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Abstract. The estimation of point spread function (PSF) otioreblurred images is the
key to image restoration, which is mainly affecbgdtwo physical quantities: blur angle
and blur length. The traditional point spread fiorctestimation method is easy to be
disturbed by the bright cross in the centre oflthiered image spectrum when estimating
the fuzzy angle, which affects the quality of imagsetoration. In addition, when using
the traditional Radon transform to detect fuzzylesgthe area of bright spots in the
picture is large, which will cause large fluctuasoin the detection results. Therefore,
this paper proposes a cepstrum analysis methothdtion blurred images. Firstly, the
gradient cepstrum estimation of the blurred imaggiven, and the cepstrum is binarized
and further refined by setting the gray threshdlthe cepstrum. Finally, the line fitting
is performed on the refined binary image, and tbpesof the fitting line is calculated, so
that the point spread function of the blurred imagen be accurately and directly
estimated, and better image restoration effecbeanbtained.

Keywords: image processing, image restoration, motion tdamt spread function, blur
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1. Introduction

As a carrier of human information exchange, imagestain a large number of
information elements. Due to various factors, cle@ges may degrade and degenerate
into blurry images. Common types of blurred imaigetude Gaussian blur, defocus blur,
motion blur, etc. Motion blur occurs during the gess of image acquisition and is a
phenomenon of image degradation caused by camaika,shbject displacement, and
other factors. The restoration of motion blurrechggs covers multiple aspects such as
astronomical images, medical images, remote semsatoology, transportation systems,
and public security criminal investigation, andcisrrently a hot topic in the field of
computer vision and image processing. The ovetal iof existing motion blurred image
restoration is mainly to establish a degradatiom@hbdased on the blurred image, obtain
the blur parameters through Radon transform [1f2} is, point spread function (PSF),
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and finally restore the image using Wiener filteonfi the estimated PSF. Therefore, the
estimation of point spread function of motion badrimages is the key to image
restoration. Only by accurately estimating the pospread function can the ill
conditioned problem of blurred image restoratiorbbaign, so as to obtain high-quality
restored images [3,4,5,6,7]. There are two methodsolve the problem of image blur
caused by motion: one is to change the physicalliions of imaging; The second is to
use motion blurred image restoration algorithmsesiore degraded images. The former
often requires a significant investment of manpoesed financial resources, making it
difficult to widely promote in practical applicatis, while the latter is an economically
applicable solution. Motion blurred image restaratiincludes the following two
processes: one is to estimate the point spreadidan@®SF) of the motion blurred image,
and the other is image deconvolution. For the egion of point spread function, many
algorithms have been applied to how to accuratetgrehine the PSF of motion blurred
images. However, these algorithms often ignoreitiffieence of noise and the cross
bright line in the center of the spectrum on thecsmum of motion blurred images,
resulting in a large error in the estimation of PEBr image deconvolution, traditional
algorithms mainly include inverse filtering, Wienidtering, etc. However, when using
traditional algorithms to process real blurred iegghey are often affected by various
estimation errors and the lack of prior knowledgethe image, which often leads to
secondary degradation of the restored image. Otleeoimore significant degradation is
the ringing effect. Therefore, designing an aldontto accurately estimate the point
spread function of motion blurred images has ingurvalue in practical applications.

In recent years, scholars have conducted in-depdhextensive research on PSF
estimation algorithms for blurred images. Referef8g uses image enhancement
processing and morphological transformation to msmoross bright lines and noise
interference in spectral images, and obtains sinm@ges with appropriate morphology
for Radon transform detection. Reference [9] udes ¢haracteristics of directional
differentiation and bilinear interpolation methadautomatically identify the direction of
motion blur. Reference [10] uses Radon transforoch @obel operator to perform first-
order differential calculation on fuzzy image, ahe absolute error of fuzzy direction
obtained is controlled within 2 units. Referencé][ises Radon transform principle to
solve the motion blur direction in point spread diilon PSF, and the motion blur
direction error is controlled below 1 unit. Refecerj12] applied sparse representation to
fuzzy angle estimation, pointing out that the ojmtition degree of sparse representation
in restored images is positively correlated with Htcuracy of fuzzy angle estimation.
Reference [13] studies a main stripe width measentrmethod based on segmented
bilateral and membership functions, which integgdtee angle information between each
edge segmentation segment and the horizontal eximprove the accuracy of fuzzy
angle estimation.

There are still many problems that need to be soimethe existing restoration of
motion blurred images, such as being easily aftebtethe bright cross line in the center
of the spectrum when estimating the blur anglajltieg in low estimation accuracy, and
having a large range of fluctuations in the Radiin &ngle detection results. In response
to the above issues, the article proposes impromtsmen the existing restoration
algorithm. Experiments on livingroom, cameraman atider images verify that the
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algorithm can accurately estimate the point spfaadtion and improve the restoration
effect.

2. Image restoration theory

2.1. Image degradation model

Image restoration is a pathological inverse problemage degradation is the convolution
process of image and point spread function, andjémastoration is the reverse process
of this process [14]. To restore a real images ihécessary to first establish an image
degradation model. Modeling degraded images as natifun h(x y) , this function,
together with an additive noise tertx,y), operates on the input imagéxy) to
generate a degraded image, y) (Figure 1). After knowing some knowledge about the
degradation functioh(x y) and the additive noise terpbx, y) of g(x y) andh(x y) , the
purpose of image restoration is to obtain an eséroathe original image [15]. Generally
speaking, the more information abobtx y) and 77(x,y) , the closer the obtained

f(x y)isto f(xy).
f@xp— —

Noise
n(x.y)

Figure 1: Degraded image degradation model

Generally speaking, the degradation model of améwan be represented as:
foxy)=fx W i x y+n( xy 1)
In the formula, * 'Convolutional operations that cause image degranab(x, y) is
the point spread function of a blurred image witmifarm linear motion.
Whenvi(x, y) =0, that is, without considering noise, the convantin the spatial domain

is transformed into the product form in the frequedomain through discrete Fourier
transform:

F(uv) = F(u V) H(u Y ()
Among them,F(u,v), F(u,v), and H(u,v) are the Fourier transforms of image
f(xy), f(x ), and fuzzy kernel functioh(x ) , respectively [16].

2.2. PSF estimation of blurred images with uniforminear motion
Assuming imagef (x, y) undergoes uniform linear motiom, (t) and Y,(t) are components
that change over time in the x and y directionspeetively. If the influence of noise is
ignored and T is set as the exposure time, then:
a(x Y =] fIx= %) y- y(N d 3)
where g(x, y) is the blurred image.
The Fourier transform of equation (3) is:
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Guw=["[ dx 9o axe
=[20] 1L A0, y- (h1 ] €27 o
ZE[LJ f[x=%(0, y= %(D] "7 dxoq d

(4)

-0

According to the properties of Fourier transfortgan be obtained that:
G(U. V) = J‘OT F(u \/) éjz’ﬂ%(t)wyo(t)] d
()

=F(u, v)joT g 2ol iy

If H(u,v)= LT g 12Ol gt there is:
G(u,v) = F(u V) H(u v (6)

According to equation (3), if the motion lengths time horizontal and vertical
directions are obtained, the restored image,y) can be obtained. Assuming that

vertical motion is ignored, If,(t) =0, then equation (3) becomes:
T

g0 V)= [ f[x=%(d, f di (7)
At this point, the two-dimensional solving probleisy transformed into a one-
dimensional solving problem. If the displacementtia horizontal direction is, then

8)

there is:
Lt
t)=—

% (1) =

Equation (7) becomes:
H(u,v) = _[OT g2imm

_ [T 2imoy
=f, e ©)

:Lsin(ﬂLu)e"'”Lu
mmu

Perform Fourier transform on the above equatiaobtain:
L10<x<lL
h =qt’ 10
(x¥) { 0,others (19)

h(x, y) here is the point spread function of the imagerbtl by uniform linear

motion.
If the vertical motion is taken into account, ihdae obtained that:

h(x y):{%,\/xZTst LH X =-tang (11)
0, H A
In the equationu=0,1,... M-1,0,1.. N- .
sin(77(ua/ N+ vb/ M)) 12)

G(u V=T
G ) m(ua/ N+ vb/ M)
Among them, poin{x, y) is the position of the image pixels, is the motion blur
length, andg is the motion blur angle, which is the angle betw¢he motion direction
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and the horizontal direction. It can be seen that pioint spread function of uniform

linear motion is jointly determined by two physicalantities: blur length and blur angle.

The discrete Fourier transform of the point spriesadtion shown in Equation (13) is:

Tsingr(ua/ N+ vb/ M) jmuarnru ) (13)
f(ua/ N+ vb/ M)

According to Formula 13|G(u,v)| contains thesinc function. According to the

G(u,v) =

nature of thesinc function,|G(u,V)| gets the maximum value @ia/ N+ v/ M)=0, and
|G(u,v)| is zero when(ua/ N+ v/ M) gets non-zero. Therefore, the blurred image
spectrum will show parallel stripes with alterngtilight and dark, and the direction of

the stripes will also change accordingly with thamge of the blurring angle.
If 1, and|, are the components of motion blur length in boéntival and horizontal

directions, then:
= 2 2 =k
L=yl,2+,? tangd=1 (14)

’

If the inclination angle of the light and dark p&§ relative to the positive direction
of the horizontal axis i , then:
I,N
M

v

The relationship between the tilt angieof the stripes and the motion blur angle
can be obtained as follows:

tang = - (15)

tan@)= - tan¢ (16)
It can be seen from the above formula that theadigle ¢ between light and dark

stripes in the spectrum image is the motion blgle#, so the blur angle of point spread
function can be obtained by detecting the dip afif.

3. Improved PSF estimation algorithm
The corresponding blur kernel in the image degiadgirocess, namely the point spread
function h(x, y) in the convolution operation, describes the cametishering path. This

path is random, so its corresponding two-dimensi®&F image has randomness and
sparsity. The spectrum is not sensitive to theumfte of random transmission paths, nor
is it affected by other random components during tmaging process. So, using
cepstrum analysis can truly separate PSF informaowever, due to interference from
other factors such as the environment, the cerfteheo cepstrum image obtained by
directly performing Fourier transform on the motiginrred image will have a clear cross
bright line, which will affect the accuracy of selgsient blur angle measurement. And
image gradients provide more useful informationntithe image itself. Compared to
fuzzy image cepstrum, image gradient cepstrum tfantively isolate the information of
the image itself, highlight the high-frequency caments in the image, suppress low-
frequency components, effectively isolate the imfation of the image itself, effectively
eliminate the bright lines in the center of the stegm, and accurately estimate PSF.
Therefore, this paper proposes a method to estithaté®SF function more accurately
and quickly by analyzing the binary image of thadijent cepstrum of the blurred image,
fitting the line of the thinned binary image, arickdtly calculating the slope of the fitting
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line to obtain a more accurate motion blur direttengle. The specific steps are as
follows:
(1) Analyze images and image cepstrums

Figure (2) analyzes the cepstrum features of mdbionred images using optical
images as an example. Figure 2 (a) shows the afigiaar image, Figure 2 (b) shows a
motion blurred image with a blur angle of 30 anblar scale of 10. Figure 2 (c) shows
the cepstrum of Figure 2 (b), and Figure 2 (d) shtwe gradient cepstrum of Figure 2
(b). By comparison, it can be seen that blurredgenaepstrum has richer cepstrum
information in the direction of image blur. Fuzzgdge gradient cepstrum can effectively
isolate the original image cepstrum informatiomoee the cross bright line in the center
of the cepstrum, and preserve the cepstrum infeomat the fuzzy direction, thus
calculating the fuzzy angle more accurately.

A

(a) Original image (b) Blurred image

(c) Cepstrum  (d) Gradient cepstrum
Figure 2: Analysis of optical image cepstru

(2) Cepstrum image binarization and binary imagening

By setting the grayscale threshold of the cepstrilma, cepstrum is binarized, but the
straight line direction obtained by directly fitjthe binary image has a certain deviation
from the fuzzy direction. Therefore, in order tommaccurately calculate the direction of
bright white lines in the cepstrum, the binary imag first refined, and then the refined
image is fitted with a straight line to calculatee tdirection of the white lines. The

refinement process can also eliminate the influeoic®ther subsequent interference
factors. Figures 3 (a) and 3 (b) show the procgs®sults of cepstrum binarization and
binary image thinning respectively.

) (& (b)

Figure 3: Binary image and its thinning

94



Improvement of Point Spread Function Estimationhddtfor Motion Blurred Image and
Image Restoration

(3) Straight line fitting of binary image

If the straight line slope of the thinned binaryaige is directly arctangent calculated, the
straight line direction obtained will have a cemtaleviation from the actual blur
direction. Therefore, line fitting is performed tire refined image to accurately calculate
the direction of bright white lines. If the coordie point of the thin line is
(x.y),i=12,..n and the fitted line equation is=kx+ b, then the slop& and intercepb

of the fitted line can be calculated accordingdaation (17).

= a7
— Lyy_Lxx+\/(Lxx—ny)2+4|_2Xy
k= N

Among them,x = %Zn: X
i=1

n

Zn: Yo Lo =2 (x =%)%, Ly, =i‘,(yi -V, L, =i(xi -X)(y-Y).

i=1 i=1

Sl

y:

(4) Estimating motion blur angles

By performing the arctangent operation on the slop the fitted line obtained in step
(3), the angleg = arctark between it and the axis of the image coordinate system can
be obtained. The direction of the fitted line ie thiur direction of the blurred image, and
the angle between the blur direction of the bluiredge and the axis of the image is
also g = arctark .

(5) Estimate the length of motion blur

By performing first-order differentiation on a btad image and performing
autocorrelation operations, a discriminative cuca® be obtained, where symmetrical
correlation peaks appear with negative peaks. Té$tartte between the two peaks is the
length of the motion blur . Mark the coordinategtaf two negative correlation peaks as
x andx,, and use Data Cursor in Matlab to obtain the \sahetween the two negative

peaks. Then the fuzzy scalecan be derived fronk = x - x,.
After estimating the blur parameters using the abévsteps, construct a PSF

according to formula (11), and then restore therétliimage using the Wiener filter
deconvolution algorithm.

4. Experimental results and analysis

4.1. Experimental study on the calculation accuracy of dzzy direction recognition
method

To test the effectiveness of the method proposetisnarticle in estimating motion blur
angles, two test images, Livingroom and Cameramvarg selected for this section of the
experiment. The setting range of blur angle is fr@tnto 180°, and 10 motion blur
parameters are randomly generated by the computiest the algorithm in the article.
Table 1 shows the test results.
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Table 1: Test results of motion blur angle estimation athon

Fuzzy livingroom cameraman
parameter Experimenta Absolute Experimenta Absolute
(L/8) result error result error
12/23.91 2412 0.21 23.62 0.29
41/68.82 68.7 0.12 68.8 0.02
16/10.63 10.68 0.05 10.53 0.1
8/126.71 126.45 0.26 126.7 0.18
26/134.93 134.9 0.03 135.08 0.15
10/125 124.92 0.08 125.11 0.11
31/54.42 54.2 0.22 54.14 0.28
25/129.33 129.68 0.35 129.65 0.33
44/60.20 60.24 0.04 60.47 0.27
11/106.31 106.01 0.3 106.23 0.07

Mean error 0.166 0.18

According to the experimental data in Table 3.1caih be seen that the algorithm
proposed in this article has achieved good regul tests. The maximum error values
for fuzzy angle measurement in Livingroom and Camem images are 0.35 and 0.33,
respectively, and the average error value doegxusied 0.18. Compared to the average
error of 0.395 in reference [17] and 1.0 in refeeefil8], the algorithm proposed in this
paper has a certain degree of robustness and theetscuracy requirements of image
restoration algorithms for motion blur angle estiom

4.2. Image restoration experiment

To verify the effectiveness of the PSF estimatiogthud proposed in this article, two
standard images (livingroom, cameraman) and twotuceg real images (flower,
landscape) were used as test images in this setifmear motion blur with a blur length
of 20 and a blur angle of 30 were added, respdygtifée classic linear image restoration
method, Wiener filtering, was used to restore thage. Figure 4 shows the restoration
results of blurred images. From top to bottom, élreme four images: livingroom, camera,
flower, and landscape. From left to right, there ariginal images, blurred images, and
restored images.

From the experimental results, it can be seendliabugh the restored image still
contains some noise, it is visually closer to thagioal image. It shows that the
improvement of motion blur angle accuracy in paiptead function has played a certain
role in optimizing the effect of image restoration.
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(a) Orlglnallmagﬁ Blurred |mage (c) Restore image
Figure 4: Restoration result of motion blurred image

5. Conclusion

The restoration of motion blurred images is maffected by the blur angle and blur
length in PSF estimation. Traditional PSF estimmatitethods are affected by the bright
cross in the center of the spectrum, which redtivesaccuracy of blur angle estimation
and thus affects the effectiveness of image retsboralherefore, this article proposes a
new motion blur parameter estimation scheme anddwma blur angle accuracy

measurement experiments using optical images asxample[19]. The experimental

results show that the PSF estimation algorithmhis paper improves the estimation
accuracy of motion blur angles, thereby achievimg quality of image deconvolution

restoration, which meets the practical engineeraguirements of image restoration
problems.
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