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Abstract—1In this paper, the effects of motion blur on
2-D digital image correlation (DIC) measurements are discussed,
with a particular focus on the description of displacement mea-
surement uncertainty. The research started with the simulation
of motion blur with a suitable literature-based algorithm. Then
the state of the art of uncertainty analysis in the context of
DIC was compared with simulation results, and it was found
that the effects of motion blur on uncertainty are not predicted
correctly by the literature models. This phenomenon is explained
by the fact that the literature models do not consider motion
blur. Consequently, a simple monodimensional case is analyzed.
In this way, it has been possible to evaluate the sensitivity
of DIC correlation function [evaluated as the sum of squared
differences (SSD)] to motion blur. Using these results, it is possible
to extend the analysis to the case of a generic image with the
help of a power-law model. Eventually, the model proposed in
this paper is able to represent the effects of motion blur correctly.
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I. INTRODUCTION

HE goal of this paper is to investigate the effects of

motion blur on displacement measurement uncertainty
in the field of 2-D digital image correlation (DIC) tech-
niques. DIC uncertainty is composed of two contributes [1]:
a correlation bias (namely bias error) [2], [3] and a random
error [4], for which the measured displacement is characterized
by dispersion even when a uniform displacement field is
imposed. For what concerns the object of interest of this
paper, it has been demonstrated [5], [6] that random error is
the main uncertainty component in the presence of motion
blur. The bias error, although existing and relevant in the
subpixel region [7], [8] is almost negligible in the presence
of motion blur. Hence, our aim is to model the process that
defines how the standard deviation of measured displacement
is influenced by motion blur. In spite of numerous applications
of DIC in dynamic contexts, only little is known about how the
descriptive parameters of a generic pattern (in-center spacing,
mean image gradient, speckle size, or variability) influence the
sensitivity to motion blur.
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In other words, the aim of this paper is to analyze how
motion blur deteriorates the acquired patterns and how this
deterioration interferes with measurement uncertainty. After
having reviewed the most recent literature, the effects of
motion blur in terms of image degradation and measurement
uncertainty are derived exploiting a monodimensional analysis
framework. The analysis of monodimensional framework is
then extended to real patterns with the help of a power
law model hypothesis. This assumption is done on the basis
of the monodimensional analysis previously proposed and
then verified with the help of a synthetic experiment, where
displacement and motion blur are generated with appropriate
methods. In conclusion, the model developed in this paper
is claimed to be of practical use in the prediction of the
uncertainty contribute of motion blur as a function of the
characteristics of the pattern and to understand the role of
DIC pattern design into the rejection of errors due to motion
blur.

II. RELATED WORKS

Digital image correlation is a broadly applied measurement
technique in the field of experimental mechanics. The growth
and diffusion of the aforementioned methodology is due
to the relative ease to measure full field displacement and
strain for both large-surface/large-scale deformation [9] and
microstructure/nanoscale deformation [10], and, in general,
DIC measurements are a valuable tool to solve complex prob-
lems in modeling the mechanical behavior of materials [11].

Starting from the early days [12], the diffusion of DIC
application pushed the scientific community to investigate
uncertainty for DIC measurements since the level of con-
fidence in an experimental result is of key importance for
decision makers. However, the qualification of uncertainty in
this context required a dedicated research field to be developed
within the scientific community in order to deal with high
complexity of the DIC problem. On one side, understanding
the errors of the image formation is complicated in itself,
and on the other side, the correlation algorithm provides
measurements after a complex cascade of image processing
operations. The flow of information and possible error sources
in DIC begins with the experimental setup, which includes
the camera, lens, all the mounting hardware, and the whole
recorded scene (Table I). While it is convenient and rather
common to ignore all of these error inputs to the image,
they may become critical. The common assumption that the
image is a perfect reflection of the underlying measurand is
incorrect, with many researchers mainly focusing on the image
correlation step.
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TABLE I
SOURCES OF UNCERTAINTY QUANTIFIABLE BY PRESENT LITERATURE

Experimental Image Image correla-  Displacement
setup formation tion analysis
Camera Motion Noise Interpolant Filtering
Sample motion Contrast Minimization Strain calc.
Air turbulence Speckle size  Shape function — Coord. system
Defocusing Aliasing Subset size

Resolution

Lighting

Thermal radiation

However, in the last decade, the scientific community
devoted big effort in analyzing and evaluating DIC mea-
surement errors. The work of Schreier et al. [3] and
Bornert et al. [1] defined clearly how to assess DIC measure-
ment errors and how to evaluate their effect in the computation
of the mechanical quantities. The interaction between DIC and
optical phenomena has been broadly analyzed, with [13] defin-
ing the relationship between camera sampling efficiency and
DIC accuracy. In [14] and [15], the effects of lens distortion on
strain calculation have been analyzed. In [16], a methodology
to assess pattern quality is formalized, while in [17], the theory
of optimal design of patterns for static strain measurement
is discussed. More recently, the interaction between radiation
and image correlation was studied, with [18] providing models
to describe systematic errors due to camera heating and
[19] proposing a way to reduce the effects of the noise coming
thermal radiation on DIC measurements. Lately, the problem
of pattern degradation due to high strain is approached with
experimental [20] and theoretical analysis [21]. All the pre-
vious listed efforts provided the experimenter with a set of
useful tools to predict the contribute to uncertainty given by
the phenomena listed in Table I, so that, today, it is possible to
provide reasonable error budgets for the general application in
a static condition [6], [22], [23]. Even if it is possible to model
most of the common sources of uncertainty, as for today, the
scientific community is missing a widely accepted tool able to
quantify the contribution of motion blur to the total amount of
uncertainty on a reliable and repeatable basis. This situation
represents a weak point of many of the tracked application
of DIC in the context of dynamic strain/displacement mea-
surement. In the early documented dynamic applications of
DIC [24], [25], the problem of motion blur was already seen
as a relevant one; however, the experimenter chose to avoid the
quantification of this component by limiting exposure time at
a lowest-as-possible value. This result is achieved by boosting
lighting at really high levels with the help of pulsed light.
Even recent applications of DIC in the context of dynamic
measurements see the experimenter dealing with the motion
blur in the same way described before [26], [27].

Despite the general lack in the quantification of motion
blur effects, the application of DIC in the context of very
large structure pushes the investigation in this sense. The most
recent experiences have been reviewed in [28], where the
application of DIC as a measurement source for modal analysis
is well documented. It is possible to find several successful

Algorithm 1 Exact Phase Shift and Averaging Algorithm
: I(i, j) {Load original image}
: 8(i, j) {Calculate image spectrum (2D FT)}
: X {Select a motion vector}
: Im(i, j, k) {Create an image array}
:p=0: 1—)50 : X {Create a motion vector}
: for k =1:1length(p) do
phase shift original image spectrum
RG, j) = S@, j) - 277 lpD fitp(k2) fj]
8: get rigid translation image

Im(:,:, k) =1f££t(R(, j))
9: add random Gaussian noise

Im(:,:, k) =Im(,:, k) +noise
10: end for
11: B = zeros(i, j) {Create empty motion blurred image}
12: for k =1 : length(p) do
132 B(,:)=B(,:))+Im(, k)
14: end for
15: B(:,:) = B(,:)/1length(p) {Calculate the motion

blurred image as the average of all rigid translated frames}
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case studies. The first experiences started with the extrac-
tion of mode shapes with monomodal excitation [29]-[31].
More recently, Poozesh et al. [32], [33] successfully extracted
operating mode shapes of large-scale structures and the latest
works sees the application of DIC for nonlinear dynamics
experimental studies [34]. In most of the reviewed works,
the experimenters highlighted relevant differences between
the uncertainty predicted by means of static calibration-based
analysis and the effective one. In order to answer to these
questions, part of the scientific community developed several
works in order to deal with motion blur uncertainty contribute:
some have studied the effect of motion blur from a phenom-
enological point of view [5], [35], others proposed experi-
mental benchmark in order to qualify uncertainty [6], [36],
yet others proposed to merge the classic DIC analysis of
uncertainty with the ones used in other fields of image
processing [37], and the latest analysis propose also theoretical
frameworks [38], [39].

III. NUMERICAL SIMULATION OF MOTION BLUR

In order to investigate uncertainty, a numerical experiment
has been run. Four different DIC patterns have been selected
(Fig. 1). The first two patterns have been selected among
the ones publicly available at the SEM DIC challenge Web
site [40]. Pattern #1 is selected as a “worst case” since it
has a poor edge definition and its contrast is low. Pattern #2,
conversely, is sharper and with higher contrast. Pattern #3 is
an image of pattern #4 acquired by a digital camera. Pattern #4
is a numerically generated one, which is treated with a plain
Gaussian blur mask of 4 x 4 pixels.

Each pattern has been submitted to a motion blur-translation
transformation using Algorithm 1 [35], [41].

The motion blurred image output B(i, j) represents the
original image I (i, j) rigidly translated by (X/2) pixels and
motion blurred by W = X pixels. As a consequence, the



Fig. 1.  Different patterns used for model testing. (a) #1 - SEM DIC
Chall. Samp. 13. (b) #2 - SEM DIC Chall. Samp. 3. (c) #3 - Experimental.
(d) #4 - Numerical pattern.

amount of motion blur W is defined as the length traveled
by the image features during exposure time. Of course, it is
possible to generate images with rigid motion different from
X /2 by simply adding a constant to the values of p (step 5
of the algorithm). However, it was verified [35] that the value
of rigid motion does not affect the uncertainty due to motion
blur: even if in static conditions, the error depends mainly
on fractional displacements [8]; in dynamic conditions, the
random fluctuations due to motion blur are considerably higher
in magnitude than the pixel locking phenomenon. Therefore,
the results further displayed are computed without loss of
generality.

Motion blur is investigated in the 0.1-10 px range, with
0.1 px step. The path covers the range of practical use of
imaging devices in measurement activities up to the high
motion blur range. Motion blur higher than 2 px is usually
avoided in practical laboratory applications; however, when
working with natural light and high-resolution imaging in
field applications [32], [42], it is common to experiment high
values of motion blur, especially when the measurand reaches
velocity peaks.

IV. CORRELATION MATCH SCORE UNCERTAINTY
MODEL FOR STATIC CONDITIONS

As stated previously, the analysis will focus on the random
error due to motion blur, whose behavior is mainly driven by
the SSSIG quantity (sum of square of subset intensity gradient)
of (1) where f(x,y) is the pixel intensity at a point (x, y) in
the original image, N is the subset size, n is the number of

I I I
o Static (W =0)
20 | === #1
- #2

#3
=== #4
—_ N2

. MIG?

—_
o
T

SSSIG [1/px?]

l‘--

8.04 0.06 0.08 0.1

| |
0.12 0.14 0.16 0.18
MIG [1/px]

Fig. 2. Comparison among the Pan model and the motion blur simulation
data. The maximum amount of motion blur W tested here is 11 px.
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Considering a situation where DIC measurement is performed
on a rigidly translated target, the SSSIG is helpful to quantify
the standard deviation u, of subset displacement (which should
be null in the ideal case). As shown in [43], u. can be evaluated
with (2)

2
2.0y

SSSIG

where oy represents the standard deviation of image noise.
This model is known in the literature as the match score model.
Its formulation is not universal, since it does not consider
the effect of fractional part of displacement (relevant in static
conditions [44], [45]), but it manages the random component.
This model has spread widely due to its ability to quantify
the random error (and its rejection) from the characteristics of
a DIC pattern. In order to improve the practical application
of 2, Pan et al. [46] then introduced an approximation of the
SSSIG quantity as follows:

)
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SSSIG ~ N? . MIG? (3)

where MG stands for mean image gradient and it is calcu-
lated as the average value of the modulus of omnidirectional
image gradient within the DIC pattern
2
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By substitution the final expression of u, proposed by Pan

becomes
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Fig. 2 shows the trend of SSSIG approximated with the model
proposed by Pan (3) and the results of the numerical analysis
proposed in this paper. Pan’s model deals with static conditions
(no motion blur); therefore, it should be compared with the

MIG =

™M

(5)



static points in Fig. 2. The model proposed by Pan introduces
an approximation, since the inequality displayed in (6) is valid
for the general pattern. The discrepancy between the two terms
of (6) can be very low for some types of patterns, while
somewhat larger for others. This explains why it is possible
to see different discrepancies between the static point and the
Pan approximation represented by the red line in Fig. 2. For
what concerns the patterns of Fig. 1, it is possible to see
in Fig. 2 that the static point of pattern #3 lies close to the Pan
approximation. Oppositely, the other patterns are less close to
the hypothesis formulated by Pan

(6)

In any case, the models of (2) and (5) were developed in the
case of static measurement, so that image noise plays the main
role, and for those particular patterns that verify (3). To be
more precise, the pattern formulation that can be addressed
with the Pan formula should respect the constraints of (7)
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Coming to the numerical experiment object of this paper, the
values of SSSIG and M 1G decrease as motion blur increases
(Fig. 2). Differently to what happens for the static case, the
value of SSSIG of the image with motion blur may be
sensibly different from the reference image. This phenomenon
quantifies the degradation of the image due to motion blur.
Considering that the correlation match score expressed in (2)
addresses the situation where the reference pattern and the
acquired one have similar value of SSSIG, it is not possible
to use it to estimate and model uncertainty arising from motion
blur. Hence, it is necessary to develop a dedicated tool starting
from the analysis of a simple case.

V. ANALYSIS OF MOTION BLUR EFFECTS
ON A PERIODIC PULSE SIGNAL

In order to model the contribution of motion blur to DIC
uncertainty, let us consider a monodimensional signal p(x),
consisting of a periodic repetition of rectangular pulses of
height a, width d, in-center spaced by d, pixels, as shown
in Fig. 3. This type of simplified analysis is a simple case
for sure, but it allows the development of a meaningful
sensitivity analysis, since the three aforementioned parameters
play a major role in the description of uncertainty for DIC
measurements as documented in the literature [47]-[50].

The motion blur is then modeled as a signal convolution
process with a rectangular uniform convolution window of
width @. In other words, the signal resulting from convolution
is the moving average over w pixels of the original signal. It is
important to define with (8) what is the relationship between
the width of motion blur W as defined in Section III and the
quantity o

w=1+W. ®)

v[pal

| w[pa]

Fig. 3.

Monodimensional grid used by the model.

Consequently, the values of window width w span from 1
(i.e., no motion blur) to +o0c. Considering the simple nature
of a monodimensional scheme, it is possible to predict the
effects of motion blur by mathematical analysis, resulting in
the signals of Fig. 4. Once the signals are retrieved, it is
necessary to express the value of the quantities of interest for
the analysis of uncertainty in (9)
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In particular, it is important to highlight that, given the pulse
shape, the average value of image gradient p’(x) is identically
equal to 0. It is interesting to see that even in the case of a real
DIC pattern, it is possible to assume that the average value of
image gradient is about 0. This last condition means having a
uniform mean brightness value over the image. Consequently,
it is possible to write

)-
6xxi

var[p’(x)] =

I

N
SSSIG = (

i=1

o))
=

1 0 (10)
3 (—f

N i=1 ox

)2
mms[p(x)] = /var[p/(x)].

It is now possible to express the value of SSSIG. It is neces-
sary to specify what is intended for subset; in this case, without
loss of generality, the subset size N represents the number of
pulses included in a single subset. As a consequence, for each
case of motion blur size, the SSSIG value is expressed by
the following:

SSSIG = N - var[p'(x)]. (11)

Given all the previous premises, it is now possible to ana-
Iytically calculate the motion blurred signal as well as the
values of the quantities expressed in (9). The results are shown
in Fig. 4 and Table II, respectively.
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ANALYSIS OF MOTION BLUR EFFECTS ON A PERIODIC PULSE SIGNAL
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The analysis of the results of calculation clearly highlights
that motion blur is able to decrease the values of both MIG
and SSSIG. Those parameters, as shown in the literature,
drive the description of uncertainty, in particular decreasing
SSSIG increase uncertainty u.. Nonetheless, the analysis of
this simple model returns the following findings.

1) The SSSIG is linearly dependent on the variance of
image gradient, rather than being dependent on the value
of MIG. This finding is also useful since the variance
of image gradient can be calculated easily with spectral
methods, given the premises of (10).

2) The behavior of image degradation with motion blur is
not continuous. In fact, the analysis of convolution states
the existence of four cases of interest, as detailed in the
next points.

3) Atlow o level, motion blur affects the strength of edges,
but not contrast [Fig. 4(a)]. As shown in Table II, in
this situation MG is not altered by motion blur, while
the SSSIG decreases. Consequently, this is an edge
loss driven phenomenon (i.e., edge strength decreases
as w increases).

4) As motion blur increases [Fig. 4(b) and (c)], image
contrast is lowered, SSSIG decreases with higher pace
with respect to edge driven phenomenon, and uncertainty
is driven by contrast loss.

5) When patterns are particularly rich [as in the case of
Fig. 4(d)], the in-center spacing of pulses d,, is low and
it is possible to have a simultaneous loss of edges and
contrast even at low levels of motion blur.

Now that the effects of motion blur in the corruption of
signal are described, it is possible to evaluate what are the
consequences on correlation.

A. Correlation of Original Signal With a Motion Blurred One

Since the formulation of motion blurred signal is available,
it is now possible to analyze what happens when correlating
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Fig. 5. Minimum of cross-correlation function as @ increases. Computation
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the reference signal p,(x) with a blurred one pj(x), so that the
correlation problem can be addressed analytically. This case
is similar to DIC vibration monitoring, where the reference
image is usually shot when target lies motionless in the
equilibrium position while the correlating image is affected by
motion blur. This condition is a worst case scenario, since, as
demonstrated in [5], the magnitude of random errors decreases
when the blur level of the two images is similar. This model
relies on continuous signals even if images are sampled at
a pixel level; therefore, in the model, the interpolation that
is usually done on images to allow subpixel correlation is
not implemented. Although simpler than the actual image
correlation problem, continuous signal approaches are still
helpful to qualitatively understand the behavior of uncertainty,
as demonstrated in [51]. With reference to the methodology
of Sutton et al. [51], it is possible to calculate the correlation
function y2(&) in (12), which represents the sum of squared
differences (SSD). The variable ¢ is the exact pixel shift
of pp(x) with respect to p,(x)

12(E D) = [pp(x — &, D) — po(x)]*.

Considering only the case of Fig. 4(a), it is possible to
calculate the value of the correlation function for a subset
of N periods and then linearize the behavior around small
values of @ and ¢ in (13). As motion blur @ increases, the
minimum of y2(&, @) becomes higher and flatter, as shown
in Fig. 5, where the results of (13) are displayed

12)

2 13)

ﬁ@@»wNﬁ.C3+3¥)
D)

However, when noise is added to signals, the correlation
match is variable and, consequently, uncertainty starts to arise
when recovering displacement. To go further in the derivation,
it is necessary to add a Gaussian noise 7;(x) having variance
equal to o2 to each image. Following the derivation proposed
by Sutton et al. [51], this is equal to adding a noise-dependent
term 7 () to the correlation function

(&) = No2(1+ P+ 0Q-0). (14)

The coefficient P and Q linearize the correlation score induced
by noise in each image around the exact match position.
In particular, P represents the SSD of noise and Q noise

Edge driven

ue [px]

e
Contrast driven

0 5 10 15 20 25 30
w [px]

Fig. 6. Displacement uncertainty when correlating the original signal with a
blurred one. Motion blur is tested at a really high level for didactic purposes.

correlation score. Hence, the correlation function becomes
v 2
$2(&) ~ Na* - (Z + 552) +No?(1+P+Q-&). (15)

Consequently, it is possible to calculate the correlation drift
due to noise and motion blur &y, as the minimum point of
correlation function [so that (d/d&)x? = 0 gives (16)]

620 -0
C 4a?
Equation (16) demonstrates that the correlation drift is directly
proportional to the power of noise as well as to the amount of
motion blur. This is a major finding, since it demonstrates that
motion blur @ plays a role similar to an increment of noise
as an uncertainty driving factor.

97 (16)

B. Evaluation With a Monte Carlo Simulation

The previous analysis is limited to one of the motion blur-
ring cases highlighted in Table II (i.e., w < dp; ©w < dy —d,,
which is a condition often verified by practical applications).
In order to validate the whole theoretical construction,
a Monte Carlo simulation is run (@ = 1, d, = 6, d, = 22,
o =0.05,1 < w < 27). In this case, several levels of motion
blur are tested, and then, for each of them, noise signals 7,
and 75, are sampled and added to signals p,(x) and pp(x).
Consequently, correlation is run and displacement is calcu-
lated as the minimum point of y2(¢&). The imposed relative
displacement between the original signal and the correlating
one is identically equal to 0. For each level of motion blur w,
correlation is tested 10* times. Hence, uncertainty u,(id) is
evaluated as the standard deviation of measured displacement
at each level of motion blur. The result is displayed in Fig. 6.

It is interesting to compare the results displayed in Fig. 6
with the previous analysis. Equation (16) computes the cor-
relation drift for a given realization of noise pattern and for
a given value of . In addition, (16) predicts a linear growth
of uncertainty with motion blur and this is reflected by the
diagram in Fig. 6. Furthermore, the previous analysis predicted
the existence of an edge driven region [analyzed by (16)] and a
contrast-driven region. The transition between the two regions
is predicted when © = d,, — d,, then u. should grow faster.
This behavior is also reflected by the data in Fig. 6 and it is
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a natural consequence of having the SSSI/G decreasing with

quadratic pace at high levels of motion blur.

VI. POWER-LAW MODEL TO DESCRIBE UNCERTAINTY
AS A FUNCTION OF MOTION BLUR WIDTH

The analysis of the monodimensional model cannot be
directly extended to the case of a general image of a DIC
measurement pattern. However, findings and remarks of the
previous analysis are useful to understand the driving factors
of uncertainty arising with motion blur. Consequently, it
is possible to formulate interpretative model upon physical
basis. In this context, the hypothesis made is to relax the
constraint given by (2) in order to include in the analysis the
effect of motion blur and to express the relationship between
uncertainty u#, due to random error (evaluated as the standard
deviation of subset displacement) and SSSIG with a simple
power law as in (17)

_ "
~ (§SSIG)*T

The previous equation represents a linear function in the
logarithmic plane where parameter # represents the sensitivity
of uncertainty to both noise and motion blur [since the two
phenomena mix, as demonstrated by (16)]. Parameter a,
instead, represents the speed of degradation of correlation
accuracy as the motion blur increases. It is possible to retrieve
the coefficients from regression of experimental data. The
process is shown in Fig. 7.

In Fig. 7 it is possible to see that not all the field of motion
blur is covered by the model. In fact, as shown in the previous
section, the interaction between image correlation, noise, and
motion blur splits the behavior of uncertainty in two parts: an
edge driven interval and a contrast driven interval. The power
law model, in fact, aims to represent the linear degradation
due to edge loss, which is the one at the lower level of W,
which is very interesting in most of the practical applications.
The previous assumptions are verified in Fig. 8, where both
the modulus of model error (computed as the discrepancy
between the actual value of the uncertainty and the uncertainty
value predicted by the model) and the contrast ratio (the ratio
between the contrast of the static image and the contrast of the
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motion blurred one) are plotted. It is possible to see that the
fit error increases as contrast decreases. Contrast decreases
with different pace depending on the pattern peculiar shape
so that similar patterns behave similarly. Pattern with a good
resistance in terms of contrast loss (for instance, patterns
characterized by a larger d,/d, ratio) are more resistant to
motion blur (in terms of measurement uncertainty).

The next step is to model the interaction between SSSIG
and motion blur W. The monodimensional analysis proposes
a quadratic dependence; hence, it is possible to write (18),
where SSSIG( represents the value of SSSIG in static
conditions and f represents the pattern degradation factor,
which represents the sensitivity to motion blur

SSSIG(W) = —2551Go (18)

B WEHL
As shown in Fig. 9, the model correctly interpo-
lates the data with R? scores higher than 92% for

patterns #2, #3, and #4. For what concerns pattern #1, the
discrepancy is slightly larger for W > 4. This is likely due
to the very low contrast of the pattern, coupled with a very
small size of the speckle. Given all the previous analysis, eq.19
updates the uncertainty model expressed with eq.17. In this
way it is possible to include the effects of motion blur in the
analysis of uncertainty.

n n
W) = - .
ue W) = [5551G M (ssngo)"
B-Wa+1

19)

As shown in Fig. 10, the model is able to correctly predict
the behavior of uncertainty, given the amount of motion blur.
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Fig. 10.  Power law model is able to express the relationship between

uncertainty and motion blur. Dashed: data. Solid: model.
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Fig. 11. Sensitivity of model parameters to the static value of MIG for the

acquired pattern. (a) # parameter. (b) MBRF parameter.

It is also possible to approximate the value of SSSIGo with
the Pan formula, given that it refers to static conditions; hence,
it is possible to write

71 (W 1)”
(N2~MIGoz)a TN -MIGo)™
B-W24+1
The model of (19) has been validated with four different
patterns, as shown in Fig. 1. Linearizing (20) leads to the
following expression:

ue(W) ~ (20)

du,
dw

g Ll 2

ue(W) ~ ue(O) + 0 d W2

21

0

Then the following approximation for the behavior of uncer-
tainty with motion blur is retrieved:

n
(N - MIGg)2

This last expression is particularly interesting, since it demon-
strates that an optimization of pattern under dynamic condi-
tions is possible and useful. The uncertainty due to motion blur
is regulated by the rational constant of (22), which is defined
as the motion blur rejection factor (MBRF). Both the numer-
ator and denominator vary with MIG. In this case, an analytic
definition of #(M1Gy) is not available; however, given that,
in general, numerator and denominator vary differently with
MGy, it is possible to suppose the existence of an optimal
point.

In fact, by representing the model parameters # and M BRF
as a function of MIGq in Fig. 11, it is possible to see that
uncertainty is not linearly decreasing with the mean image
gradient. In particular, both the indexes describe how the
quality of correlation is affected by both noise and motion
blur. Increasing the M 1Gy of patterns on one hand improves

ue(W) = (14 2aBW?). (22)

the rejection of the effects of noise, but, on the other hand,
the accumulation of edges in a small space facilitates the loss
of contrast in motion blur conditions.

In other words, it is not possible to boost static performances
and dynamic performances at the same time. This explains
why accurate DIC measurement is a more complex task and,
in the end, it is necessary to develop tools in order to select
optimal patterns for a given application.

VII. CONCLUSION

This paper approached the problem of modeling 2-D DIC
displacement measurement uncertainty in dynamic conditions.
Motion blur conditions have been generated synthetically
using a set of well-known algorithms. The review of the
scientific literature provided us with uncertainty models
developed for static applications. As a consequence, we
analyzed the effects of motion blur on correlation process
starting from the case of monodimensional signals. In this
way, it was possible to mathematically derive the sensitivity
of SSD correlation function to the amount of motion blur.
Once the monodimensional case has been fully recovered,
the extension to a general image case has been carried out
by means of a power-law match score that is able to take
into account both the noise and the motion blur. In this way,
it was possible to reproduce the results of simulation and to
provide a suitable framework to predict uncertainty in the
context of 2-D DIC measurements tasks.
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