Image reconstruction using the bispectrum and tapering pre-distortions of image rows
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The problem of jittery and noisy image reconstruction is considered. Bispectrum-based image row Fourier magnitude and

phase spectra reconstruction technique and algorithm using pre-distortions of image rows are designed and investigated.

Tapering pre-distortion function of Gaussian shape introduced in each image row permits to decrease spectral leakage, ob-

tain continuous image row phase bispectrum functions, avoid phase ambiguity and align the reconstructed image rows. Pro-

posed approach provides image enhancement for applications to a priori unknown object recognition. Computer simulations

are provided to demonstrate the performance of the proposed image reconstruction technique. Visual inspection of the re-

constructed test images illustrates heavy jitter removal and spectral leakage decreasing in the presence of additive white

Gaussian noise (AWGN).

1. INTRODUCTION

Signal processing techniques and algorithms based on
bispectrum estimation have found wide applications for
filtering problems, signal reconstruction of unknown
waveform, object classification and recognition in as-
tronomy [1], biomedical engineering [2], radars [3], so-
nars [4], and others. Due to the following appealing
properties of bispectrum-based analysis such as preserva-
tion of signal phase and magnitude Fourier spectra; non-
sensitivity of signal recovered from bispectrum to tempo-
ral or spatial shifts of original signal (translation-
invariance property); suppression of AWGN of unknown
variance (carried out under condition of the large number
of observations participated in ensemble averaging) and
extraction of non-Gaussian signal information in Gaus-
sian noise environment, the use of bispectrum for 1-D
signal processing has become a subject of great interest
[5]-

It is well known that the information about the signal
shape resides primarily in the signal phase Fourier spec-
trum and not in the magnitude Fourier spectrum or power
spectrum. Indeed, several different signal shapes may
have similar power spectra. Since bispectrum preserves
signal Fourier phase, it is natural to expect promising
results in cases of bispectrum-based 2-D image recon-

struction.

Recently, several bispectrum-based image reconstruction
algorithms has appeared in the literature [6 — 9]. Never-
theless, the existing bispectrum-based approaches have
the following restrictions: (i) since bispectrum is transla-
tion invariant, image row Fourier spectrum recovered
from bispectrum corresponds to a circularly shifted row
that might cause image distortions and result in problem
of image row alignment; (ii) signal phase Fourier spec-
trum recovery from bispectrum argument provides accu-
rate results only when bispectrum phase values are within
the phase principal value interval [-m, +=n], otherwise
phase discontinuities at -m and +m, phase ambiguity and
image reconstruction errors arise; (iii) phase unwrapping
used to overcome phase ambiguity can lead to phase er-
rors in the presence of heavy AWGN.

Image reconstruction technique [10] allows to overcome
aforementioned phase bispectrum discontinuities by in-
troducing in each image row ends the additive pre-
distortions in the form of large amplitude d—impulses.
However, this technique resulted in arising significant
errors that are mainly concentrated at the leftmost and
rightmost pixels of each reconstructed image row [10].
These errors appeared due to difficulties of additive pre-
distortion compensation at the final stage of data recon-
struction as well as due to spectral leakage. Moreover,

bispectrum estimates (BEs) obtained for multiple noisy



image realizations (image frames) have been employed in
our previous paper [10] to suppress AWGN.

In this paper we propose to use multiplicative tapering
pre-distortions of the image rows that allows jitter re-
moval, spectral leakage decreasing, and phase ambiguity
avoidance.

This paper is organized as follows. In Section 2, image
reconstruction problem in jittery and noisy environment
is formulated. In Section 3, we consider the proposed
unknown object image reconstruction algorithm using
bispectrum-based recovery of pre-distorted image row
Fourier magnitude and phase spectra. In Section 4, we
describe computer simulation conditions and analyze

experimental results, and Section 5 concludes the paper.

2. PROBLEM STATEMENT

In practice of image reconstruction and object recogni-
tion there are a number of situations where the observa-
tion images are the sequence of noisy and jittery frames
of a priory unknown object. Due to random misalignment
of the image rows from frame to frame (jitter), a simple
ensemble averaging can not be employed in this case to
improve signal-to-noise ratio (SNR) and object recogni-
tion. Some examples using bispectrum-based approaches
as a way to unknown object shape reconstruction in such
jittery and noisy environment are described in [6, 7]. The
main idea of these approaches is based on the translation-
invariance property of the bispectrum. In this paper we
are focusing on development of bispectrum-based ap-
proach for the important practical cases where each im-
age frame is corrupted by random misalignment of adja-
cent image rows and AWGN.

Let us consider a 2-D digital image of a priori unknown
object received in a visual communication system. Sup-
pose this image is corrupted by zero-mean AWGN (pixel
distortions) and relative positions of image rows are ran-
domly circularly shifted with respect to their true loca-
tions due to jitter influence (spatial distortions). We also

assume that each &-th (k=1,2,3,...,]) image row is a real

valued sequence {xl((m) @y (=1,2,3,...,0) that is observed

at the digital reconstruction system input as the following
m-th (m=1,2,3,...,.M and M # 1 in general case) realiza-

tion (m-th repeating frame)

xl(c’") (i) = sk(i—rlgm))+nl(€m) @, @

where z'fc”’) denotes a priori unknown random spatial

shifts of the original real valued deterministic mixed

phase discrete signal s, (7) (i.c., original a priori un-
known shape of the k-th image row), that we want to re-

construct for object recognition; n,E’") (i) is the m-th re-

alization of AWGN with unknown variance. We also

assume that {r,({”’)} are independent and identical dis-

tributed random integers that values are considerably less
than 1.

In practice relative random displacement between adja-
cent image rows (jitter) can be provoked by stochastic
properties of telecommunication noisy channel, mechani-
cal raster scanning system errors as well as by data digi-
tizing from a noisy analog image. In the latter case, syn-
chronization pulses are corrupted by AWGN affecting
the loss of “lock™ in digitizing device [11]. One can say
that heavy jitter is one of the essential restrictions in high
speed video telecommunication systems.

Notice that the considered original image and interfer-
ence model (1) is more complicated than the conven-
tional ones described in [6, 7]. In these papers, to simu-
late spatial and pixel distortions the total sequence of
16256 samples (original image was of size 127x128 pix-
els) has been randomly placed repeatedly in a 1-D noisy
frame of 16384 samples. However, an important aspect
of the problem of adjacent rows de-jittering was not
treated yet. Furthermore, images restored by approach
stated in [6, 7] are circularly shifted and these images
need manual realignment that is a quite time consuming
process. Note, that this is practically inappropriate for

automatic pattern recognition systems.



To alleviate these shortcomings and restrictions, the
novel approach to enhancement of image reconstruction
performance in adjacent image rows jitter and AWGN

environment is proposed below.

3. PROPOSED TECHNIQUE FOR IMAGE
RECONSTRUCTION

The proposed unknown object shape reconstruction tech-
nique includes the following processing stages and steps.
Stage 1. De-jittering of adjacent image rows.

Step 1.1. Estimation of the sampled cross-correlation
function ]%,E”,&l (/) calculated for each two adjacent jit-

tery and noisy image rows (1) according to
I
RE, (D=2 x"OxNG-D. @
i=1
where /=1,2,3,...,1 is the spatial delay index.

Step 1.2. Evaluation and storage the maximum coordi-

nates {lr(nrz))( k'}jit of the functions (2) as

{Iél(c]jlgrl (Dimax = {11(11”2113( K jits 3)

where £=1,2,3,...,I-1.
Notice that the total number of the cross-correlation func-

tions (2) is equal to /-1.
. .. A
Step 1.3. Computations of the jitter corrections A = by

A(l;n) = {Zr(nn;))(k' Jjit _lcenter , 4
where /..., is the row center coordinate that suppose to
be corresponding to the coordinates of the maximums of
original adjacent row cross-correlation functions. This
peculiarity of the image row cross-correlation function is
described in the paper [12].

Step 1.4. Jittery rows alignment by their shifts according
to the corrections (4) . After de-jittering, the expression

(1) can be rewritten in the form
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X
k cor

Stage 2. Spectral leakage decrease and Fourier phase

spectrum discontinuity avoidance.

Step 2.1. Multiplication of the de-jittered functions (5) by
some pre-distortion function that Fourier spectrum pro-
nouncedly has no zeros and, hence, the total function
magnitude Fourier spectrum does not contain zeros. As
such pre-distortion, tapering Gaussian shape function has
been chosen in the simplest case. Pre-distorted image

row then can be expressed as

flgm)(,. )= (i )xgﬁ/" ), i€[1,L] (6)
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where w,,(i) is the pre-distortion tapering function de-

fined by
N _ a7
Wpr (l) =€ B (7)

where variables L</I/2 and u determine spread and slope
of the function (7), respectively.

It should be noted, that signals (6) will be of maximum
phase signals if maximum of the pre-distortion function

(7) satisfies to the following condition
L (m)
j ), k=1,2,3,....I. (8
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Step 2.2. Computation of the sampled m-th BEs accord-

ing to

B (p.g)=[ X (p)@W,(p)] [ X ()®W,(9)]

(X" (p+q)® W, (p+q) ]

»(9)

where X" (...) and W,(.) are the direct discrete

kcor
Fourier transforms of the functions (5) and (7),
respectively; ® and * denote the convolution and
complex conjugation, respectively; p=1,2,3,....] and
q=1,23,...,I are the independent spatial frequency
indices.
It should be noted that the role of the tapering pre-
distortion (7) is threefold:
- to obtain improved BE (9) due to spectral leakage

decrease in the sense of BE bias decrease;



- to eliminate bispectrum phase wrapping due to trans-
form of image rows to the maximum-phase signals;

- to fix the coordinate of each k-th image row center of
gravity (CGy) and, hence, to automatic image rows
alignment after bicpectrum image row reconstruc-
tion.

Stage 3. Bispectrum-based image row reconstruction.

Step 3.1. Image row phase and magnitude Fourier spectra

recovery from the BEs (9) by conventional recursive al-

gorithm [1].

Step 3.2. Image row reconstruction by discrete inverse

Fourier transform of the image row Fourier spectrum

recovered from BE.

Step 3.3. Compensation of the pre-distortions (7) by mul-

tiplying of the reconstructed image rows by the function

inverse to (7).

4. SIMULATION RESULTS
In this paper we consider the reconstruction of the 8-bit
test images with sizes of Ix/=256x256 pixels. In Figures
1 and 2 the noise- and jitter-free test images are shown.
Pixel intensity close to 256 are painted white, whereas
pixel values close to 0 are painted black.
AWGN with zero mean and with fixed variance of 100

was added independently to each image row. Random

image row shifts 7\ (see expression (1)) have been

simulated with fixed maximum deviation of +15 pixels.
The first test object (“Barbara”) and the second one
(“Letters”) corrupted by AWGN and jitter are shown in
Fig.3 and Fig.4, respectively. As can be seen from Fig.3
and Fig.4, the images are completely concealed by jitter
and AWGN and it is impossible to recognize visually an
a priori unknown object (to percept this image).

Sampled cross-correlation function estimates derived
between adjacent jittery and noisy row images in Fig. 4
and calculated according (2) are shown in Fig. 5. It is
clearly seen from Fig. 5, that cross-correlation function

estimate maximums are randomly jagged due to the

heavy jitter influence (white color corresponds to maxi-
mum).

Image row phase Fourier spectra of the original im-
age, the noisy and jittery pre-distorted one, and sampled
row phase BE (M=1) are shown in Figures 6, 7 and 8,
respectively. Notice that the curves illustrated in Figures
6, 7 and 8 are given for phase values plotted in the verti-
cal axes and bounded by [-w, ©]. Pre-distorted image row
phase Fourier spectrum shown in Fig.7 has not any dis-
continuity (wrapping) as opposed to the original image
row phase Fourier spectrum (see Fig.6) wrapped to the
principal phase range [-xt, +nx].

One can see, that there is no phase wrapping in the
pre-distorted row phase BE (see Fig. 8). Hence, phase
errors in the reconstructed image row caused by phase
aliasing and ambiguity can be pronouncedly decreased.
To thoroughly study the performance of the developed
technique, the original and corresponding reconstructed
image rows are represented in Figures 9 and 10. As seen,
the proposed technique provides reasonable recon-
structed image row quality in the sense of AWGN sup-
pression in quite heavy jitter and AWGN environment
even with only one (M=1) available realization.

Figures 11 and 12 illustrate the images reconstructed by

the proposed technique for L=32 pixels and £=0.065 that

corresponds to {w (i)} =14787 (see condition (8)).
pr max

As can be seen, the reconstructed images are sufficiently
cleaner than the distorted ones in Figures 3 and 4.

The reconstructed objects illustrated in Figures 11 and 12
can be confidently recognized despite the slightly jagged
vertical image edges.

Unfortunately, there are the distortions in the recon-
structed images in the form of little circular shifts of
some image rows. These distortions are caused due to the
centering of the bispectrum reconstructed k-th image row
with respect to the CGy coordinate. If original image row

was g, (i), then the reconstructed image row §, (i) will

be centered with respect to CGy coordinate and



5,()=s,(i—CG,). Hence, despite satisfaction of the

condition (8) as a whole, the CGy coordinates of some
pre-distorted image rows may be slightly shifted (jagged)
relatively the central image row pixel. The residual jags
of CGy coordinate can be explained by large gradient of

intensities in different image rows.

5. DISCUSSION AND CONCLUSIONS

Bispectrum-based approach that is promising for recon-
struction and enhancement of a priori unknown object
images corrupted by AWGN and adjacent image row
jitter has been proposed and investigated by computer
simulations. Our approach is based on jitter removal and
automatic reconstructed image alignment by pre-
distorting of the processed image rows. Due to introduc-
tion of the tapering multiplicative pre-distortions, only
the principal arguments of the phase bispectrum are ob-
tained. As a result, bispectrum phase aliasing and wrap-
ping are pronouncedly decreased. Therefore, phase un-
wrapping procedure is avoided and phase errors are de-
creased in reconstructed images.

Computer simulation results demonstrate the procedure
reasonable robustness to AWGN and jitter in the case of
only one image realization observed (M=1 in the formula
(1)). Further reconstructed image quality improvement
can be expected if more observed realizations (M>1) are
available. Another pre-distortion functions can be em-
ployed to improve BEs and, hence, to make better the
image reconstruction system performance.

The proposed technique and the developed algorithm can
be useful for practical applications in automatic object
recognition systems that operate under a priori unknown
object and interference characteristics in heavy jitter and

additive noise environment.

6. REFERENCES

[1] H. Bartelt, A. W. Lohmann, and B. Wirnitzer, “Phase
and amplitude recovery from bispectra”, Applied Optics,
vol. 23, pp. 3121-3129, September, 1984.

[2] M. Nakamura, “Waveform estimation from noisy
signals with variable signal delay using bispectrum aver-
aging”, IEEE Trans. on Biomedical Engineering, vol. 40,
No 2, pp. 118-127, February, 1993.

[3]1 A. V. Totsky, 1. V. Kurbatov, V. V. Lukin, K. O. Egi-
azarian, J. T. Astola, “Combined bispectrum-filtering
techniques for radar output signal reconstruction in ATR
applications”, Proceedings of International Conference
"Automatic Target Recognition XIII"; Ed. Firooz A. Sad-
jadi; Orlando (USA), April 2003, SPIE vol. 5094, pp.
301-312.

[4] A. Trucco, “Detection of objects buried in the sea-
floor by a pattern-recognition approach”, IEEE Journal of
Oceanic Engineering, vol. 26, no 4, 2001, pp. 769-782.
[5] Nikias C. L., and Raghuveer M. R., Bispectral estima-
tion: A digital signal processing framework, Proc. IEEE,

vol. 75, No 7, July 1987, pp. 869 — 891.

[6] G. Sundaramoorthy, M. R. Raghuveer, and S. A.
Dianat, “Bispectral reconstruction of signals in noise:
Amplitude reconstruction issues”, IEEE Trans. Acous-
tics, Speech, and Signal Processing, vol. 38, No 7, pp.
1297-1306, July, 1990.

[7]1 S. A. Dianat, and M. R. Raghuveer, “Fast algorithms
for phase and magnitude reconstruction from bispectra”,
Optical Engineering, vol. 29, No 5, pp. 504512, May,
1990.

[8] M. G. Kang, K. T. Lay, and A. K. Katsaggelos, “Phase
estimation using the bispectrum and its application to
image restoration”, Optical Engineering, vol. 30, No 7,
pp- 976985, July, 1991.

[9] 4. P. Petropulu, and C. L. Nikias, “Signal reconstruc-
tion from the phase of bispectrum”, IEEE Trans. on Sig-
nal Processing, vol. 40, No 3, pp. 601-610, March, 1992.

[10] J. T. Astola, K. O. Egiazarian, 1. V. Kurbatov, and
A. V. Totsky, “Object recognition by bispectrum based

image reconstruction in additive noise and line jitter en-



vironment”, Proceedings of a Workshop on Computa-
tional Intelligence and Information Technologies, Nis,
Yugoslavia, October 13, 2003, pp. 131-134.

[11] A. Kokaram, P. Rayner, P. van Roosmalen, and J.
Biemond, “Line registration of jittered video”, Proceed-
ings of ICASSP-97, vol. 4, April 21-24, 1997, pp. 2553—
2556.

[12] Chr. Zetzsche, and G. Krieger, “Nonlinear
mechanisms and higher-order statistics in biological
vision and electronic image processing: review and
perspectives”, Journal of Electronic Imaging, vol. 10, No
1, January 2001, pp. 56 — 99.

— 1
2R, /
SN

Alexander Totsky was born in 1952 in Kharkov, Ukraine. He gradu-
ated in 1974 from the Radio Physics Faculty, Kharkov State University,
Kharkov, Ukraine, and received the Diploma in radio physics and elec-
tronics. From 1974 to 1977, he was with Research Institute for Physics
and Technics, Sukhumi, Georgia. In 1981, 1987, he received the Candi-
date of Technical Science degree and Associate Professor Diploma
from the Kharkov Aviation Institute, respectively. Since 1977, he has
been with the Department of Transmitters, Receivers, and Signal Proc-
essing of the Faculty of Radio Electronic Systems of National Aero-
space University, Kharkov, Ukraine. In the academic years 1986/1987,
he was for 10 months a visiting Researcher at Palacky University, Olo-
mouc, Czechoslovakia. Since 2002, he has been in cooperation with
Tampere University of Technology and Tampere International Center
for Signal Processing. His research interests include signal and image

processing, bispectrum analysis, and signal reconstruction techniques.

Jaakko Astola was born in Finland, in 1949. He received his B.S.,
M.S., Licentiate, and Ph.D. degrees in mathematics (specializing in
error-correcting codes) from Turku University, Finland, in 1972, 1973,
1975 and 1978, respectively. From 1976 to 1977, he was in the Re-
search Institute for Mathematical Sciences of Kyoto University, Kyoto,
Japan. Between 1979 and 1987, he was with the Department of Infor-
mation Technology, Lappeenranta University of Technology, Lappeen-
ranta, Finland, holding various teaching positions in mathematics, ap-
plied mathematics, and computer science. In 1984, he worked as a
visiting Scientist at Eindhoven University of Technology, the Nither-
lands. From 1987 to 1992, he was an Associate Professor of applied
mathematics at Tampere University, Tampere, Finland. From 1993, he
has been Professor of Signal Processing and Director of Tampere Inter-
national Center for Signal Processing, leading a group of about 60
scientists and was nominated Academy Professor by the Academy of
Finland (2001 - 2006). His research interests include signal processing,
coding theory, spectral techniques, and statistics. Dr. Astola is a fellow

of the IEEE.

Karen Egiazarian was born in Yerevan, Armenia, in 1959. He re-
ceived the M.Sc. degree in mathematics from Yerevan State University
in 1981, and the Ph.D. Degree in physics and mathematics from Mos-
cow M. V. Lomonosov State University in 1986. In 1994 he was
awarded the degree of Doctor of Technology by Tampere University of
Technology, Finland. He has been a Senior Researcher at the Depart-
ment of Digital Signal Processing of the Institute of Information Prob-
lems and Automation, National Academy of Sciences of Armenia. He is
currently a Professor at the Institute of Signal Processing, Tampere
University of Technology. His research interests are in the areas of
applied mathematics, digital logic, signal and image processing. He has
published more than 200 papers in these areas, and is co-author (with S.
Agaian and J. Astola) of the book "Binary Polynomial Transforms and
Nonlinear Digital Filters", published by Marcel Dekker, Inc. in 1995,
and three book chapters.



i

Igor Kurbatov was born in 1971 in Kharkov, Ukraine. He graduated
from the Kharkov Aviation Institute, Kharkov, Ukraine, in 1994, and
received the Diploma of Computer Science. He is currently completing
his work toward the degree of Candidate of Technical Science at the
National Aerospace University, Kharkov, Ukraine, in bispectrum based
signal and image reconstruction techniques. His research interests in-

clude digital signal and image processing and their applications.

Alexander Zelensky was born in 1943 in Kharkov, Ukraine. He gradu-
ated from the Faculty of Radio Electronic Systems, Kharkov Aviation

Institute (now National Aerospace University), Kharkov, Ukraine, in
1966, and received the Diploma in radio engineering. Since then, he has
been with Department of Transmitters, Receivers, and Signal Process-
ing of the same faculty. He received Candidate of Technical Science
Diploma and Doctor of Technical Science Diploma in radio engineering
in 1972 and 1989, respectively. From 1989, he has been Professor of
the Department of Transmitters, Receivers, and Signal Processing at
Kharkov Aviation Institute and from 1984 till now he is Chairman of
the same Department. His research interests include remote sensing and

digital signal and image processing.



Figure 2. The original noise- and jitter-free test image (“Letters”).



Figure 4. Object “Letters” corrupted by AWGN and jitter.



Figure 5. Cross-correlation function estimates (2) derived between adjacent jittery and noisy image

rows in Fig. 4.

Figure 6. Phase Fourier spectrum of a noise- and jitter- free original image row in Fig.2.
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Figure 8. Phase bispectrum estimate



Figure 9. A noise- and jitter-free original image row in Fig. 2.

Figure 10. Image row reconstructed from the image in Fig. 4.
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Figure 12. Reconstructed object “Letters”.



