelet .
II1. Review and comparison of various implementations of Gabor wavelet-transforms
The next step after building the necessary mathematical model of images is its efficient and
convenient software implementation. Python is a great tool for solving the alike problems. Plenty
of first-class image processing tools are written on its basis, in particular, those, containing Gabor
functions. The purpose of this article is to provide an overview and comparison of libraries,
containing ready-made implementations of these functions, both as simple linear filters and as
whole wavelet-bases.
One of the most popular and widely used libraries of image pre-processing applications is
«OpenCV» (Open Source Computer Vision Library) [1|. This library was launched for the first
time in Intel company in 1999 by Gary Bradski, and the first version came out in 2000. Vadim
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Pisarevsky joined Gary Bradski to manage the Intel software «OpenCV» development team in
Russia. This paper used Python version of its interface for preferred setting and deployment.
Its source code written based on C/C-++ ensures fast operation and is perfect for high-load
computer vision programs.

However, it is worth noting that while reading the images «OpenCVs with function
cv2.imread( < filename > ) flips JPEG-files, but ignores the alpha-channel of the PNG-files
(in charge of transparency) herein. The matter is that this library is still designed to work
with verified sources. This is, for example, an outdoor surveillance camera, removing images
once every second, and doing it for 5 years in the same format and the same resolution. In this
case, there is no need for variability in the I / O issue.

The basic principle of image processing using Gabor functions, implemented in this library,
is to apply filters with a certain set of parameters to them. Each of these filters can be assigned
a certain null space ( or kernel) - a matrix, used to calculate the correlation or convolution
of a preset image and filter. The kernel itself is a two-dimensional array of "weights" of the
neighboring pixels. Moving through the input matrix, it examines all points of the original
image inside the neighborhood, specified by the filter mask. For each of the neighborhood points,
the element by element multiplication of this point by the relevant weight value is performed.
Then the results of the products are added up and the obtained result is set as a new value of
the initial point. Thus, we see the original image, taking into account the contribution of the
surrounding elements.

Gabor kernel can be obtained by function call getGaborKernel from module cv2: kernel
= cv2.getGaborKernel((ksize, ksize), sigma, theta, lambda, gamma, phi, ktype =
cv2.CV _32F). In order to get the result of the linear filter effect on the image shown in Figure

1, we need to use the function call filter2D from module cv2: dst = cv2.filter2D (src,
cv2.CV 8UCS3, kernel).
" Gabor filter parameters: ksz. =10, 0=1.00, Gabor filter parameters: Ksz. = 10,0 =2.00,
6=0.00m,A=0.25m, y=0.05 6=0.75m,A=0.25m, y=0.05
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Fig. 1. Examples of Gabor filters with various values of defaults
It is worth noting that function filter2D actually calculates correlation with filter, but not
the convolution:

dst (z,y) = Z kernel (z/, y/) * SI'C (x + 2 — anchor.z, Y+ y/ — anchor.y)

0< 2 < kernel.cols
0< y/ < kernel.rows
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As is clear from the formula, the null-space is not depicted around the anchor point (an-
chor). If there is need for convolution specifically (in particular, it is necessary for the
implementation of S. Mallat cascade algorithm of fast wavelet transform), one should flip
the kernel, using the function cv2.flip() (Method cv2.flip takes two input parameters —
source image and reflation axis. The following numbers can be used as axes: 0 — ver-
tically, 1 — horizontally, (-1) — vertically and horizontally.) and put the new anchor at
point (kernel.cols — anchor.z — 1, kernel.rows — anchor.y — 1).

The next image processing library, worth mentioning, is «Scikit-image». Founded by Stefan
van der Walt in August 2009, it is a collection of image automated processing algorithms with
open and freeware source program code in C, Python or Cython (combination of C and Python
languages with improved productivity). Welcome page of the site [2] encourages all future
authors, without exception, to pull their fair weight to image processing. It also offers ample
opportunities for review, conducted by an active community of volunteers. Despite of plenty
of algorithms for segmentation, geometric transformations, filtering, morphology, and feature
detection, this library is less specialized than others (such as «OpenCV>» for computer vision).
This library is an active participant to GSoC (The Google Summer of Code) program — annual
award of scholarships to students who have made a significant contribution to the development
of free and open source software.

In this case, Gabor filter kernel can be obtained by function call gabor kernel(frequency,
theta=theta, sigma x=sigma, sigma y=sigma) from the library skimage.filters. Note
that, unlike the previous task, it is not necessary to specify the size of this kernel herein,
since its best value will be selected by default: 3 standard deviations (in pixels). Probably,
as suggested herein, a more convenient parameter for setting the Gabor filter is the frequency
rather than the wavelength, as indicated earlier. Thereafter it is proposed to make convolution
of the source image and filter, using ndimage.convolve(image, kernel, mode="wrap’) from
module scipy.

«Bobs — is also a free, freeware signal processing and machine learning tool, developed by the
bio-metric data and privacy protection team together with a team of development engineers at
the Idiap Research Institute in Martigny in the canton of Valais in Switzerland. This institute is
specialized particularly in research in the field of speech processing, computer vision, information
retrieval, bio-metric authentication. «Bobs is written in C++ and Python combination and
consists of a huge number of packages, implementing various approaches to processing of audio
and video signals as well as images. Nevertheless, some packages are not Windows - supported
unfortunately.

One of such packages is «bob.ip.gabors, containing implementation of multiple functions,
required for performance of Gabor wavelet-transform. The user-friendly interface facilitates
interpretation of results, obtained in the form of one-dimensional or two-dimensional arrays,
comparing them according to different norms. According to developers [2], it proved to be
highly efficient in detection, recognition and classification of faces, conducted in the framework
of scientific work in the laboratory of Neuroinformatics and cognitive robotics of the Technical
University of Ilmenau in Thuringia (Ilmenau University of Technology) in Germany in 2011, and
can be used for other applications, related to retrieval of texture information from images. To
process the image [ (?) the discrete family of Gabor wavelets Y s used. Gabor transform

J
image results from convolution of the source one with the relevant Gabor wavelet [5]
— (= =)
?j<t>:%:¢?j<?_t)l(?)’ )

where

202

—2 —2_
1/1?3_ (?) = Ck;;exp — kj? [exp (z???) — exp <—J22) ] )

It consists of J layers J?_ < t ) , each of which corresponds to specific frequencies k ; with

due regard of all possible angjles of rotation.
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When Gabor wavelet transform occurs in the spatial domain, the resolutions of the image
and the wavelet itself can vary a lot, thus summarising in the convolution will be performed by
the lowest of these two resolutions. Since in common practice, when a given transformation is
performed, Gabor wavelets fade fast at a distance of 3 ~ 5 0.7y from the center, we can say that
their resolution is limited by this value, which is often less than the source image dimensions.
Additional complexity is summing the products of the source image [ (?) and wavelet shifts

(g (7') along all possible directions ¢ .
J

It turns out that the simplest way to get the Gabor image Jz ( t) is to perform trans-
J

formation in frequency domain. Discretization of Fourier transform is quite well studied, thus
it is not a problem to get the Fourier image of the source image. Since the Fourier image of
the convolution of two functions is nothing more than the product of images of these functions,

the Gabor transform can be obtained by simple multiplication of F [1#?_ (Z?)} and F[I ()]
J

pixel by pixel. There will be no resolution problems here, since the function images to be mul-
tiplied shall be of the same size. The Gabor transform image, obtained from Fourier transform

F [J?. <?)} can be transferred back to the spatial domain.

J
Certainly, the information contained in Gabor images, is extremely redundant. From each

present value of the pixel we get J complex numbers. To unify the selection procedure for
position ¢ and its response to the relevant wavelet - (Z) in [5] , the Gabor jet concept
J

was introduced. Each jet is a vector of J complex-valued responses in each position 7 of the
source image. The texture information, contained in these vectors, is widely used in the field
of pattern recognition. One can compare jets, related to different images, by selecting different
methods to calculate the distance,while performing normalization.

Thus, we have reviewed all known Python image pre-processing tools, using Gabor functions.
Each of them has a number of advantages and disadvantages. For example, despite the apparent
complexity, «OpenCV>» opens up possibilities for filter parameters selection. B«Scikit-imageB»
— completes definition of the unspecified values with default values, where it can be done, which
makes it quite convenient for the first study. «Bob.ip.gabor» is a whole program implementation
of Gabor wavelet-transform in frequency domain, which surely makes it most suitable for high-
level use (for example, in image recognition tasks).

The author is deeply indebted to his academic adviser, Doctor of Physical and Mathematical
Sciences, Professor N. N. Kholshchevnikova for the attention to the work and the comments
made.
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PD.P. Jlazko

"Cmankun" Mackey memaexemmix ynusepcumemsi, Mocxey, Peceti

Tabop dyHKuUsAIapbIH KoJgaHa oTbipblll, Python rininge keckinai anapiH-ana eHaey KypajigapblHA ILIOJLY
>KOHE 0JIapAbl CAJIBICTBIPY

Ansorauusi:  CaHaplk HOTOCYpeT TEeXHOJOTUSICHIHBIH Maiija 6oy »KoHe JaMybIMeH Oesrii 6ip makcarTapaa
KOJIJIAHBLIATHIH CYPETTEPiH CaHbl KypT apTThl. Cout cebernTi onapapl OHeY, TaChIMAJIIAY YKOHE CAKTAYIbIH TUIM/II oicTepiH
Taby KaxKeTTiairi TybiHgaasl. CypeTTepMeH »KYMBIC »Kacay 9iCTepi FBIIBIMUA HEri3JereH OOJIBbIN, aJlaMHBIH BU3YaJslIbl
KabbLIgay epekimeaikTepin kepceryi xaxker. OcelHpail smicrepmin 6ipi L2 (R) kenicririnin 6asucbin KypaiiTei ['aGop
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dysknusaaap *xkyieci 60sbi Tabblaaabl. OJapAbiH KyPbLIBICEL OChI MAKaJIa/1a KeJITIpijred BeiBJIeT IeH KOIoJIeM Il aHaIn3
almapaTTapblH KOJIIaHyFa HEri3/iesreH.

CyperTiH KaXeTTi MaTeMaTHKaJblK MOJE/JiH KypFaHHaH KeWiHIl KajaM OHBIH THIM/I »KOHE bIHFAWIbI JKy3ere
aceIpbulybl.  Python wmympmait ecenrepii imremryain Tuimi Kypasbl Oouibin Tabblaaabl.  MakasaHblH MakcaTbl OyJl
DYHKIMATIAP/BIH KapalaiblM ChI3LIKTBI (DUJIBTPJIEP, COHBIMEH KaTap OyTiH BeilBjeT-6a3uc peTiHJje KOJJaHBLIYJIapblH
KAMTHUTBIH 9/1e0HeTTEPl CAJIBICTBIPHIIL, IIOJIy Kacay OOJIBIIT TaObLIaIbI.

TyiiH ce3aep: cyperTepii eHJey, KONeIeM/ Il aHaJIu3, BCIIECK-TYPJeHipy, ['abop dyHkuusiapsl, Phython.

D.P. Jlazko
Mockosckuti 2ocydapcmeernvitl mexnosozuveckut yrusepcumem "Cmanxun”, Mocksa, Poccus

O6G30p 1 cpaBHEHUE CPEJICTB IIPEeABaAPUTEILHON 06paboTku n3ob6parkeHuii Ha s3bike Python ¢ nmomomisro
dbyukumit F'aGopa

Awnnoranusi: C nosiBJIeHHEM W Pa3BUTHEM TEXHOJOrHH IuPoBoi dororpaduu Pe3Ko BHIPOCIO UHCJIO U300parkKeHwuil,
[IOJIy9aeMbIX JIJIs T€X WJIM UHBIX Iejeil. Tak BO3HHMKJIA HOTPeOHOCTb B 3 EKTUBHBIX criocobax mx oOpabOTKH, Iepenadu
u xpaHenus. OUYEBHIHO, YTO METOABLI PabOTHI ¢ M300PAXKEHUSIMU JIOJPKHBI OBITH HAayIHO OOOCHOBAHHBLIMU WM OTParkaTb
OCOOEHHOCTH 3PUTEJIBHOIO BOCHpUATHS dejoBeKa. OJHMM M3 TaKUX METOJ/IOB SIBJISIOTCH cHCTeMbl yHKImi ['abopa,
npejicTaBiIsonue coboit 6azuc B mpoctpanctse L2 (R) . VX mocTpoeHne OCHOBAHO HA MPHMEHEHHH ATTApaTa BCIUIECKOB U
KpaTMacimTabHOM aHAJIN3€e, IIPEJCTABJIEHHBIX B 9TON CTaThe.

CreayomumM marom 1mocje HoCTPOEeHUs HeOOXOIMMON MaTEMATHIECKOM MO/Ie/IN H300parkKeHui sABIsieTcs ee 3P PeKTUBHAS
u ynobHasi mporpaMMHasi peanu3anus. Python saBisercsa oryimaabIM CpeICcTBOM MJIs pelneHust MOAOOHBIX 3amad. lleabio
JAHHOM CTaThU SIBJISIETCS IIPEICTaBIIEHNE 0630pa M CpaBHEHNE OMOINOTEK, COAEPKAIIUX TOTOBbIE PEAJIM3AIIH STHX DYHKIIUH
KaK B Ka4eCTBe [IPOCTBIX JIMHEHHBIX (DUIBTPOB , TAK U B Ka4eCTBE LIeJIbIX BCILIECK-0a3UCOB.

KuroueBbpie cJsioBa: o00paboTKa M300parkeHuil, KpaTHOMACIITAOHBIA aHaJu3, BCIJIECK-IIpeobpasoBaHue, (OYHKIIUU
T'abopa, Phython.
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