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A universally applicable reliability-guided digital image correlation (DIC) method is proposed for reliable
image deformation measurement. The zero-mean normalized cross correlation (ZNCC) coefficient is used
to identify the reliability of the point computed. The correlation calculation begins with a seed point and
is then guided by the ZNCC coefficient. That means the neighbors of the point with the highest ZNCC
coefficient in a queue for computed points will be processed first. Thus the calculation path is always
along the most reliable direction, and possible error propagation of the conventional DIC method can
be avoided. The proposed novel DIC method is universally applicable to the images with shadows,
discontinuous areas, and deformation discontinuity. Two image pairs were used to evaluate the perfor-
mance of the proposed technique, and the successful results clearly demonstrate its robustness and
effectiveness. © 2009 Optical Society of America

OCIS codes: 100.2000, 120.3940, 120.6150, 120.6650.

1. Introduction

Two-dimensional (2D) digital image correlation
(DIC) [1–5], three-dimensional (3D) DIC [1,6], and
the shadow speckle method (or speckle projection
profilometry) [7] have been extensively investigated
and widely used for in-plane deformation (2D DIC),
3D shape and deformation (3D DIC), as well as
3D shape and out-of-plane displacement (shadow
speckle method) measurements. While using these
correlation-based techniques, the most important
task is to reliably and accurately measure the motion
of each image point (i.e., image deformation), which
is normally carried out by matching or tracking the
same image points located in the two images re-
corded in different states or by different cameras
from different orientations. Only when the image de-
formation is accurately determined can it be further
converted to the desired physical quantities, such as
displacement of the test object surface and height
information of each point.

Before the implementation of DIC analysis, a re-
gion of interest (ROI) should be specified or defined
in the reference image. The regularly spaced points
within the ROI are considered as valid points to be
computed. The conventional correlation calculation
generally starts with the upper left point of the ROI.
Then the calculation analysis is carried out point by
point along each row or column. To accurately deter-
mine the displacement components, subpixel displa-
cement using the Newton–Raphson (NR) method is
highly recommended [2]. Because the NR method
is able to take the deformation of the subset into con-
sideration, it is unaffected by large strains and/or ro-
tations of the deformed image [8–10]. While using
the NR method, the initial guess is quite important,
because it directly affects the converge characteris-
tics of the algorithm [9]. Normally, to speed calcula-
tion and save computation time, the computed
displacements and strains of the current point are
used as the initial guess of the next point according
to the continuous deformation assumption. In this
sense the conventional pointwise DIC computation
is a path-dependent approach. Although we can esti-
mate the initial guess separately for each point, this
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approach is either impractical because it is extre-
mely time-consuming or impossible if large deforma-
tion or rotation is present in the deformed image.
So even though the well-established conventional

DIC method is effective in most cases, this path-
dependent approach may give rise to wrong results
in the following cases. First, if the digital images of
the practical test object contain discontinuous areas
such as cracks, holes, or other discontinuous area, or
if an irregular ROI is defined in the reference image,
the transfer of initial guess will fail to provide reli-
able initial guess for the next point in some locations.
Second, if apparent discontinuous deformation oc-
curs in the deformed image, the transfer of initial
guess also fails. Third, an occasionally occurring
faulty data point will also provide a wrong initial
guess for the next point. In all these cases, if one
point is wrongly computed, the results of bad points
will be passed to the next point, leading to the pro-
pagation of error. It should be noted that the so-called
continuum (or global) DIC method based on B-spline
function proposed by Cheng et al. [11] or the finite
element formulation proposed by Sun et al. [12] may
be able to cope with the these problems to some
extent by ensuring the displacement continuity
and displacement gradients continuity among calcu-
lation points; however, the implementation of the
continuum DIC method is very complicated and com-
putation intensive.
Here a novel and universally applicable reliability-

guided digital image correlation (RGDIC) method is
proposed to overcome the disadvantage of the con-
ventional DIC method. The central idea of the
proposed technique is that the deformation para-
meters of the computed point with highest zero-mean
normalized cross correlation (ZNCC) coefficient [4] in
a queue for computed points are used as the initial
guess of its neighboring points to continue correla-
tion analysis. This means the neighbors of the point
with highest ZNCC coefficient will be computed ear-
lier. It is necessary to note that a similar concept has
been used in a reliability-guided phase unwrapping
algorithm [13–15] in fringe pattern analysis. How-
ever, in a reliability-guided phase unwrapping

algorithm, the reliability parameter map is built be-
fore computation. According to this map the reliabil-
ity-guided phase unwrapping algorithm unwraps the
pixels with highest reliability. Thus, if there is any
error, it is limited to local minimum areas [13]. In
contrast, the RGDIC method is quite different from
the reliability-guided phase unwrapping algorithm
in that we can not generate a reliability parameter
map to guide the computation path before correlation
analysis. In the RGDICmethod the correlation calcu-
lation begins with a seed point and is then guided by
ZNCC coefficients of the computed points. This en-
sures the calculation path is always along the most
reliable direction and error propagation is avoided.
Thus the proposed algorithm is insensitive to the dis-
continuous area and deformation contained in the
deformed image. It is universally applicable to the
deformation measurement of the images with any
deformation state. To verify the performance of the
proposed method, two image pairs acquired from 3D
DIC and shadow speckle experiments are employed
in validation experiments. Experimental results
clearly demonstrate the robustness and effectiveness
of the novel method.

2. Reliability-Guided Digital Image Correlation

A. Basic Principle of Digital Image Correlation

In essence DIC is a deformation measurement
technique based on digital image processing and nu-
merical computing. The basic principle of DIC is
schematically illustrated in Fig. 1. A square refer-
ence subset of ð2M þ 1Þ × ð2M þ 1Þ pixels centered
at the current point Pðx0; y0Þ from the reference im-
age is chosen and used to find its corresponding loca-
tion in the target image. Once the location of the
target subset in the deformed image is found, the dis-
placement components of the reference and target
subset centers can be determined. In practical imple-
mentation of DIC, a ROI in reference image must be
specified first and further divided into evenly spaced
virtual grids. The displacements are computed at
each point of the virtual grids to obtain the full-field
deformation.

Fig. 1. (Color online) Basic principle of the DIC method.
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To obtain accurate estimation for the displacement
components of the same point in the reference and
target images, the following zero-normalized sum
of squared differences (ZNSSD) correlation criteria
[4], which is insensitive to the scale and offset of il-
lumination lighting fluctuations, is utilized to evalu-
ate the similarity of reference and target subsets:

CZNSSDðpÞ ¼
XM
x¼−M

XM
y¼−M

�
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where f ðx; yÞ is the gray level intensity at coordinates
ðx; yÞ in the reference subset of the reference image,

gðx0; y0Þ is the gray level intensity at coordinates
ðx0; y0Þ in the target subsets of the deformed image,
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are the mean intensity values of reference and target
subsets, respectively, and p denotes the desired
vector with respect to displacement mapping func-
tion used.
It is necessary to point out that the ZNSSD corre-

lation criterion is actually related to the commonly
used ZNCC according to the following equation [4]:
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Because of its simplicity, in this work the ZNSSD cor-
relation criterion is optimized using the NR method
for computing displacement components of each cal-
culation point. But the computed ZNSSD coefficient
is then converted to the ZNCC coefficient according
to Eq. (2) and is used as reliability to guide the

correlation calculation in the proposed RGDIC meth-
od, because the ZNCC coefficient with a range of
½−11� is quite intuitive to show the similarity between
the reference subset and target subset.

In Eq. (1) the point ðx; yÞ in the reference subset
can bemapped to the point ðx0; y0Þ in the target subset
according to the so-called “displacement mapping
function” [10]. The commonly used first-order displa-
cement mapping function [8] is given as

x0 ¼ x0 þΔxþ uþ uxΔxþ uyΔy;

y0 ¼ y0 þΔyþ vþ vxΔxþ vyΔy : ð3Þ

The second-order displacement mapping function
[6,7,10], which is capable of approximating more
complicated deformation of the deformed subset, is
expressed as

x0 ¼ x0 þΔxþ uþ uxΔxþ uyΔyþ 1
2uxxΔx2 þ 1

2uyyΔy2 þ uxyΔxΔy;

y0 ¼ y0 þΔyþ vþ vxΔxþ vyΔyþ 1
2 vxxΔx2 þ 1

2 vyyΔy2 þ vxyΔxΔy : ð4Þ

In Eqs. (3) and (4), u and v are the displacement com-
ponents for the subset center in the x and y direc-
tions, respectively; Δx ¼ x − x0 and Δy ¼ y − y0 are
the distances from the subset center ðx0; y0Þ to point
ðx; yÞ; ux, uy, vx, and vy are the displacement gradient
components; and uxx, uyy, uxy, vxx, vyy, and vxy are the
second-order displacement gradient components of
the subset.

It is evident that Eq. (1) is the nonlinear function of
6 or 12 unknown parameters, depending on the dis-
placement mapping function used. Equation (1) can
be optimized to get the desired in-plane displace-
ment components in the x and y directions using
the following classic NR iteration method [4]:

p ¼ p0 −
∇Cðp0Þ
∇∇Cðp0Þ

; ð5Þ

where p0 is the initial guess of the solution, which
can be achieved through a simple integer pixel dis-

placement searching process or other approach
[16], p is the next iterative approximation solution
of Eq. (5), ∇Cðp0Þ is the gradients of correlation cri-
teria, and ∇∇Cðp0Þ are the second-order derivatives
of correlation criteria, commonly called Hessian ma-
trix, which can be further approximated to simplify
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calculation without loss of accuracy [9]. A detailed
description of the NR method with ZNCC criterion
can be found in [4].

B. Reliability-Guided Digital Image Correlation

In the conventional DIC method, if some points are
wrongly computed due to area discontinuity and/or
deformation discontinuity and/or other reasons, the
results of bad points will be transferred to the next
point, leading to the propagation of error. Here the
so-called RGDIC method using the ZNCC coefficient
as reliability parameter is proposed to cope with the
problem.
Similar to the approach used in reliability-guided

phase unwrapping [13], in the practical implementa-
tion of the proposed RGDIC method, a queue Q and
two binary masks Mv and Mc with the same size of
digital image should be built. If a point has been com-
puted, it is subsequently inserted into the queue Q
according to the magnitude of its correlation coeffi-
cient. The binary mask Mv is to identify the valid
points to be computed or not to be computed. It can
be defined after the ROI and grid step is specified in
the reference image. In mask Mv, valid points to be
computed are set as 1 otherwise 0. The other binary
mask Mc denotes the valid points have been com-
puted. The initial value of each pixel in Mc is set
to 0. If one point has been computed, its correspond-
ing position in maskMc is set to 1. Besides, it is quite
important to mention that a good seed point (or start-
ing point) that can be accurately and reliably
searched in the deformed image must be specified
first. The deformation and ZNCC correlation coeffi-
cient of the seed point can be computed using auto-
matic searching scheme or other techniques [16].

Fig. 2. Example of RGDIC based on the computed ZNCC coefficient value.

Fig. 3. (Color online) (a) Left image and (b) right image of the
composite film surface. The yellow ellipse of the reference image
is the defined ROI, and the inner red square shows the selected
seed point and its subset.
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A detailed description of the proposed RGDIC
method is as follows:

1. The four neighboring points of the seed point
are computed. Then these computed points are
marked as 1 in the binary mask Mc. Afterward the
four neighboring points are inserted into the queue
Q according to their ZNCC correlation coefficients
from higher to lower one. Figure 2(a) shows an exam-
ple of a 5 × 5 points local area.
2. The first point with maximum ZNCC correla-

tion coefficient is removed from the top of the queue.
Then each of its four neighboring points is judged as
to whether it is a valid point to be computed and has
not been computed. If it is a valid point (i.e., Mv ¼ 1)
and not computed (i.e., Mc ¼ 0), then its displace-
ments and strains are computed using the NR meth-
od. Note that the computed deformation parameters
of the removed points are used as initial guess for its
neighbors. Subsequently, these calculated points are
labeled as one in the binary mask Mc and inserted
into the queue according to its ZNCC correlation
coefficient order, as shown in Fig. 2(b).
3. Step 2 is repeated until the queue is empty,

which means that all points have been computed

and the correlation computation is finished.

From this description it is evident that the correla-
tion analysis is always performed along the points
with highest ZNCC coefficient in the queue. If some
points are wrongly computed with low ZNCC coeffi-
cient, the computation of its neighbors will be post-
poned. Thus the proposed algorithm is insensitive
to the discontinuous area and deformation contained
in the deformed image and is universally applicable
to the deformation measurement of the image with
discontinuities.

3. Experimental Verification

Here two image pairs taken from previous experi-
ments will be processed to verify the performance
of the RGDIC method. In the following calculation
the NR algorithm with second-order displacement
mapping function is employed to optimize the ZNCC
criterion to get the desired deformation parameters
for each point, and the subset used is 41 × 41 pixels
and the grid step (i.e., the distance between neigh-
boring points) is set as 5 pixels.

Fig. 4. (Color online) Three intermediate stages and the finial results of the computed u displacement (top), v displacement (middle), and
ZNCC coefficient (bottom) distributions using the RGDIC method.
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A. Stereo Image Pair of the Three-Dimensional Digital
Image Correlation Experiment

The first test image pair, as shown in Fig. 3, was ta-
ken from the 3D DIC experiment. The 3D DIC based
on a combination of the binocular stereo vision and
DIC technique can be used for 3D shape and defor-
mation measurement of curved surface. In the 3D
DIC technique, stereo vision calibration and stereo
matching of homograph points are two crucial steps
[17]. The task of stereo matching is to precisely
match the same physical point recorded in the left
and right images, which is commonly considered as
the most difficult part in stereo vision.
In the experiment the speckle images of a multi-

layer composite film was recorded using two cameras
from different orientations. The purpose of the ex-
periment is to reconstruct the 3D profile and deter-
mine the 3D deformation of the test multilayer
composite film surface caused by various inner
pressures in a bugle test. The two images shown
in Fig. 3 were recorded with an inner water pressure
of 0:4kPa.
Because only the deformation of the film surface is

concerned, an irregular ROI is defined as indicated in
Fig. 3(a). For the calculation points within an irregu-
lar ROI, conventional DICmethod is prone to provide
the wrong results in some locations. Using the pro-
posed RGDIC method, the calculation starts from
the seed point and is then guided by the ZNCC coef-
ficient of computed points. The computed u displace-
ment and v displacement fields using the RGDIC
method are shown in Figs. 4(d) and 4(h), respectively.
In Fig. 4(l) the computed ZNCC coefficients are all
larger than 0.98, which proves the reliability of the
computation. Figure 4 also gives the intermediate
stages of the computed u displacement, v displace-
ment, and ZNCC coefficient distributions using the
RGDIC method. From the four stages of the ZNCC
coefficient distributions, we can clearly see that the
displacements were computed from the points with a
larger ZNCC coefficient to the points with a small
ZNCC coefficient. For example, the points located

in the upper left and upper right areas of the ROI
are computed later since the ZNCC coefficients of
these points are smaller than those of other points,
as can be seen from Fig. 4.

In the experiment the stereo vision calibration
technique used in [6] was employed to calibrate the
intrinsic parameters (i.e., effective focal length,
principal point, and lens distortion coefficient) and
extrinsic parameters (i.e., the 3D positions and orien-
tations of the camera relative to a world coordinate
system) of each camera. Based on these calibrated
parameters and computed disparity data using the
RGDIC method, we can reconstruct the 3D shape
of the composite film surface as illustrated in Fig. 5.
The 3D profile of the film due to inner pressure is in
accordance with practical situation.

B. Image Pair of Shadow Speckle Experiment

The second test image pair as shown in Fig. 6 was
acquired in a shadow speckle experiment. The
shadow speckle method combines the projection of

Fig. 6. (Color online) (a) Reference image and (b) target image.
The yellow rectangle of the reference image is the defined ROI,
and the inner red square illustrates the selected seed point and
its subset.

Fig. 5. (Color online) Reconstructed 3D shape of the composite
film surface subjected to 0:4kPa inner pressure.
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computer-generated random speckle pattern onto
the reference plane using an ordinary LCD projector
and the 2D DIC for in-plane displacements measure-
ment [7]. The computer-generated speckle pattern is
projected onto the reference plane first and then
projected onto the test object surface placed onto
the reference plane. The out-of-plane height of the
specimen surface results in the in-plane motion of
the projected speckle pattern. By detecting the in-
plane displacements of the projected speckle pattern,
the height of the test specimen surface relative to the
reference plane can be restored. Figure 6 shows the
speckle pattern projected onto a human hand and the
reference plane. It is clearly seen from Fig. 6(a)
that shadows exists due to the shading of the hand.
The specified ROI is plotted as a yellow rectangle in
Fig. 6(a).
Figure 7 shows the two intermediate stages, and

the final results of the computed v displacement field
(the computed u displacement is quite small and not
given in the following) and ZNCC coefficient distribu-
tion. Although serious decorrelation effect exists in
the boundary of the hand due to steep height change
and shadows, the whole v displacement field is also
reliably and accurately determined as shown in

Fig. 7(e). Owing to the decorrelation effect, these
points located in the boundary of the hand are incor-
rectly computed with lower ZNCC coefficient;
however, we can clearly see from Fig. 7 that these
points are processed later. As a result of this proce-
dure, the errors of these points are limited to local
minimum areas and bring no influence to other
points.

In contrast with the ZNCC coefficient distribution
given in Fig. 7(f), it is evident that the computed dis-
placements of points with low correlation coefficient
are also unreliable. Thus, according to the ZNCC
coefficient distribution, we can select a threshold
of ZNCC coefficient (i.e., 0.8) to remove the unreli-
ably computed points. Based on the calibrated
displacement-to-height relation [7] and the v dis-
placement components, the profile of the human
hand can be reconstructed as shown in Fig. 8. Fig-
ure 8(a) shows the contour plot of the measured hand
profile superimposed on the image of the hand. Fig-
ure 8(b) gives a 3D plot of the hand profile, which pro-
vides a more intuitive look. The reconstructed profile
clearly shows the flexibility and robustness of the
proposed RGDIC method.

Fig. 7. (Color online) Intermediate stages of the computed v displacement (left) and ZNCC coefficient (right) distributions using the
RGDIC method. It is clear that serious decorrelation effect exist at the boundary if the hand.

10 March 2009 / Vol. 48, No. 8 / APPLIED OPTICS 1541



4. Conclusion

The RGDIC method is proposed for reliable and ac-
curate image deformation measurement. The corre-
lation analysis begins with a selected seed point and
proceeds with neighbors around the point with
highest ZNCC. Thus the calculation path is always
along the most reliable direction, and possible error
propagation is avoided. The proposed RGDIC meth-
od is very robust and effective. It is universally
applicable to experimental images with shadows,
discontinuous areas, and deformation discontinuity.
The image deformation of two pairs of speckle image
acquired in 3D DIC and speckle projection profilome-
try experiments were correctly computed, which
clearly indicates the robustness and validity of the
proposed reliability-guided DIC method.
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Tsinghua University and A. Asundi of Nanyang

Technological University for their encouragement
and support.
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