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Abstract: To solve the problem of a large deformation measurement by using the Digital Image Corre-
lation (DIC) method, a DIC method based on seed points is presented. After dividing subsets in the
reference image, one point is chosen as the seed point and is matched firstly. According to the deform-
ation continuity of adjacent stages of the image, an improved integer pixel search method is proposed
to guarantee that the seed point can be matched successfully even in a large deformation situation.
Once the seed point is matched, it can be used to calculate the initial correlation parameters of its four
neighbor points according to the deformation continuity of neighbor points in one stage. The above
progress repeats until all the points are matched. A rigid rotation experiment and a tensile test are car-
ried out to verify the proposed method. Measurement results for 40° rotation and large deformation up

to 113% confirm the validity of the method.
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1 Introduction

The Digital Image Correlation (DIC) method u-
ses the random speckle pattern to match the cor-
responding points in the reference image and the
deformed image. Traditionally, in order to track
the location of a point in the deformed image. a
square subset surrounding the point in the refer-
ence image is chosen and used as reference sub-
set. A certain correlation coefficient is prede-
fined to evaluate the similarity between the ref-
erence subset and the target subset. Then the
corresponding point can be obtained by searching
the maximum (or minimum) correlation coeffi-
cient in the deformed image'" .

The Newton-Raphson (NR) method™*' and
the iterative least-squares (ILS)™' method are
the most commonly used algorithms. Compared
to NR method, the ILS method is more brief and
easy to implement, and is adopted in this paper.
Both of the two methods are nonlinear optimiza-
tion algorithms, and their convergences heavily
rely on the initial values of the unknown correla-

tion parameters-*.

Normally, a coarse search
scheme pixel by pixel can be employed to get the
initial value. However, the coarse search
scheme fails when large rotation and/or large de-
formation occurs between the reference and tar-
get subsets. Some global optimization algo-
rithms do not require initial values, such as ge-

I and difference algorithm'.

netic algorithms®
Yet these global algorithms are very time-consu-
ming and are rarely adopted in practical use. A
nested coarse-fine algorithm based on affine
transformation is proposed'™ which can provide
the initial value for each point through calculat-
ing the overall relative deformation of two ima-

ges using three or more feature points. A tech-

nique can provide reliable initial value for the

first calculation point by picking three corre-
sponding points manually. The two methods
need human interaction, and are somewhat cum-
bersome if the number of deformation images is
large.

This paper proposes a new scheme of large
deformation in the digital image correlation. Af-
ter selecting calculation area and dividing subsets
in the reference image, an arbitrary subset is
used as a seed point and is matched firstly. An
improved coarse search scheme which makes use
of the deformation continuity of the adjacent
states is proposed to provide the initial correla-
tion parameters of the seed point. Using this
method, the seed point can be matched success-
fully even in a large rotation and/or large de-
formation situation. After the seed point is
matched, it can be used to calculate the initial
values of its four neighbor points. The same
procedure repeats until all the points are
matched successfully. To a series of continuous
deformation images, the proposed method can

handle large deformation efficiently without ini-

tial manual operations.

2 Large deformation measurement

scheme

2.1 The principle of digital image correlation
method
The digital image correlation method uses the
random speckle pattern to match the correspond-
ing points precisely on two digital images. As
shown in Fig. 1, the left image is a reference im-
age, and the right one is a deformed image. In
the reference image, a square reference subset of
(2M—+1) X (2M—+1) pixel centered at point (x,
) is picked. The matching procedure is to find

the corresponding subset centered at point (x’,
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y') in the target image which has the maximum
Then the

two center points (x.,y) and (x',y") are a cou-

similarity with the reference subset.

ple of corresponding points of the two images.
Obviously, the relative relationship of gray level
in the reference image does not change in the tar-
get image, so any point (x;,y;) in the reference
subset can be mapped to a point (z;”,y;”) in the
target image according to a mapping function.
The first-order mapping function is used in our
algorithm, which allows translation, rotation,
shear, normal strains and their combinations of
the subset:

x' = x+Ar+ ut u,Ax+ u, Ay

v’ =y +Ay+ v+ v.Ar+v,Ay '

where Ax, Ay are the distances from the

QD)

subset center to points(x;,y;); u and v are the
displacement components of the reference subset
center in x and y directions;u, »u,,v, v, are the
first-order displacement gradients of the refer-
ence subset.

As mentioned before, in order to get the in-
itial value for the ILS algorithm, the coarse
search scheme pixel by pixel is usually used to
find the initial value of displacement component
(u,v), and the initial value of correlation param-
eters is set to p=[u,0,0,v,0,0,0,1]. But the
coarse search scheme does not work when large
rotation and/or large deformation happens. To
overcome this problem, an improved search
scheme is proposed in the following section
which makes use of the deformation continuity

of the adjacent states.

Reference De_formed
image image

Tay
=

Ax
SxyirEratr X glxlyh)

| I

Fig. 1 Basic principle of digital image correlation

2.2 Image correlation method based on seed
point
Before correlation calculation, the calculation ar-
ea is specified and divided into subsets as shown
in Fig. 2 (a), and each white square subset re-
presents a point. However, the coarse search
scheme is quite time-consuming and only dis-
placement component is considered which may
decrease the convergence speed of ILS algo-
rithm., so the whole match procedure will be
quite inefficient if the initial value of each point
is provided through the coarse search scheme.
To speed up the matching procedure, an im-
age correlation method based on seed point is in-
troduced here. As is shown in Fig. 2 (a), after
the calculation area is divided into subset, an ar-
bitrary subset is used as the seed point (black
square subset) in the reference image and is
matched firstly. The initial correlation parame-
ter of the seed point is obtained by the proposed
improved coarse search scheme, and then opti-
mized by the ILS method.

(b) All points are matched

Fig. 2 Calculate correlation parameters using a seed point

The improved coarse search scheme guaran-
tees that the seed point can be matched success-

fully even in a large rotation or large deformation
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situation. After the seed point is matched, con-
sidering the deformation continuity of neighbor
points, the seed point is then used to calculate
the initial values of correlation parameters of its
four neighbor points (left, right, up, down).
An estimation of the location of the neighbor
point in deformed image can be obtained accord-
ing to Eq. (1), which can be used to solve the
initial values of u and v directly. The initial val-
ues of the rest of correlation parameters are set
according to the seed point. Then the ILS algo-
rithm is used to refine the correlation parameter
of the neighbor points. Once the four neighbor
points are matched successfully, they can act as
seed points for their neighbor points. The proce-
dure repeats until all the points are matched, as
shown in Fig. 2 (b). Because the deformation
parameters of neighbor points are very close, the
initial value of ILS algorithm can be provided
with high accuracy. Additionally, because only
one seed point is needed, the computing time of
coarse search scheme can be ignored and the to-

tal time of correlation is much reduced.

3 Experiments and result analysis

A rotation experiment and a tensile experiment
are carried out to verify the proposed method.

3.1 The rotation experiment with variant angles
The original image is shown in Fig. 3(a) as the
reference image. By rotating the image around
its center counter-clockwise by 5°, 10°, 15°,
20°, 25°, 30°, 35°, 40°, respectively, and eight
continuous deformed images are generated. Af-
ter dividing subsets in the reference image, an
arbitrary subset is used as the seed point (black
square subset) and matched in all the eight de-
formed images. If traditional coarse search
scheme is employed, the seed point can only be
matched successfully in the first deformed image
(under 5° rotation) , but failed in the other ima-
ges. Yet if the improved coarse search scheme is

applied, the seed point can be matched success-

(b)Deformed image after

(a)Reference image before

rotation 40°rotation
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(¢) and (d) Displacement magnitude distribution of
deformed image after 40° rotation without and
with isolines

Fig. 3 Rotation experiments with variant angles
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Fig. 4 Displacement vector of 40° rotation

fully in all the eight images. After the seed point
is matched, the correlation spreads out from the
seed point according to the method illustrated in
section 2, and all the points are matched. Fig. 3
(b) is the correlation result of the image after
40° rotation. After all the points are matched,
the displacement field can then be obtained di-
rectly. Fig. 3 (c¢) is the displacement magnitude
distribution color map of deformed image after

40° rotation, and Fig. 3 (d) is the same color
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map with isolines on it. Fig. 4 is the correspond-
ing displacement vector field. As can be seen
from the figures, the measurement results meet
the pre-imposed deformation. In fact, even rota-
tions larger than 40° can also be calculated using
this method, as long as the neighbor stages do
not change too much.

3.2 The tensile deformation test

During the tensile test, the drawing speed is set
to 10 mm/min, and the camera frame rate is set
to 1 frame/s. There are 102 stages collected
throughout the experiment in all. Because the
45# steel has very good toughness, necking
happens at the end of the test. The deformation
at the necking place is very large, including both
rotation and stretching. Fig.5 (a-d) shows ima-
ges of four stages and their correlation results.
By dividing subsets in the reference image, and
choosing an arbitrary subset as the seed point
(the black square subset) and match it firstly,
as shown in Fig. 5 (a). As can be seen in Fig. 5
(d), quite large deformation happens to the seed
point. If the traditional coarse scheme is used,
only the first 30 stages can be matched success-
fully. However, if the improved coarse scheme
is used, all the 102 stages can be matched suc-
cessfully. Here, we deliberately choose a point
with larger deformation (at the necking place) as
the seed point to test the proposed method. Of
course, we can also choose a point with little de-
formation as the seed point. In that case, the
difficulty of matching is reduced and the tradi-
tional coarse search method can work in more
than 30 stages, but still unable to calculate all
the stages.

After all the stages are matched, their dis-
placement fields can be obtained directly. Fig. 5
(e-h) illustrates the displacement fields of the
four stages. The displacement becomes larger a-
long the tensile direction, which agrees with the
actual displacement distribution. The strain of
different stages is calculated using the method

presented in section 2 (D). The major strains

and minor strains of the four stages are displayed

in Fig. 5 (i-D) and Fig. 5 (m-p), respectively.
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Fig. 5 Images and correlation results of (a) Reference
stage (b) 50th stage (c¢) 90th stage (d) 102th
stage. Displacement field of (e) the reference
stage, () the 50th stage, (g) the 90th stage and
(h) the 102th stage. Major strain field of (i) the
reference stage, (j) the 50th stage, (k) the 90th
stage and (1) the 102th stage. Minor strain field
of (m) the reference stage, (n) the 50th stage,
(0) the 90th stage and (p) the 102th stage.

As we can see in the figures, the strain
throughout the specimen is almost uniform in
the beginning of the test, but when necking hap-
pens, the strain at the necking position is much
bigger than those of other positions and the ma-
jor strain at the necking place in the last stage is
up to 113%. The measurement results clearly
demonstrate the robustness of the proposed

method.
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4 Conclusions

A large-deformation measurement scheme based
on the digital image correlation method is pres-
ented in this paper. The correlation calculation
starts with a seed point. An improved coarse
search method is proposed to calculate the initial
correlation parameters of the seed point to guar-
antee that the seed point can be matched success-
fully even in a large deformation situation. Once
the seed point is matched, it can be used to cal-
culate the initial correlation parameters of its
neighbor points according to the deformation

continuity. The procedure repeats until all the
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