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Improvement of calculation efficiency for locating diffraction spot of
phase plate with correlation function fitting extreme method
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Abstract: In order to improve the computational efficiency of sub-pixel location of a diffraction spot
generated by a two-dimensional phase plate with the correlation function fitting extreme method,
three effect factors,the template size, fitting window size and the correlation function were analyzed in
detail. On the basis of the theory of emulation image examination, mathematical emulation images
were used to verify the reliability and accuracy of algorithms and programs. Analyzing results indicate
that the three effect factors all have bigger effect on computational efficiency and the template and fit-
ting window sizes show the biggest effect on the locating precision during integer pixel searching. The
optimal design of searching template and fitting window sizes are completed during the sub-pixel loca-
tion experiment of diffraction spot generated by the two-dimensional phase plate, It is shown that the
optimized template and fitting window sizes are 51 pixel X51 pixel and 3 pixel X 3 pixel, respectively.

Comparing with the template of 131 pixel X 131 pixel which just includes the whole diffraction spot,
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the calculating time of whole locating process is shortened by 40% , which shows the computational ef-

ficiency is improved without degrading location precision.

Key words: diffraction spot;computational efficiency; sub-pixel location; correlation function; fitting

window

1 Introduction

A digital Image Correlation (DIC) method
is presented respectively by a Japanese named 1.
Yamaguchi and Americans named W. H. Pe-
ters, W. F. Panson et al. who worked in Uni-

U3 The correlation

versity of South Carolina
function of two maps of the laser speckle before
and after distorting of an object is calculated,
and then the displacement and deforming of the
measured object can be obtained. Comparing
with laser interference measurement, it has the
advantages of the simple measurement system
and low requirement for environment etc. . After
developing and improving of more than twenty
years, the DIC method has been a common opti-
cal measurement mean and applied in experimen-
tal mechanics and other science research and en-
gineering fields. As one of DIC measurement
methods, the correlation function fitting ex-
treme method has been widely adopted in factual
applications because of its advantages in high
noise-immunity, high precision and so on, such
as measuring vibration and deformation of elec-
tric devices, and the deformation of rocksM*,
Theory of correlation function fitting method is
simple, its important problem in practical appli-
cations is how to improve calculating precision
and efficiency. In addition, previous emphasis of
research work was put on selecting of correlation
functions, for example, Ma. S. P etc. has dis-
cussed ten kinds of correlation functions in de-

tailt'*

tion precision and computational efficiency in

But other effect factors influencing loca-

this method has not been analyzed. In factual
application, different correlation coefficient ma-

trixes are obtained because different correlation

functions and searching templates are adopted
when an integer pixel displacement is calculated
by the correlation searching method. So for the
same calculated sub-pixel displacement, the cal-
culation results and efficiencies by correlation
function fitting extreme method must be differ-
ent. In addition, different fitting windows also
have effects on calculation results and efficien-
cies when the correlation coefficient matrixes are
fitted with the curve surface.

In order to improve the computational effi-
ciency of sub-pixel location of a diffraction spot
generated by a two-dimensional phase plate by
the correlation function fitting extreme method,
the above effect factors are analyzed in detail and
the analyzing process is based on an emulation
image examination method. Analyzing results
show that the three effect factors all have bigger
effects on the computational efficiency and the
template and fitting window sizes show the big-
gest effect on locating precision during the inte-
gral pixel searching. The optimum design of
searching template and fitting window sizes is
completed during the sub-pixel location experi-
ment of a diffraction spot generated by the two-
dimensional phase plate. Experimental results
show that the calculating time of whole location
process is shorted by 40% through selecting op-
timal template and fitting window sizes, and the
computational efficiency is improved without de-

grading location precision.

2 Correlation function fitting ex-

treme method

2.1 Basic principle of digital image correlation

In DIC method, the target position (for im-
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age sequence, the first picture or previous pic-
ture of current image is adopted) of an image
with known target characters is defined first of
all, then a gray matrix of (2M—+1) X (2ZM—+1)
pixel with center (m.,n) is regarded as a search-
ing template. At last, a correlation function is a-

dopted to calculate correlation results in the im-

M

age region including target points to be decided,
and then the correlation function matrix can be
obtained. At present, the common correlation
functions with better results are as follows/!?;

(1) Standard correlation function with sam-

pling interval[0, 1]

M
SV SV G e gGtma 4w

C,(m,n) = — s (D
M M M M
DV e D) Dt ma
=M j=——M =M j=——M
(2) Covariance (mean normalizing) correlation function
M M
Cinan) = >0 D[ FG) = fuan g+ maj + 1) — guan] » (2)

i=—M j=—M

(3) Standard covariance correlation function with sampling interval[ —1, 1]

M M
DV DS = fuan LgG A+ maj+ 1) — o ]

i=—M j=—M

C,(m,n) =

, 3

M M M M
>0 LG = fand? D) D Lglidmej +n) — g )’

i=—M j=—M

Where C(m, n) is the correlation function, f(7,
j) is the source image target lying in, g(i, j) is
the searching template (length of template is u-
sually odd) s fien and guen are the mean values
of f(i, j) and g (i, j) respectively in corre-
sponding autocorrelation windows. The template
only moves in integral pixel when correlation
functions described in formula (1) to (3) are a-
dopted to search because only discrete gray in-
formation is recorded by digital image. So inte-
gral pixel correlation searching only locates a
target image in integral pixel, and sub-pixel lo-
cation method must be adopted for further im-
proving location precision.
2.2 Solution principle of sub-pixel displacement by
correlation function fitting extreme method
Because correlation function matrix is simi-
lar to the Gauss distribution in single-peaked re-
gion with maximum (m', »n') as center, so the
analytic curved surface function in this region

can be obtained by the fitting method and the ex-

i=—M j=—M

treme point of curved surface is regarded as the

sub-pixel position of target point.

1 2 3
O O O
45 > Q6

(m'.n)
e 55 X

Fig. 1 Peak point and its eight adjacent points

As shown in Fig. 1. peak values around
(m',n") searched by the integral pixel displace-
ment may be expressed by the following binary
quadric function:

CGm;sn)=a,+aym;,‘a,n; +asm? +
aymmn;tasnt, €]

For fitting window of £ Xk (% usually equals
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3, 5 or 7 ), a non-homogeneous linear equation
set with undetermined coefficients a,, ***, as is

obtained by introducing coordinates of every point in
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The extreme point of fitted curve surface of

function C(m, n) meets the following equation

set.
M:al +2asm+ta,n=0
dm
o .6
#:az +2asn+a,m=0

Through solving the above equation set, the co-
ordinate of extreme point of fitting curve surface
is as follows

,  Z2a,as —asay
m=—m—"
ai —4asas

, 7
1 /72(12(137611&,1
. ai —4dasa;

3 Effect factors of sub-pixel loca-
tion precision and computational

efficiency by two-dimensional

phase plate diffraction spot

According to the basic principle of correla-
tion function fitting extreme method, the main
effect factors of sub-pixel location precision and
two-dimensional

computational efficiency of

9
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9
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9
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mn;
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9
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22
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9
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formula (4), so the least square method may be
used to solve it. For example, for fitting window of

3X3, the equation set may be written as:

9
.
E C,
i=0
9
E Cim,;
i=0
9
2 Cm,
i=0

- ’ (5)

9
as ~ 9
E Cm?

i=1 ay, =0

9
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9
Z(/‘;n?

i=1 B T i=0

phase plate diffraction spot is as follows: (1) the
size of searching template. (2)the size of fitting
window. (3) selection of correlation functions.
Considering the basic principle of emulation im-
age examination, the diffraction spot generated
by two-dimensional phase plate is discussed a-
bove all.
3.1 Diffraction diagram by two-dimensional
phase plate

In order to improve the gray gradient and
contrast of the measurement spot, the two-di-
mensional phase plate is applied in a typical f-0
measurement system. Furthermore, the sub-
pixel location precision and image noise-immune
of target image are improved, the specific analy-

12) " The phase struc-

ses can be seen in literature

ture of two-dimensional phase plate is as follows
) j0<1‘<+00,0<y<+00
J ' 1*<>O<I<O , —oo<_y<0

T(x,y)= ,

1 L [ee<a<0.0<y<+oo
© 7 lo<a<too, —oo<y<0

€))

A diffraction spot diagram generated by a

computer is shown in Fig. 2, where the wave-
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length of incident beam is 632. 8 nm and the fo-
cal length of Fourier lens is 400 mm. It is can be
seen that optical intensity distribution of the dif-
fraction is centrosymmetric, furthermore con-
trast and gray gradient are improved largely

comparing with those of Gauss measurement

spotstt?l,
] : T S
i i i i |
| 1 | | 1
IR | | S
: r | i |
1 1 : : r
~ 0.5 T E : | !
| : P
- =
0
2000
2 000
0
S 2000 2000
Fig. 2 Numerical emulation diagram of diffraction

spot by two-dimensional phase plate

3.2 Effect of template size

The template size is a key parameter of DIC
method. When integral pixel displacement is
searched by the same correlation function, on
the one hand, the template size is smaller, the
calculation amount is smaller and computational
efficiency is higher. But correlation coefficients
of adjacent points around peak value point (m’,
n’) will vary acutely and capacity of noise-im-
mune degrades. On the other hand, the bigger
template may decrease effect of noise and make
calculated correlation coefficients of adjacent
points vary gently, but calculation amount in-
creases. When a target image is moved for 0. 5
pixel in m direction, the distribution diagram of
calculated correlation coefficients in m direction
by standard correlation function with different
Here the
Gauss white noise of N(0,1) distribution with
Signal-to-noise Ratio (SNR) 45 dB is added to

the image'*,

template sizes is shown in Fig. 3.

The spin filtering method is ap-

plied to noised-image"'"! (the same level noise and

image filtering method are adopted in following
process of analyzing, and the adopted correlation
functions are all standard correlation function).
It can be seen from Fig. 3, the distribution of
correlation coefficients differs a lot when differ-
ent templates are used. When template size va-
ries from 11 pixel X 11 pixel to 41 pixel X41 pix-
el, the correlation coefficients vary acutely, but
the correlation coefficients vary gently when the
template size is larger than 41 pixel X 41 pixel.
So the coordinate of extreme point by correlation
function fitting extreme method based on above

correlation coefficient matrixes must differ a lot.

) —— 11X11
T—— 21X21
—— 31X31

= 09} —=— 11%21

-2 —— 51 X51

= 08r —— 61X61

g —— 71X71

= 0.7 Pty :

g 0.6F

5

O 05

0'—420 -10 0 10 20

Position/pixel

Fig.3 Correlative coefficients by different templates

during integral pixel searching

For further indicating effect of template size on
location precision, Fig. 4 shows the sub-pixel lo-
cation errors of different template sizes with fit

ting window size of 3 pixel X 3 pixel when dif -

—-21X21
—=-31X31
=t
2 oos | —1xs]
g 0006 ——81 X81
5 0004 —+=91 %91
= 0002}
2 0.000 [g
2 —0.002
2 —0.004
2 -0.006
~0.008 .
0 10 20 30 40
Point

Fig. 4  Calculated displacements by different tem-

plates during integral pixel searching
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fraction spot is moved in m direction. It is easy
to see that the fluctuation range of location er-
rors becomes smaller and smaller and convergent

with the template size increasing.

0.004 of*
0.003 5}
0.003 0
0.002 5}
0.001 5fe
0.001 0
0.000 5}

— e« — Displacement is 0.2 pixel 1
—e — Displacement is 0.5 pixel
—»— Displacement is 0.8 pixel

Standard deviation/pixel

20 30 40 50 60 70 80 90 100
Template sizes/pixel

Fig. 5 Effect of different template sizes on calculated

results of sub-pixel displacement

The calculated uncertainty (calculate for
ten times for every template) of displacement by
different template sizes is shown in Fig. 5 when
diffraction spot is moved for 0. 2, 0.5 and 0. 8
pixel in m direction. It can be seen that sub-pixel
location uncertainty becomes smaller and smal-
ler, calculated and true displacements are con-
vergent when template size becomes bigger and
bigger from 21 pixel X 21 pixel to 101 pixel X101
pixel. The calculation results convergences obvi-
ously and drives to stabilization when template
size is bigger than 41 pixel X 41 pixel. The rela-
tion between single location time and template
size is shown in table. 1 when spot is moved for
0.5 pixel in m direction, where the fitting win-
dow size is 3 pixel X3 pixel. It is concluded that
increasing template size only increase the calcu-
lation amount without improving sub-pixel loca-
tion precision obviously. According to above an-
alyses, for diffraction spot shown in Fig. 2, the
optimal size of searching template is 41 pixel X
41 pixel and the calculation time can be short-
ened effectively without losing location preci-

sion.

Tab.1 Effect of template sizes on sub-pixel displacement

calculation results (unit.: pixel)

Template size/pixel Calculation time/s

21X21 22.8
31X31 23.8
41X 41 24.9
51 X51 25.9
61X61 31.7
71X71 32.4
81X 81 34.7
91X91 38.6
101 X101 42.5

3.3 Effect of fitting window size

In correlation function fitting extreme
method, the sizes of fitting window are com-
monly 3 pixel X 3 pixel, 5 pixel X 5 pixel or
7 pixel X 7 pixel. The sub-pixel location error
curves are shown in Fig. 6 when a set of given
displacements distributed homogeneously in in-
terval [ 0. 1, 1. 0] (pixel) with separation of
0.1 pixel, where the template size is 41 pixel X
41 pixel and fitting windows are 3 pixel X 3 pix-
el, 5 pixel X5 pixel and 7 pixel X7 pixel respec-
tively. It can be seen that the location precision
is the best when size of fitting window is 3 pixel
X 3 pixel. For single time sub-pixel location, the
mean calculation time is 24. 7 s, 25. 5 s and

26. 2 s respectively when the above three fitting

windows are adopted . It is concluded that the

0.004 | —e_3%3 ]
T o002l — %5 S
& M - xy \75\
£ 0.000 poee CLLTE e
£ —0.002 gl \ 1
= TN
S 0.004 | 1
Q \

—0.006 .

0.1 0203 04 0506 07 08 09 10
Preassigned displacement/pixel
Fig. 6  Calculated errors of sub-pixel displacement

when different fitting windows are adopted
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optifitting window size should be 3 pixel X 3 pix-
el, and increasing the template size not only in-
crease the calculation amount but also degrade
the calculation precision.
3.4 Effect of correlation functions

In process of searching an integral pixel dis-
placement, the correlation coefficient matrix of
points around target points (m’, n') is different
when correlation functions are different. For set
of given standard displacements, which are dis-
tributed uniformly in interval [0.1,1. 0] (pixel)
and the distance between two adjacent points is
0.1 pixel, the sub-pixel location error by the
three correlation functions described in section
2.1 is shown in Fig. 7. Every given standard dis-
placement is all calculated for ten times, where
the template size is 41 pixel X 41 pixel and the
fitting window size is 3 pixel X 3 pixel. Accord-
ing to data shown in Fig. 7, the biggest location
error by different correlation functions is 3. 94 X
10" pixel, so it is concluded that the effect of
selection of commonly used correlation functions
described in this paper is minute and even be
neglected. But considering calculation amount,
for single location, the calculation time by above
three correlation functions is 25. 67, 28. 1 and
35.9 s respectively. The calculation amount of
correlation function C, is less than that of C, and
calculation amount of correlation function C, is

less than that of C; . Consequently the correla -

0.000 6
0.0004
0.0002
0.000 0 +

-0.0002 | \§

—0.0004 +

S
(=
(=
(=]
(o)}

alculation error/pixel

“ 00008 |
~0.0010 |

00 02 04 06 08 10
Preassigned displacement/pixel

Fig. 7 Calculated errors of sub-pixel displacement
when different correlation functions are a-

dopted

tion function C; is selected to improve computa-
tional efficiency without degrading measurement

precision.
4 Experimental verification

The experimental equipment is shown in
Fig. 8, where the two-dimensional phase plate is
applied in the typical f-0 measuring system and
the measurement spot received by the target
plane of CCD is a diffraction spot. Then the
measurement results by the this equipment are
compared with those by the SZY-99 photoelec-
tric auto-collimator. The experimental condi-
tions are as follows: the temperature of environ-
ment is 20. 0 C and relative humidity is 60% ;
the measurement range of SZY-99 photoelectric
auto-collimator is =4 20", the measurement reso-
lution and measurement precision are 0. 01" and
+0. 1" respectively; the focal length of FT lens is
400 mm; the image detector is MV-1300UM
monochrome industrial digital camera with a pix-
el size of 5. 2 pm X 5. 2 um, the resolution is
1 280 pixel X1 024 pixel and SNR is bigger than
45 dB; light resource is linearly polarized He-Ne
laser with a wavelength of 632. 8 nm and the di-
ameter of measurement basis beam is 1 mm; the
CPU of computer is AMD 4400+ and the memo-
ry is 1G(DDR 667).

d Focal plane

FT lens

Phase plate

\ L
? ,

Laser  Beam splitter Reflector

Reflector

Autocollimator

Fig. 8 Schematic diagram of typical f-0 system

The factual measured diffraction pattern by

two-dimensional phase plate is shown in Fig. 9.
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It is seen that the four diffraction peak values are
not identical because the center of two-dimen-
sional is not coincident with that of collimated
beam completely which is called a centering er-
ror. The factual measured diffraction spot with
size of 131 pixel X 131 pixel is bigger than emula-
tion spot shown in Fig. 2 because of the diver-
gence angle of beam etc.. There exists minute
difference in the high frequency-domain between
factual diffraction spot and theoretical intensity
distribution shown in Fig. 2, it is because that
the aperture effect of optical elements in the sys-

tem is neglected in the process of emulation.

250+

200

L 1507
~

100+

50+

100
20030000 1007
pixel 500 pixe

Fig.9 Factual diffraction spot

According to above analyzing method, for
factual measured diffraction spot shown in Fig.
9, the optimal template size is 51 pixel X51 pix-
el, the optimal fitting window size is 3 pixel X 3
pixel and the selected correlation function is
standard correlation function C,. The experi-
mental comparison results show that the angle
measurement uncertainty of factual f~0 measure-
ment system is 0. 33" and the converted sub-pixel
location uncertainty of diffraction spot is 0. 09

pixel based on the theoretical formula of f - ¢
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