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Digital Image Correlation (DIC) is a widespread technique, and many different implementations were developed
in the literature to optimize the algorithm performance. In this paper, a new DIC algorithm is optimized for
vibration measurements, where the displacement amplitude drastically decreases with the increase in frequency.
Even if high-resolution cameras are used, it is mandatory to use a DIC algorithm with reliable sub-pixel per-
formance. DIC algorithms are generally optimized for large complex displacement fields, and they solve the sub-

pixel problem by fitting correlation data through a second-order polynomial function. An innovative solution is
proposed to push the sub-pixel accuracy and increase the signal-to-noise ratio of the measurement, by exploiting
image resizing to achieve virtual higher resolutions and by adopting a quartic polynomial function to interpolate
the displacement map with an increased number of interpolation points. The proposed algorithm is validated
through synthetic and experimental data and compared to literature DIC algorithms.

1. Introduction

Vibration measurement is a crucial issue in the industry, from
component characterization [1,2] and qualification to health moni-
toring setups [3,4]. Since high-frequency vibrations are generally
characterized by complex deformed shapes, full-field measurement
techniques are gaining increasing interest. In this scenario, Digital Image
Correlation (DIC) surely represents a promising option for obtaining
high-sensitivity full-field displacement maps in 2D or 3D [5-12]. Several
different measurement approaches are available in the literature, based
on different optical devices which range from high-speed low-resolution
cameras [13-15] to low-speed high-resolution cameras exploiting
down-sampling approaches [16,17]. Despite the acquisition strategy,
the crucial step of DIC vibration measurement is represented by image
elaboration to retrieve displacement information basing on speckle
pattern identification. Two main families of DIC methods can be found
in literature: local methods [18,19], where each measurement point is
processed independently, and global methods [20,21], where the whole
point grid is processed altogether. The first approach is faster and does
not require any constraint about the measurement point grid, nor ex-
ploits any hypothesis about the displacement field. Additionally, sub-
pixel accuracy can be achieved by interpolating the correlation map
close to the maximum through a quadratic polynomial form. The main
drawback is that the point-by-point displacement continuity is not
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guaranteed, since the measurement results are independently obtained
for each measurement point, which can result in high noise in the spatial
domain. On the other hand, global methods are generally based on a
finite-element-like approach, so that the measurement points are orga-
nized in elements and simultaneously processed to guarantee global
compatible displacements through optimization and smoothing ap-
proaches. The drawback is a much longer computational time, and
compatibility constraints and smoothing are applied to the displacement
maps, with the risk of artifacts in the measurements. Additionally,
cracks or local damages can generate a discontinuity in the displacement
map, but this information can be lost when global methods are used.
Finally, some hybrid methods can be found in the literature [22-24],
which exploit local methods to obtain a first guess of the displacement
map which is then refined through a global approach. Even if the global
DIC approach looks promising, its computational cost can be a burden
and the need for constraints on the displacement maps can result in loss
of generalization. Furthermore, since hybrid methods are still based on
the results of local methods, improving the sensitivity of local methods
can also be beneficial in the framework of a global method imple-
mentation. The need for improved sensitivity and a lower noise level in
DIC elaboration is even more urgent in the case of vibration measure-
ments. High-frequency response is characterized by complex shapes and
really small displacements, which can easily drop in the range of 0.01
pxl. For these reasons, this paper is focused on the development of an
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improved local method that can further enhance the sub-pixel sensitivity
of the DIC technique, still allowing for the detection of local damage and
displacement discontinuity. In particular, different approaches will be
investigated to achieve this goal. Firstly, image resolution will be
enhanced by exploiting pixel interpolation schemes to obtain
augmented-resolution images. Secondly, the correlation interpolation
scheme will be modified by exploiting a quartic polynomial function
(instead of the conventional quadratic form) and by increasing the
number of interpolation points around the maximum. A new DIC algo-
rithm is then defined, named the Augmented Resolution Digital Image
Correlation (AR-DIC) algorithm, whose parameters can be set to change
the resolution magnification value, the interpolating polynomial func-
tion and the number of interpolation points. The effects of each
parameter and their combinations are analyzed in the paper. The pro-
posed algorithm was firstly validated through a simulated test: a syn-
thetic image set with a known sinusoidal displacement with sub-pixel
amplitude was numerically produced and processed through DIC. The
results obtained with the AR-DIC algorithm were compared with well-
known literature algorithms based on local methods, i.e. Digital Image
Correlation and Tracking (DICT) algorithm [19] and the Open source 2D
digital image correlation MATLAB program (Ncorr) algorithm [18]. The
performance comparison among the tested algorithms was achieved by
computing the signal-to-noise ratio (SNR) obtained in the measurement.
The analysis of synthetic images allows to assess the performances of
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Fig. 1. Main working principle of DIC algorithms: (a) subsets definition and (b) correlation coefficient.

different algorithms under known and controlled conditions, both in
terms of displacement amplitudes and noise. Nonetheless, the actual
algorithm validation needs to be performed on real images. Thus, all the
algorithms were compared through experimental data measured on a
vibrating cantilever plate. The same image sequence was elaborated
with the different algorithms and the results were compared both in time
and spatial domain in terms of SNR values.

2. Augmented resolution DIC algorithm

All the local DIC algorithms available in the literature exploit 2D
correlation to recognize image subsets along the deformed frames to
assess displacement. The main algorithm architecture consists of pa-
rameters setup, measurement grid definition, raw displacement mea-
surement at the pixel level and displacement refinement at the sub-pixel
level. Fig. 1 shows the main idea for a single measurement point: a
subset is defined around the measurement pixel (Fig. 1(a)) and its
location over frames is searched by exploiting correlation (Fig. 1(b)).
The correlation coefficient can be expressed in the form:
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Fig. 2. Correlation map obtained for a synthetic displacement: (a) original images and (b) resized image with bicubic interpolation.
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Fig. 3. Synthetic image generation: (a) vectorial image, (b) printed image with finite resolution and (c) printed image with added noise.

In Eq.1, the indexes i, j refer to the image pixel indexes, while u, v refer to
the tentative displacement along vertical and horizontal directions,
respectively. The computation is to be performed between the subset in
the reference image, i.e. r, and the subset in the deformed image, i.e. d.
For normalization purposes, 7 and d represent the mean value of the
reference and deformed subsets, respectively. Eq. (1) allows to explore a
given number of pixels around the measurement point, and to compute
the correlation between subsets if the displacement u, v is applied. Thus,
a map of correlation values can be defined in the investigated region,
and its maximum value corresponds to the actual displacement between
images. An example of a correlation map is reported in Fig. 1(b) cor-
responding to the displacement of Fig. 1(a). As can be noted, the
maximum correlation coefficient is found for a displacement [u, v] =
[33, —23] pxl (displacement value was drastically emphasized for rep-
resentation purposes). It is worth noting that, since the correlation co-
efficient must be computed in the pixels domain, u and v in Eq. (1) can
only have integer values. Subsequently, the sub-pixel displacement can
be refined by fitting the correlation coefficient maps around the integer
maximum value with different techniques. The same overall scheme will
be followed in this paper, but two different strategies will be proposed to
improve the DIC sensitivity.

2.1. Polynomial interpolation

Generally, sub-pixel accuracy is achieved by fitting the correlation
map with different analytical shapes, and by performing least square
fitting or non-linear optimization. The most commonly adopted fitting
function is a second-order complete polynomial in the form [19,25-28]:
Co(x,) = pio + paxy + psy +pax+psy + s )
where Eg(x, y) is the fitted value of the correlation coefficient at co-
ordinates x, y (which can be non-integer real numbers) and the pa-
rameters p; are to be determined through the fitting procedure. Starting
from the maximum shown in Fig. 1(b), a surrounding region of width n;,
=1 pxlis selected, i.e. the eight pixels surrounding the integer value are
considered, for a complete grid of 3 x 3 points. A pseudo-inverse algo-
rithm can be adopted to compute the polynomial parameters of Eq. (2)
with a least square approach [29]. Finally, it is possible to analytically
find the maximum of the second-order polynomial. Two options were
investigated in this paper to improve this fitting procedure: the first one
is to enlarge the fitting region by changing n,,, i.e. the number of points

Table 1

Parameter combinations in the investigated cases for the AR-DIC algorithm.
Case N. e Do n,
AR-DIC1 2 Quadratic 1
AR-DIC2 2 Quartic 1
AR-DIC3 2 Quartic

of the correlation map which are considered for the fit. The second
option is to change the fitting function, e.g. by increasing the order of the
polynomial p,. In particular, in this paper a fourth-order polynomial was
considered (p, = 4):

Ca(x,y) = pix* + pax’y + psx’® + paxy? + psxy + pex’ + prxy’ + pexy’

+poxy +prox +piyt +piy’ + Py +puy +pis ®
While the second-order polynomial allows for an analytical solution of
the maximum location, the fourth-order polynomial requires a numer-
ical detection of the maximum, which can be obtained through a
Newton-Raphson approach [30]. It is worth noting that the initial guess
in this optimization problem is reliable since the maximum of the
displacement map can be easily detected at the pixel level. The opti-
mization is only needed to refine the maximum search at the sub-pixel
scale, thus there is no risk of detecting a local maximum instead of a
global maximum. For this reason, the optimization algorithm itself is not
crucial, and different algorithms can mainly impact the computational
performance rather than the result accuracy.

2.2. Image resizing

As clear from Eq. (1), the correlation map is mandatorily computed
with the pixel resolution, since u and v must be integer values (hence the
need for polynomial interpolation to achieve sub-pixel accuracy, as
stated in Section 2.1). Nevertheless, it is possible to simulate non-integer
shifts of u and v in Eq. (1) by numerically resizing the image frames. In
this way, the displacement map can be directly computed with a sub-
pixel resolution. The case of a resizing factor of rf = 2 can be consid-
ered as an example. If the subsets are resized to double the original
number of pixels, the new coordinates u’ = 2u and v’ = 2v must be
considered to construct the correlation map. Now, an integer shift of 1
pxl along u’ is equivalent to 0.5 pxl in the original image. This allows to
refine the definition of the correlation map to the wanted extent, since
the resizing procedure can be performed with an arbitrary r. Addi-
tionally, there are several different resizing algorithms available, which
interpolate the image data with different functions. In particular, in this
paper the Matlab function imresize with the bicubic interpolation will be
considered. Fig. 2 shows an example of a correlation map obtained for a
given synthetic displacement by processing the original images (Fig. 2
(a)) and the resized images (Fig. 2(b)) by using the bicubic interpolation.
The plots in Fig. 2(a) and (b) are referred to the same image region, but
Fig. 2(b) shows twice the pixels because the resizing factor ry = 2 was
used. It can be noted that the correlation map gains more resolution and
a smoother distribution, opening to the possibility of obtaining higher
sub-pixel accuracy.
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Fig. 4. Synthetic data without noise: displacements assessed by the algorithms for (a) 0.5 pxl amplitude and (b) 0.01 pxl amplitude; differences with Ground Truth

for (c) 0.5 pxl amplitude and (d) 0.01 pxl amplitude.

3. Performance validation on synthetic data
3.1. Synthetic dataset generation

To assess the performance of different algorithms and different
elaboration parameters, a synthetic image set was prepared to compare
the algorithms with a controlled dataset, both in terms of displacement
values and noise level. Since the paper aims to investigate sub-pixel
accuracy, the speckled images were generated by analytically plotting
a series of black ellipses with random centers and random principal axes
lengths on a white background. In this way, an arbitrarily small
displacement can be applied to all the speckle centers to simulate a rigid
motion in the image plane. In particular, an adimensional image size of
1 x 1 was defined, and the principal axes of the elliptical speckles were
set with the adimensional mean value of 0.05 and a standard deviation
of 0.01. Then, the plot was converted into an image, so that the actual
pixel values depend on the conversion resolution, simulating the
acquisition by a finite-resolution sensor. The image was then printed as a
frame, thus converting from a vector plot to a discretized image,
resulting in an average speckle size of about 10 pxl and a standard de-
viation of about 2 pxl. By properly scaling the analytical displacement
with respect to the synthetic image resolution, it is possible to obtain a
controlled displacement with an arbitrary sub-pixel resolution. In
particular, a sinusoidal displacement was considered in this paper, since
the algorithm is intended for vibration measurements. An arbitrary
number of periods and measurement instants can be defined, and the
harmonic amplitude can be adjusted to set the sensitivity of different
algorithms to small displacements. Additionally, it is possible to add
random noise with arbitrary amplitude to the synthetic images to assess
its effect on the final elaboration results. In the generated set, the
random noise had a uniform distribution and an amplitude of 255/10, i.

e. 1/10 the maximum value that is measurable on an 8-bit image. An
example of synthetic image definition is reported in Fig. 3: Fig. 3(a)
shows the adimensional analytical plot, Fig. 3(b) shows the discretized
image frame and Fig. 3(c) shows the result with added noise.

3.2. Algorithm validation

The proposed algorithms were tested on synthetic data where a
known sub-pixel displacement was applied along the x direction through
a sinusoidal function with a given amplitude. The images were then
processed through different algorithms: the proposed AR-DIC algorithm
with different parameters and literature algorithms. In particular, two
open-source algorithms were considered, whose implementation is
available on Matlab Central and can be used for direct comparison:
Digital Image Correlation and Tracking (DICT) [19] and the Open source
2D digital image correlation MATLAB program (Ncorr) [18]. The per-
formance of each algorithm is assessed in terms of Signal-To-Noise Ratio
(SNR). In particular, since the ground truth is known to be one period of
a sinusoidal displacement, it was possible to compute the first harmonic
of the measured displacement, which represents the signal (s), through
conventional Fourier analysis. Then, the first harmonic was subtracted
from the complete signal, to estimate the measurement noise (n). It was
then possible to compute the SNR in Decibel as:

SNR = 10log,,(mean(s®)/mean(n?)) “4)

Higher values of SNR correspond to a better performance of the algo-
rithm. The literature algorithms were compared with the newly intro-
duced one, by exploiting different combinations of the main parameters,
i.e. image resizing factor (rf), interpolating polynomial order (p,) and
the number of interpolation points (n,), which are peculiar of the AR-



P. Neri

0.6 ‘ ‘
——Ground Truth
0.4+ AR-DIC1
AR-DIC2
02 AR-DIC3
—DICT
|—Ncorr

Displacement, pxl
o
o (=]

o
SN

-0.6 :
0

20 40 60 80 100
Image N.

(a)

0.08
AR-DIC1
0.06+ AR-DIC2 ) ’ “‘
AR-DIC3 JUL I
0.04 | DICT VL

Difference with Gorund Truth, pxI

20 40 60 80 100
Image N.

(©

Measurement 231 (2024) 114565

0.03 T T
——Ground Truth
0.02 AR-DIC1
AR-DIC2
0.01 AR-DIC3
——DICT

Displacement, pxl
(=

-0.01 1
-0.02
-0.03 .
0 20 40 60 80 100
Image N.
(b)
£ 0.03
= AR-DICI
S 002} AR-DIC2 ||
= AR-DIC3
ERI —DICT
=
S ol
= A‘ !
> W\
Z -0.01 51 \
] Wy
(&} V'
5 -0.02
5)
[t
Qi
= -0.03

20 40 60 80 100
Image N.

(d)

Fig. 5. Synthetic data with noise: displacements assessed by the algorithms for (a) 0.5 pxl amplitude and (b) 0.01 pxl amplitude; differences with Ground Truth for

(c) 0.5 pxl amplitude and (d) 0.01 pxl amplitude.

Table 2
Comparison of different algorithms in terms of signal-to-noise ratio and
computational time.

SNR, Db (0.5 pxl SNR, Db (0.1 pxl Computational
ampl.) ampl.) Time, s
Algorithm  Without With Without With
Noise Noise Noise Noise
AR-DIC1 31.30 29.74 15.05 3.58 0.45
AR-DIC2 31.51 29.90 14.00 3.90 0.47
AR-DIC3 33.86 31.47 14.75 3.61 0.60
DICT 25.66 22.59 8.91 2.76 0.83
Ncorr 30.48 28.37 12.60 2.86 3.42

DIC algorithm. It is worth noting that different interpolation schemes are
available for image resizing (e.g. bilinear or bicubic interpolation), but
preliminary testing of different methods shows that the interpolation
scheme does not significantly impact the DIC outcome in terms of SNR
value, thus only bicubic interpolation was presented in the following.
More precisely, three cases were considered to investigate the combi-
nation of different parameters, as reported in Table. 1. In all the cases,
the resizing factor is set to 2, then for AR-DIC1 and AR-DIC2 n, = 1 is set
to interpolate a quadratic and a quartic polynomial respectively, while
for AR-DIC3 a quartic polynomial is estimated by setting n, = 2.

The same image set was then processed with all the described al-
gorithms: all the DIC elaborations were performed with a subset size of
61 pxl (i.e. about six times the speckle dimension), and the center of the
image was considered as the measurement point. The validation was
firstly performed on a relatively high displacement amplitude of 0.5 pxl,

[ Quadratic
I Quartic

Fig. 6. Effect of different parameter values for AR-DIC, in the case of quadratic
and quartic interpolation.

where high SNR values are expected. Then, the procedure was repeated
to investigate extremely low displacement conditions, with an ampli-
tude of 0.01 pxl (which is the sensitivity presented in [18,19] for the
literature methods). The results obtained without added noise are re-
ported in Fig. 4, comparing the theoretical displacement (black line) and
the measured displacement. Fig. 4(a) shows the results corresponding to
the 0.5 pxl amplitude, while Fig. 4(b) is referred to the 0.01 pxl
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amplitude. Additionally, the difference between the ground truth
displacement and the results of the different algorithms is reported in
Fig. 4(c) and (d), for the cases of 0.5 pxl and 0.01 pxl amplitudes
respectively. In particular, green, cyan and magenta lines in Fig. 4 show
the performance of the AR-DIC algorithm for cases 1-3, respectively,
while red and blue curves show the performance of the literature algo-
rithms (DICT and Ncorr, respectively).

In the case of 0.5 pxl amplitude, the qualitative comparison of the
curves in Fig. 4(a) does not highlight significant differences between the
algorithms. Nevertheless, Fig. 4(b) shows that DICT has the greatest
differences when compared with the ground truth. On the other hand,
the differences between the AR-DIC algorithms and the Ncorr algorithm
with ground truth are comparable in amplitude, but the Ncorr difference
is always positive, meaning that the mean value of the displacement is
erroneously detected. Considering Fig. 4(b), it is worth noting that, even
if 0.01 pxl is provided as reference sensitivity for both DICT and Ncorr
[18,19], this low value pushes all the algorithms to their limits. None-
theless, the plot demonstrates that the AR-DIC algorithm can assess the
displacement despite the limited amplitude, providing qualitatively
good results with similar performance for the different cases. On the
other hand, the literature algorithms show a higher noise level in
displacement estimation. All the algorithms show an overestimation of
the displacement amplitude, which is reasonable taking into account
that 1/100 pxl is generally considered the sensitivity limit for DIC al-
gorithms. The computation was repeated for the same image set after
adding random noise with an amplitude equal to 255/10, and the results
are reported in Fig. 5(a) and (b), comparing the ground truth and the
measured displacement in the case of 0.5 pxl and 0.01 amplitude
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Fig. 7. Vibration test: (a) experimental setup and displacement map close to resonance at 591 Hz along (b) the x direction, (c) the y direction and (d) the z direction.

respectively. Fig. 5(c) and (d) show the difference between the ground-
truth displacement and the results of the different algorithms instead, for
the case of 0.5 pxl and 0.01 amplitude respectively. Fig. 5(a) highlights
that, for the case of 0.5 pxl amplitude, the added noise does not dras-
tically impact the results, since the displacement amplitude is large. This
is confirmed by Fig. 5(c), which shows only a slightly larger difference
with respect to ground truth if compared with Fig. 4(c). For the case of
0.01 pxl amplitude, Fig. 5(b) shows that the AR-DIC algorithm (green,
cyan and magenta lines) is still able to assess the displacement despite
the relevant amount of noise in all cases 1-3. Literature algorithms show
qualitatively worst measurement performances, with a higher noise
level for both DICT (red line) and Ncorr (blue line).

These qualitative considerations were quantitively checked by
computing SNR for all the studied elaborations as defined in Eq. (4), and
the results are reported in Table 2.

Table 2 confirms that the AR-DIC algorithm always provides better
results in comparison to other literature DIC methods. Looking at the
SNR values for cases 1-3, it is possible to assess that all the considered
three cases show similar performances, both in the theoretical simula-
tion (no noise added to the data) and in the simulation with added noise.
This suggests that using the resizing approach guarantees an improve-
ment in measurement performance, while changing the other parame-
ters (i.e. polynomial order and number of interpolating points) does not
have a great impact on the measurement results. On the other hand, the
literature algorithms show worse estimation performance regardless of
the presence of noise in the image set. In particular, DICT always pro-
vides the worst results, especially in the case without added noise, while
the Ncorr algorithm performs slightly better. Nevertheless, the SNR
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Direction X y z
AR-DIC1 AR-DIC1 AR-DIC1
AR-DIC1
AR-DIC2 AR-DIC2 AR-DIC2
AR-DIC2
AR-DIC3 AR-DIC3 AR-DIC3
AR-DIC3
DICT DICT DICT
DICT
Ncorr Ncorr Ncorr
023.7?
Ncorr

Fig. 8. SNR in the time domain for the considered algorithms along the three directions.
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Table 3
Mean time domain SNR for different algorithms.

Algorithm Mean T-SNR, Db

X y V4
AR-DIC1 —0.16 8.21 15.24
AR-DIC2 -1.26 7.77 13.73
AR-DIC3 -0.13 8.23 15.30
DICT —0.95 7.60 14.15
Ncorr —3.54 4.54 11.85

values obtained with the literature algorithms are always significantly
lower with respect to the proposed AR-DIC algorithm, especially in the
case of 0.01 pxl amplitude. The performances of the algorithms were
also compared in terms of computational time, on a workstation
equipped with an Intel Xeon W-3245 and 64.0 GB RAM. The results are
reported in Table 2 for all the studied cases, averaging the timing needed
to elaborate the images with noise and without noise and with the
different amplitudes. As can be noted, the AR-DIC algorithms have the
best performance, with an increasing computational time from cases 1 to
3. This is because cases 2 and 3 use the quartic polynomial function,
which requires the Newton-Rapshon method to find the maximum
correlation instead of a direct analytical solution (as for case 1). Addi-
tionally, case 3 uses a larger n,,, thus resulting in a longer computational
time. On the other hand, DICT and Ncorr show longer times, even if the
comparison is not straightforward since they are implemented in a
Graphical User Interface and allow for a lower control on the processing,
while the AR-DIC algorithms could be reduced to the essential
operations.

To provide further insight into the effect of the different parameters
on the AR-DIC results, the range n, = 1, ...5 and rr = 2, ...5 was
investigated, both for the quadratic and quartic interpolation functions.
The investigation was focused on the 0.01 pxl amplitude with added
noise, i.e. the worst-case scenario. The results are reported in Fig. 6: the
green curve is referred to the quadratic interpolation, while the red
curve is referred to the quartic interpolation. As can be noted, the
quartic interpolation performs slightly better than the quadratic inter-
polation for all the parameter values. Additionally, the plot highlights
that increasing n, is effective only in combination with increasing ry.
Moreover, further increasing the resizing factor above ry = 2 does not
provide significant advantages to the results.

4. Performance validation on experimental data

The considered algorithms were then tested on actual experimental
data, measured on a cantilever plate vibrating under purely sinusoidal
excitation. The right end of the plate (250 x 100 x 1.8 mm) was screwed
to an electrodynamic shaker (TIRAvib TV51110). The shaker was
controlled through an 8-channel LMS SCADAS Mobile in an open loop. A
3D DIC setup was used to perform the measurements since the cantilever
plate’s dominant motion is along the direction normal to its surface. The
system was described and validated in [16], it is based on a pair of
Optomotive TREX cameras and it exploits structured light scanning to
solve the stereo matching problem. The displacement of corresponding
points in left and right cameras image set was sequentially computed by
using the discussed algorithms, i.e. AR-DIC, DICT and Ncorr. A subset
size of 21 pxl was used to perform 2D DIC with all the algorithms, to
have a fair comparison, on both left and right cameras image sets. The
results of the camera pair were then triangulated to achieve 3D
displacement maps, as deeply discussed in [16]. The experimental setup
is shown in Fig. 7(a), along with the local coordinate system defined on
the plate: the x axis is parallel to the longer plate’s edge, while the z axis
is perpendicular to the plate’s surface. The deformed shape obtained at
the frame corresponding to the vibration maximum at the selected
excitation frequency is reported in Fig. 7(b-c), in terms of displacement
along the x, y and z directions respectively. For brevity, only the results
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obtained with the AR-DIC1 algorithm were reported in the figure.

As can be noted, the main motion is found along the z direction, i.e.
perpendicular to the plate surface, as expected. A relevant motion was
measured also along the y direction, while a really small displacement
was found along the x direction. The excitation frequency of 591 Hz was
chosen to excite a mechanical resonance of the plate, to obtain a relevant
displacement. Camera acquisition was set using a down-sampling
approach [31] to acquire 50 frames during one vibration period. Two
different criteria were used to compare the performance of different
algorithms, by computing SNR both in time and spatial domain. It is
worth noting that in experimental tests it is not possible to have a full-
field ground-truth to compare the results with. Additionally, since
purely sinusoidal excitation was performed (i.e. only one harmonic
component is expected in the signal), frequency domain analysis was
omitted since the computation of SNR already depicts the ratio between
the relevant harmonic and the noise.

4.1. Time domain elaboration

Firstly, the same approach used for the synthetic data was repeated.
Each measurement point on the image provides a signal in the time
domain, and the displacement information is associated with the first
harmonic (since one full period of the vibration was acquired). Thus, it
was possible to compute the SNR associated with each measurement
point, by comparing the contribution of the first harmonic with all the
others. In this way, an SNR map can be drawn on the image, showing the
quality of the measurement in each location. Each DIC algorithm pro-
vides a different time domain SNR map to be compared. The results
obtained for the three directions are reported in Fig. 8, with the same
color scale for all the algorithms and each direction. The maps clearly
show that, for each algorithm, the SNR has a minimum in correspon-
dence to the nodal lines of the structure, since the displacement is zero
and the measurement is dominated by noise. On the other hand, higher
SNRs can be noted in correspondence with the displacement maxima, as
expected. Minimum and maximum SNR values were added in Fig. 8 for
reference. The analysis of Fig. 8 highlights that, again, the AR-DIC al-
gorithm provides really similar results for all three cases, with the
highest SNR values close to the maxima of the deformed shape. In this
analysis, also the DICT algorithm shows a good performance, which is
qualitatively comparable to the AR-DIC algorithm. On the other hand,
Ncorr provides the worst performances, since the SNR values are
generally lower in the whole measurement field.

The information of the full map can be condensed into a single scalar,
which can be obtained by computing the mean value of the SNR through
the measurement points (Mean T-SNR). The results are reported in
Table. 3. As can be noted, the column corresponding to the x direction
presents negative values, because the displacement amplitude is the
lowest among the three directions. The y and z directions instead present
positive SNR values, corresponding to the larger displacement ampli-
tudes. The results confirm that the AR-DIC algorithm (cases 1-3) and
DICT have comparable results, while Ncorr provides a lower mean SNR
value for all the analyzed directions.

4.2. Spatial domain elaboration

The algorithms’ performance was also evaluated in the spatial
domain. Indeed, the accuracy and robustness of the algorithms can be
assessed for a single image, by evaluating the smoothness of the
displacement map along the plate surface, since adjacent measurement
points should have similar displacement values. This can be done by
rearranging the displacement map in a 1-D array and scoping all the
measurement points from left to right and from top to bottom. An
example of the result, for the frame corresponding to the maximum
displacement measured over time, is reported in Fig. 9(a) for the three
directions: the horizontal axis of the plot reports the considered point
number, while the vertical axis shows the corresponding displacement
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value. The blue line is referred to the results of the Ncorr algorithm,
while the green line is referred to the AR-DIC algorithm (only case 1 was
reported, for readability). As can be noted, the displacement across the
measurement points is characterized by some low spatial-frequency
contributions, which represent the actual smooth deformed shape, and
high spatial-frequency contributions, which represent measurement
noise. The black line was added to the plots as a reference, and was
obtained by applying a moving average filter to the results of the AR-
DIC1 algorithm. A visual comparison between the blue and the green
line confirms that the AR-DIC algorithm achieves a lower noise level
with respect to Ncorr, which shows several high-intensity spikes in the
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data, denoting a higher noise level in the spatial domain. This is
particularly visible for the x direction, which is characterized by lower
amplitudes. A quantitative comparison of the results can be obtained by
computing the spatial domain SNR of the data in Fig. 9(a), and repeating
the computation for all the acquired frames. The results obtained for the
different algorithms are reported in Fig. 9(b), where green, cyan,
magenta, red and blue lines refer to Case 1, Case 2, Case 3, DICT and
Ncorr, respectively. The three directions were condensed in the same
plot, and a label denote the data corresponding to the x, y and z di-
rections (from lower to higher, respectively).

All the plots have a similar trend over the frames, ranging from low
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Fig. 9. Spatial domain comparison: (a) displacement across measurement points along the three directions and (b) spatial SNR along the time series for the

three directions.
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Table 4
Mean spatial domain SNR for different algorithms.

Algorithm Mean S-SNR, Db

X y V4
AR-DIC1 —15.70 —4.68 5.77
AR-DIC2 —15.84 —4.66 5.66
AR-DIC3 —15.62 —4.53 5.87
DICT —17.55 —6.24 4.17
Ncorr -17.91 —6.13 3.60

to high SNR values depending on the displacement amplitude of each
frame. In particular, higher displacements (such as frames 15-30) pro-
vide higher and positive SNRs, since the signal is clearly visible in
comparison to the noise. On the other hand, lower displacements (such
as frames 35-40) provide lower SNRs in the negative region, meaning
that the noise intensity is higher than the signal. To qualitatively assess
the appearance of the displacement maps corresponding to different
SNR values, the maps along z direction for three different frames were
overlapped on the plot: frame 22 (SNR: 12.84 Db), frame 39 (SNR:
—3.17 Db) and frame 3 (SNR: —5.70 Db), elaborated with AR-DIC1.
Clearly, a high positive SNR corresponds to a smooth map in the
spatial domain, such as frame 22. Nevertheless, even a low and negative
SNR value provides relevant information: as can be noted by frame 39,
the same spatial trend of frame 22 can be observed, despite the much
lower amplitude. Additionally, even if frame 3 has a low SNR, a similar
spatial trend can be noted, even if dominated by noise. The plot confirms
that AR-DIC algorithms outperform the literature algorithms, providing
higher spatial SNR values for all the frames. Again, cases 1-3 have really
similar performances, with case 2 showing a slightly lower data quality.
This confirms that the main advantage is achieved by applying the
resizing scheme, while acting on the correlation interpolation has a
negligible impact on the results. On the other hand, DICT and Ncorr
show comparable results, with a maximum spatial SNR value of about
11.95 Db, substantially lower than AR-DIC algorithms that show a
maximum spatial SNR value of approximately 12.84 Db for the z di-
rection. Similar considerations can be drawn for the y direction, where
DICT and Ncorr show a maximum SNR value of 0.61 Db while AR-DIC
reaches 1.03 Db. For both z and y directions, the discrepancies be-
tween different algorithms are more evident in the low SNR regions,
where higher subpixel accuracy is needed. The plot corresponding to
the x direction emphasizes this discrepancy since AR-DIC reaches an
SNR of —8.49 Db while the maximum SNR value for Ncorr and DICT is
—12.98 Db. This lower amplitude direction further highlights the
effectiveness of the proposed AR-DIC algorithm in measuring small
amplitude displacements, which represent the hardest challenges in full-
field vibration measurements. Finally, the quantitative performance of
the algorithms along different directions can be assessed by computing
the man value of SNR along the frameset (similarly to the results of
Table. 3). The so-defined spatial mean SNR (Mean S-SNR) is reported in
Table. 4 for all the studied algorithms and displacement directions. The
table highlights that the proposed AR-DIC algorithm (for all cases 1-3)
always provides better performances with respect to the literature
methods, which instead have comparable and lower outcomes.

5. Conclusions

The paper presents a method to perform Digital Image Correlation by
enhancing the sub-pixel accuracy, which is of utmost importance for
small displacement measurements such as mechanical vibrations. Two
different approaches were investigated: enhancing the image resolution
and improving the polynomial interpolation. The image resolution can
be leveraged by using resizing algorithms, which allow interpolating
pixel information and obtaining smoother grayscale levels across the
subsets. The polynomial interpolation can be improved by changing the
polynomial order and increasing the number of points used for the
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interpolation. Both strategies were implemented in the Augmented
Resolution Digital Image Correlation (AR-DIC) algorithm, newly intro-
duced in this paper. By changing the algorithm parameters, different
scenarios were tested: resized subset with quadratic polynomial across
one interpolation point, resized subset with quartic polynomial across
one interpolation point and resized subset with quartic polynomial
across two interpolation points. These three variants of the AR-DIC al-
gorithm were tested on both synthetic and experimental data, and
compared with the performance of literature approaches, in particular
the DICT and the Ncorr algorithms. The performed campaign allowed to
assess that the AR-DIC algorithm can measure small-amplitude dis-
placements, even in the presence of relevant noise, and it outperforms
the literature approaches in all the testing scenarios in terms of SNR.
Among the different tested configurations, it was noted that augmenting
the resolution provides most of the advantage, while changing the
polynomial order and the number of interpolation points has a lower
impact on the final results. Further developments could be focused on
the study of different non-polynomial functions for correlation map
interpolation (e.g. splines). Additionally, FFT-based methods for corre-
lation computation represent a promising alternative to the convolution
approaches in the spatial domain (i.e. Eq. (1) and could drastically
reduce the computational time for large image datasets, thus their use in
combination with the proposed augmented resolution approach could
be investigated. Finally, the impact of the AR-DIC algorithm as a first
guess for a global DIC method could be investigated, trying to further
push DIC sensitivity to the smallest displacement limit.
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