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Abstract

As a well-established technique for measuring surface deformation, the digital image correlation method (DICM) has
received wide application in experimental mechanics and structural analysis in recent years. One of the major challenges in
practical applications of this technique is how to achieve the lowest probability of mis-identification and reduce compu-
tation cost simultaneously. Based on this understanding, a novel coarse-fine search method for correlation analysis is
developed in this paper. This method is based on an affine transform and a new technique of fine searching called ‘‘nested
fine search method’’ which is for accelerating calculation. Additionally, a special algorithm is developed for generating sim-
ulated images. The proposed method is validated by comparing measured displacements with those of simulated images,
and proved to be much faster than the existing ones if the same accuracy is assumed. As the rigid displacements and the
elastic displacements induced by deformation can be directly calculated by the affine transform, the proposed method can
efficiently measure the full-field displacements of large displacement or finite deformation.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Affine transform; Coarse-fine search method; Nested fine search method; Digital image correlation method (DICM); Displ-
acement measurement
1. Introduction

Measurement of surface deformation is very
important in experimental mechanics and many
optical methods related to the measurement, such
as Moiré interferometry [1–4], shearography [5–7],
electronic speckle pattern interferometry (ESPI)
[8,9] and DICM [10–19,22–31], have been developed
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over the past years. As a powerful technique in pho-
tomechanics, DICM has attracted more and more
attentions from many researchers in recent years.
Perhaps this is due to its advantages including non-
contact, real time, and full-field measurement,
avoidance of tedious phase information, and inter-
ferometric fringe treatment.

The DICM was originally developed in early
1980s for experimental stress analysis [10,11]. Dur-
ing the following two decades, the potential
of DICM for analyzing stress and deformation
.
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behaviour was recognized. Over the past 20 years,
the DICM has been improved significantly for
reducing computation complexity and achieving
high accuracy with much reduced computation cost.
For example, a new implementation was proposed
in [16,17] for increasing output accuracy. The imple-
mentation was made by incorporating a second
order approximation of the deformation mapping.
Other implementations such as Double-parameters
method [18], Newton–Raphson iterative method
[19–21], quasi-Newton method [22,23], self-adaptive
search method [24–26] and gradient-based algo-
rithm [27] have also been proposed in the two dec-
ades to speed up optimization looping and
improve convergent performance. It should be
noted that, when using the approaches mentioned
above for deformation analysis, an initial value of
displacement is, in general, required as initial condi-
tions in the correlation procedure and the estimated
displacement is then obtained by one of the follow-
ing approaches: (1) search by a ‘coarse’ or ‘coarse-
fine’ search correlation approach [11]; (2) obtain a
sample point at which the displacement is smaller
than the initial guess, or search for it using the
‘coarse-fine’ search correlation approach, after
which the results from previous correlations are
taken as initial guesses for neighboring subsets
[19,28]; (3) search for the displacements of several
sample points first, then specify a predetermined
rigid displacement that can be overleaped, and carry
out a coarse search method in a somewhat smaller
square subset of (2–3) · (2–3) pixels [29].

With regarding to the approach (1), traditional
coarse search method searches for all the points of
interest in the whole field or in a square subset of
(2m + 1) · (2m + 1) pixels centered on the pixel
under consideration, where m is the specified maxi-
mum displacement. It is obvious that such a search
strategy is very time-consuming and the probability
of mis-identification is relatively high, especially
when the rigid-body displacement is very large.
Additionally, the computation complexity of the
common fine search method is proportional to
(x_step�1 + 1) · (y_step�1 + 1), where x_step and
y_step denote the fine-searching steps in the x and
y directions, respectively, and it must be ensured that
x_step�1 and y_step�1 are two integers. This also sig-
nificantly increases computing time. For example, if
a precision of 0.01 pixels in both directions is
expected, it is necessary to execute the number of cal-
culation 101 · 101 (=10,201) for each sample pixel.
For the second method, if the initial artificial guess
is not within approximately ±3 pixels of the actual
displacement, it is not only time-consuming (much
longer time is required for optimization looping),
but with relatively higher probability of mis-identifi-
cation, or divergent at worst during optimization
[30]. In addition, it is not feasible in general to use
the results from previous correlations as the initial
guesses for neighboring subsets. Again, this might
not ensure convergence during optimization if two
neighboring subsets are too faraway and the defor-
mation is relatively large, with the result that the dis-
placement difference between the two subsets would
be greater than ±3 pixels. The third approach has
the advantage of accelerating the coarse-searching
speed, especially in the case of large rigid-body dis-
placement. However, it is hampered by lack of auto-
mation and intelligence. Consequently, the search
schemes described above are either inefficient or
weak in automatization and intelligentized opera-
tion, there is a need to develop a faster, more auto-
matic and more intelligentized coarse-fine search
method. This is the motivation of this work.

In this paper, a novel coarse-fine search scheme
for DICM is developed. This scheme is based on
an affine transform, correlation analysis and a new
technique of fine searching. Here the affine trans-
form is employed to determine the approximate
position of each pixel in the undeformed image, in
contrast to previous studies in which the affine
transform was used as a shape function [28]. The
procedure of this search scheme is as follows: firstly,
the affine parameter is calculated through the iden-
tification of several points (xi,yi) (i = 1,2, . . . ,n, and
n P 3) with distinct features before and after defor-
mation; secondly, the approximate position of each
point in the region of interest is then evaluated by
the affine parameter; finally, a coarse-fine search is
conducted around the approximate position to
obtain the exact displacement. In addition, an algo-
rithm for generating simulated images is presented.
The algorithm has been validated by comparing
the measured displacements with the actual dis-
placements of simulated image, and is shown to be
much faster than the existing coarse-fine search
scheme if the same accuracy tolerance is used.

2. Principles

2.1. Affine transform

Affine transform is a mathematical technique
commonly used in image processing for obtaining
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the counterpart of one image to others. The affine
transform can map lines or curves from one coordi-
nate system to another and establish relationship of
lines between systems. It is noted that, in previous
studies, the affine transform represented by first-
order shape functions was used to allow a combina-
tion of translation, rotation, shear and normal
strains. The affine transform can also, however, be
used in the DICM to determine the approximate
locations in the deformed image, which correspond
to the sample points in the undeformed image, and
to generate a simulated image of a given image.

The affine transform is composed of a linear
transform and a translation transform. In 2D space
the transform can be expressed as
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is known as ‘‘inverse affine transform matrix’’.

Furthermore, supposing ðx0i; y 0iÞ to be the match-
ing point of (xi,yi) (i = 1,2, . . . ,n), the affine trans-
form model can be expressed in the general form as

X 0 ¼ AW ð4Þ
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� �
, W ¼
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5, and A is the affine transform

matrix.
The optimized transform matrix A can be
obtained by way of least-square method. The
least-square solution to A exists if and only if
WWT is a full-rank matrix, and can be written as

A ¼ X 0WTðWWTÞ�1 ð5Þ
The least-square solution to the inverse affine

transform matrix B can be obtained similarly.

2.2. Interpolation

It is well known that the digital speckle pattern
obtained by a digitizer (also called ‘image board’
or ‘image grabber’ in some publications) is in dis-
crete form. Intensity values are recorded as ‘pixels’.
Due to the discrete nature of digital images, a pixel
in an undeformed image may be mapped to a posi-
tion between pixels in the deformed image. To
locate accurately the position of subpixel, the
cross-correlation (or other matching criteria, e.g.
the least-squares correlation coefficient) must be
evaluated at noninteger locations. On the other
hand, a pixel in the origin image may also map to
a subpixel location after the transform when gener-
ating a simulated image. Therefore, an interpolation
method is required to reconstruct the gray-value at
the subpixel location. Several kinds of interpolation
formula are used in the literature, such as the bilin-
ear interpolation method, the polynomial interpola-
tion method and the bicubic spline interpolation
method. In the present work, the bicubic polyno-
mial interpolation method is used and can be
expressed as a convolution operator with the kernel
function

CubicðdÞ ¼ ðd � 2Þd2 þ 1 ðd 6 1Þ
½ð5� dÞd � 8:0�d þ 4:0 ð1 < d 6 2Þ

(

ð6Þ
where d is the x or y component of the distance be-
tween sampled pixels and subpixel location. With
this method, the gray-value of an arbitrary location
(x,y) is calculated by the formula

gðx; yÞ ¼
X4

i¼1

X4

j¼1

gðxi; yjÞCubicðdxiÞCubicðdyjÞ ð7Þ

where g(xi,yj) is the gray-value of the nearest 4 · 4
sampled pixels around the subpixel location, dxi

and dyj are the x and y components of the distance
between the sampled pixels (xi,yj) and the subpixel
location, respectively.



Fig. 1. Schematic diagram of nested fine search scheme.
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The bicubic interpolation method implements a
third order polynomial that allows both gray-values
and their derivatives (up to second order) to be con-
tinuous within each subdomain under consider-
ation. The bicubic interpolation approach is a
well-established mathematical method and can be
found in the literature [31].

2.3. Proposed coarse-fine search method

2.3.1. Nested fine search method

After the coarse correlation search, a ‘fine’ search
carried out at subpixel level is employed when nec-
essary. Here each of the approximate values of dis-
placement is equal to adding a decimal value to the
approximate value obtained in the coarse correla-
tion search. This process is not suitable for integral
pixel patterns. In this case an interpolation formula
is necessary, as described in the previous section.

The existing fine search methods usually search
for the best matching points by a given step in the
x and y directions, which are denoted by x_step
and y_step, respectively, in all the possible subsets
of the deformed intensity pattern in a square subset
of 1 · 1 pixels centered at the location determined
by coarse search. The computation complexity of
these fine search methods is proportional to
(x_step�1 + 1) · (y_step�1 + 1). It can be easily seen
that this scheme is time-consuming and expensive,
as a great number of correlation calculations must
be executed. For example, if a precision of 0.01 pix-
els in both directions is expected, it is necessary to
execute the calculation 101 · 101 (=10,201) times
for each sample pixel. Therefore, a new fine search
method called ‘‘nested fine search method’’ is here
developed to reduce computation complexity. This
new search strategy is used throughout this work,
and its scheme is described below.

For simplicity, suppose x_step = y_step = 10�n

pixel (n = 1,2, . . .), then the new search scheme is
as follows: firstly, search for the matching point to
the precision of 0.1 pixel for both directions in a
square subset of 1 · 1 pixels centered at the location
given by coarse search, and record the matching
point as ðx01; y 01Þ; secondly, search to the precision
of 0.01 pixel for both directions in a square subset
of 0.1 · 0.1 pixels centered at ðx01; y01Þ, and record
the matching point as ðx02; y 02Þ; . . .. Finally, search to
the precision of 10�n pixel for both directions in a
square subset of 10�n+1 · 10�n+1 pixels centered at
ðx0n�1; y

0
n�1Þ, and record the matching point as

ðx0n; y0nÞ. Then ðx0n; y 0nÞ is the best matching location
that is expected. The procedure of this nested fine
method is shown schematically in Fig. 1. Using this
scheme, n · 11 · 11 (=121n) calculations are
required for a precision of 10�n pixel in both direc-
tions. It is obvious that computation complexity is
considerably reduced except for the case when 10�n

is equal to 0.1, where the number of calculation is
the same for the two schemes. For instance, for the
precision of 0.01 pixels in both directions, only 242
calculations are required for the new search scheme,
which is 3% less than that of the previous scheme.

2.3.2. Coarse-fine search method based on affine

transform

The proposed coarse-fine search method based
on the affine transform and nested fine search
scheme is described as follows: Firstly, select n sam-
ple points (xi,yi) (i = 1,2, . . . ,n; n = 3 in our analy-
sis) with distinct features within the region of
interest in the undeformed image. Then search for
the corresponding matching point ðx0i; y0iÞ in the
whole field or in the given regions of the deformed
image. The given regions are rectangles visually
dragged out in the client window of the self-devel-
oped correlated software around the approximate
locations of the distinct feature points within the
deformed image. Secondly, calculate the affine
matrix A through the identification of these points
by Eq. (5). The location ðx0p; y 0pÞ in the deformed
image corresponding to the points (xp,yp) can then
be evaluated through Eq. (2). Then the nearest loca-
tion to ðx0p; y0pÞ at the integer-pixel level is approxi-
mately taken as ðx00p ; y 00pÞ. Subsequently, conduct a
coarse search in a rectangle subset of Width ·
Height pixels centered at ðx00p ; y 00pÞ to obtain the most
matching location ðx000p ; y000p Þ. Finally, the nested fine



Fig. 2. Schematic diagram of the present coarse-fine search method.
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search is carried out in the square subset of 1 · 1
pixels centered at ðx000p ; y000p Þ for the exact matching
location ðxm

p ; y
m
p Þ, and the displacement of each sam-

ple point can thus be obtained. The procedure
described above is schematically shown in Fig. 2.

3. Methodology verification using simulated images

3.1. Generation of simulated images

Computer-simulated images are used for verifica-
tion of the proposed coarse-fine search method due
to the ease of controlling image features and the
predicted information of deformation. However,
since commonly used software cannot translate an
image by subpixel displacement, it is necessary to
develop a technique for generating simulated images
at the subpixel level. A typical simulation method
for such purpose was proposed in [28] based on
the discrete Fourier transform. Its process is too
complex to be used in practical analysis, although
the method can avoid the introduction of unwanted
phase errors associated with polynomial or B-spline
interpolators. For efficiently generating simulated
images, a simulated technique based on affine trans-
form is developed and described below in detail.
The technique is suitable and sufficiently accurate
in comparison with the previous methods [28].

In the proposed method, we suppose the gray-
value of an arbitrary location (x,y) is g(x,y) for a
given original image, then using Eq. (2), the gray-
value g(x 0,y 0) of an arbitrary transformed location
(x 0,y 0) can be calculated by

gðx0; y0Þ ¼
gðx; yÞ; x P 0 and y P 0

0 or 255; x < 0 or y < 0

�
ð8Þ
subject to

06 x06 ceilðmaxða11ðnWidth�1Þþ sx;a11ðnWidth�1Þ
þa22ðnHeight�1Þþ sxÞÞ

06 y06 ceilðmaxða22ðnHeight�1Þþ ty ;a21ðnWidth�1Þ
þa22ðnHeight�1Þþ syÞÞ

a11 > 0; a22 > 0

8>>>>>><
>>>>>>:

ð9Þ
where nWidth and nHeight are the width and height
of the original image, respectively. The function
ceil(x) represents the smallest integer that is greater
than or equal to x. The coordinates (x,y), corre-
sponding to (x 0,y 0), can be determined from Eq.
(3). When (x,y) is not at the integer-pixel level, the
interpolation method, Eq. (7), is used to reconstruct
the gray-value at the subpixel level.

The algorithm above is suitable for generating the
corresponding simulated image of the original image
with given rigid-body translation or with preas-
signed deformation, such as rigid-body translation
with [u,v]T = [sx,sy]T or isotropy homogeneous dis-
tortion with displacement [u,v]T = [a11x + sx,a22y +
sy]T and displacement gradient [ux,vy]T = [a11 � 1,
a22 � 1]T. These two typical deformation configura-
tions are employed to verify the proposed coarse-fine
method in the following section.

3.2. Verification using simulated images

A typical gray pattern is used as the original
image with a chosen resolution of 128 · 128 and 8-
bit per pixel. Simulated images of this original
image are used to verify the accuracy and the com-
putational efficiency of the present coarse-fine
search method. Two typical deformation configura-



Table 1
Accuracy comparison of translated case

Exact value Mean value Difference Standard deviation

0.001 0.00099 0.00001 0.00004
0.005 0.00494 0.00006 0.00023
0.01 0.00991 0.00009 0.00039
0.025 0.02472 0.00028 0.00090
0.05 0.04911 0.00089 0.00176
0.075 0.07288 0.00212 0.00238
0.1 0.09590 0.00410 0.00295
0.25 0.22311 0.02689 0.00477
0.5 0.50144 0.00144 0.00942
0.75 0.77673 0.02673 0.00485
1.0 1.00000 0 0

Unit: pixel.
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tions are used to generate image pairs before and
after deformation: (1) rigid-body translation with
displacement [u,v]T = [sx, 0]T, and (2) uniaxial ten-
sile with displacement [u,v]T = [a11x, 0]T and dis-
placement gradient [ux,vy]T = [a11 � 1,0]T. The
present coarse-fine search method and the previous
search scheme are employed to determine the inte-
ger-pixel and subpixel displacements. A comparison
of these calculated values with the preassigned val-
ues reveals the accuracy of these schemes. Further,
a comparison of calculating times between the pres-
ent scheme and the previous one demonstrates the
computational efficiency of the present scheme.
For each image pair, a region of 102 · 102 pixels
in the original image is investigated. There are 324
points of interest with fixed positions in this region.
All computations are completed under the same
conditions of PIV-2.4G mainframe with 256M
memory, and the correlated subset size is 21 · 21
pixels.

3.2.1. Accuracy comparison with preassigned

displacement

Accuracy of the proposed method is verified and
compared with the existing methods in this section.
The verification and comparison are made using the
simulated undeformed images with preassigned
rigid-body displacement [u,v]T = [0.001 � 1.0,0]T

pixels and deformed images with both preassigned
displacement [u,v]T = [1.05x, 0]T pixels and displace-
ment gradient [ux,vy]T = [0.05,0]T.

For the translated case, the measured mean dis-
placements and standard deviations of the 324
points in the original image are calculated, and the
result is listed in Table 1. It can be seen from Table
1 that the measured mean displacement is almost
identical with the preassigned value, except when
Fig. 3. Verification of the algorithm under (a) preassigned rig
the preassigned displacement u is equal to 0.25
and 0.75 pixels, where highest reconstruction error
caused by intensity interpolation occurs [31]. There-
fore, the measured mean values at these two posi-
tions are not taken into account when determining
the linear fit of the mean values, and the result is
shown in Fig. 3(a). Again, it can be seen from
Fig. 3(a) that a good agreement is observed between
the linear fit data and the preassigned displace-
ments.

For the uniaxial deformed case, since the true
displacement is constant along vertical lines in the
image, the average is taken along the vertical direc-
tion, where 18 data points are available for each
line, resulting in a total of 18 mean values calcu-
lated, as shown in Table 2. Although the differences
between the mean values and the preassigned values
in the deformed case are always relatively larger
than those in the translated case, the mean values
are thought to be sufficiently accurate enough to
be the initial displacement values, accounting for
shape changing in the deformed case and the maxi-
id-body translation and (b) homogeneous deformation.



Table 2
Accuracy comparison of deformed case with 5% uniaxial strain

x Exact value Mean value Difference Standard
deviation

11 0.55 0.57756 0.02756 0.00877
17 0.85 0.88489 0.03489 0.00979
23 1.15 1.12400 0.02600 0.00745
29 1.45 1.45789 0.00789 0.01765
35 1.75 1.79028 0.04028 0.01501
41 2.05 2.02272 0.02728 0.02136
47 2.35 2.30361 0.04639 0.01319
53 2.65 2.66778 0.01778 0.01164
59 2.95 2.97494 0.02494 0.01244
65 3.25 3.21761 0.03239 0.00937
71 3.55 3.56983 0.01983 0.01148
77 3.85 3.88572 0.03572 0.01285
83 4.15 4.11744 0.03256 0.02101
89 4.45 4.42444 0.02556 0.00807
95 4.75 4.79250 0.04250 0.01221

101 5.05 5.04700 0.00300 0.01420
107 5.35 5.31011 0.03989 0.01180
113 5.65 5.66144 0.01144 0.01120

Unit: pixel.
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mum difference is less than 0.05 pixels. Moreover, as
the true displacement is also proportional to the x

location, a linear fit of the mean values is conducted,
as shown in Fig. 3(b). In a similar manner, a good
agreement is observed between the linear fit data
and the preassigned displacements.

3.2.2. Comparison of accuracy and computation
time between coarse-fine search methods

Simulated images with rigid-body translation are
generated to compare the accuracy and computa-
tion time of the presented search scheme with the
previous method. Four typical cases each of which
uses the same minimum step are considered. In each
case, a region of 102 · 102 pixels with 324 points of
Table 3
Comparison of accuracy and computation time between the two search

Case Search
scheme

Exact
value

Mean
value

Difference St
de

1 New 0.005 0.00494 0.00006 0.0
Previous 0.005 0.00494 0.00006 0.0

2 New 0.01 0.01 0 0
Previous 0.01 0.01 0 0

3 New 1.0 1.0 0 0
Previous 1.0 1.0 0 0

4 New 10.0 10.0 0 0
Previous 10.0 10.0 0 0

Unit: pixel.
interest is investigated, and the data obtained are
listed in Table 3.

It can be seen from Table 3 that the accuracy of
the present scheme is identical to that of the previ-
ous scheme when the same minimum step is used.
The computation time for the presented search
scheme, however, is much less than that of the pre-
vious scheme except for the case 3. In case 3, same
computation time is required for the fine search of
the two schemes when the same minimum step
(0.1 pixels here) is used. While much more time is
required for the present coarse search scheme as
an additional calculation induced by the affine
transform is required when the same coarse-search-
ing region size is used. It should be mentioned that
both two search processes include two major stages:
fine search and coarse search. The time spent in each
of these two stages may be different from one
method to another. The computing time listed in
Table 3 is the total time spent in the whole process.
Therefore, it is recommended that position predeter-
mination using affine transform should be avoided if
the exact displacement is less than 3 pixels. In cases
1 and 2, although computation time for the coarse
search is longer, the proposed coarse-fine search
strategy is still much faster than the pervious search
method, because the nested fine search scheme can
considerably increase the calculating speed. In case
4, affine transform permits small coarse-searching
region size, thus can significantly increase the calcu-
lating speed during the searching process. This is
particularly true when the translation is very large
even if same minimum step not less than 0.1 pixels
of fine search is used, indicating that the computa-
tion time of the fine search for these two schemes
is usually the same. As a result, the proposed
coarse-fine search method has an advantage over
methods

andard
viation

Minimum
step

Coarse-searching
region size

Computation
time (s)

0023 0.001 3 · 3 158.735
0023 0.001 3 · 3 121,668.967

0.01 3 · 3 106.609
0.01 3 · 3 1226.781

0.1 3 · 3 54.641
0.1 3 · 3 14.969

0.1 3 · 3 106.531
0.1 21 · 21 1269.032
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the previous search scheme in view of computing
time. The proposed method can be used as a
real-time processing tool with particular speed
requirements for analyzing problems with larger
displacements.

4. Conclusions

A novel coarse-fine search scheme for DICM is
developed by introducing affine transform and a
nested fine search strategy into the previous DICM.
Numerical investigation shows that the proposed
method has three features: (1) the nested fine search
method can achieve higher processing speed than
that from the previous coarse-fine search scheme if
the same accuracy is assumed; (2) as the approxi-
mate rigid displacement and elastic displacements
induced by deformation can be directly and auto-
matically determined using affine transform, the
approximate location of objective images corre-
sponding to the rigid displacement and elastic dis-
placements can thus be determined. As a result,
the process for repeatedly searching for the rigid dis-
placement of each sample pixel, which is necessary
in the previous search methods, can be omitted. A
relatively smaller searching region size and a smaller
number of calculations for coarse search are then
achieved, and the proposed scheme becomes more
automated and more intelligent than previous
schemes; (3) a relatively smaller coarse-searching
region size can decrease the probability of mis-iden-
tification and increase the quality of identification.
As a result, good agreement is achieved between
the measured data and simulation results. In conclu-
sion, the approach is much faster than the existing
ones if the same accuracy is assumed, thus has an
advantage over the previous scheme in view of com-
puting time. In particular, it is suitable to be used as
a real-time processing tool with particular speed
requirements. It concludes that a combination of
DICM with iterative methods and affine transform
can result in a more accurate, more automated
and more intelligent measurement technique for
measuring full-field displacements of large displace-
ment and finite deformation.
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