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Elimination of zero-activity regions in dynamic laser speckle coating drying
experiments
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Dynamic laser speckle method is a useful approach for monitoring the speed of processes by statistical processing of
speckle patterns formed on the surface of diffusely reflecting object at laser illumination. The most popular algorithms
are the intensity-based pointwise algorithms which rely on capture of correlated in time speckle patterns. These
algorithms fail at non-uniform illumination and require pointwise normalization to produce correct results. The
normalized processing encounters difficulties in detection of non-varying regions on the object surface. The paper
proposes usage of a specially designed estimator to eliminate these regions.
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INTRODUCTION

Dynamic laser speckle method enables
monitoring of processes by detection of speckle
patterns formed on the surface of diffusely
reflecting objects at coherent light illumination
[1,2]. The speckle patterns reflect the microscopic
changes on the object surface and thus provide a
very sensitive tool for indicating changes. The
method is effective for non-destructive testing of
industrial samples as drying of paints or coatings,
biomedical applications and food quality
assessment [3-5]. Dynamic speckle metrology has
been pushed forward by advances in modern optical
sensors and computers that make possible
pointwise processing and characterization of the
monitored process by a two-dimensional (2D)
distribution of a given statistical parameter related
to its speed. This map is called an activity map and
allows for differentiation of regions with slow or
fast changes of speckle patterns on the object
surface [6]. The main advantage of dynamic
speckle technique is the simple experimental means
of performing the measurement. The main
disadvantage is that the statistical processing is
vulnerable to non-uniform illumination or varying
reflectivity across the object due to the signal-
dependent nature of speckle fluctuations. To
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overcome this drawback, pointwise normalization
is applied to the statistical estimates of activity [7].
Normalization, however, fails in the regions with
almost zero activity and gives an erroneous result
by indicating activity much greater than the existing
really. The goal of this paper is to develop reliable
procedure for detecting zero-activity regions by
combining normalized and non-normalized
processing. Experimental verification of the
developed approach is done by processing paint
coating drying.

POINTWISE CHARACTERIZATION

Generally speaking, capture of 2D dynamic
speckle patterns by a CCD camera allows to build a
2D spatial distribution of some measure which
characterizes activity related to different spatial
regions of the sample under study for a given time
interval. For the purpose, a series of N frames is
acquired for the observation time T. Thus, the 8-bit
encoded and sampled intensities,
Lan = (k& 13;nAt)n=12..N , which correspond to
a given pixel (kox,1dy) in the recorded N frames,
form a time sequence (Fig. 1). Here (x,8y) are the
sampling intervals along the N, rows and N,
columns of the captured image and At=T/N is the
time interval between two consecutive images. The

estimate of the chosen statistical measure is found
at all points(kéx,1dy), k=12.N,1=12..N , after

y!
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averaging over the formed time sequences. The
obtained 2D distribution of the estimate
corresponds to T and hence it gives localized in
space and not localized in time estimate of sample
activity. The time interval T should cover several
radii of the temporal correlation function of
intensity fluctuations caused by the undergoing
activity within the sample to have enough data for a
reliable estimate.

intensity

time

Fig. 1. Capture of a time sequence of 2D speckled
patterns

A measure based on evaluation of the temporal
structure  function (TSF) at (kox,18y),

k=12.N,I=12..N, yields localized in time 2D
descriptions  of activity for time lags
r=mAt,m=12..M which  correspond to the
averaging interval T:

L i(lkl,n - Ikl,n+m)2 (1)

S(kIm)= N

We can also describe the time fluctuations by
using a normalized temporal structure function
(NTSF). The estimate of the NTSF for each point

(kox,16y) is built as follows:

~ 1 1 N

Snorm(k'l'm): (N _ m) 6('(, I)ré)(lkl,n - Ikl,n+m)Z (2)
—~ 1N - 2 - 1 N

U(kvl)zﬁnz:l(lkl,n - Ikl) v :an:lllm,n (3)

where o(k,1) and 1, are the estimates of the
variance and the mean intensity that are calculated
at the spatial point (ko Id). For a time lag
T =mMmAt the estimates S, (k,I,m) and §(k,|,m)
are given by 2D spatial distributions where the
small values of S or Scorrespond to large

correlation and hence indicate lower activity within
the sample and vice versa. Theoretically the NTSF
varies from 0 to 1.
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EXPERIMENTAL

To check the efficiency of correlation-based
algorithms to locate different activity regions we
performed measurements with the test object in Fig.
2. The surface of the object was covered with
concentric grooves of varying depth and width. A
coin was placed in the circular hollow region at the
centre of the object. The object was covered with a
nail polish, whose drying produced a dynamic
speckle. The correlation of data in the regions
corresponding to the grooves is larger in
comparison to those of the flat surface due to the
larger quantity of the nail polish there. The same is
valid to some extent for the different parts of the
coin due to its varying relief. For the experiment,
only the lower half of the object was covered with
the nail polish. lllumination of the object was done
with a He-Ne laser. The acquisition of speckle
patterns was made at a rate of At = 500 ms between
the frames. The captured images size was 580x780
pixels.

Fig. 2. Test object.

Fig. 3. Image acquired by the CCD camera (the arrows
show unusable regions.

We processed 170 speckle patterns with the
NTSF and TSF algorithms. An exemplary captured
image is shown in Fig. 3. As it is seen, the object
surface has non-uniform reflectivity. The arrows
indicate the regions of specular reflection for which
the recorded intensity everywhere reaches 255 gray
levels, and moreover it keeps this value for the
whole series. Obviously, information is lost in these
regions, and the data in them should be discarded.
We excluded the rightmost part of the recorded
images due to the large non-informative area and
chose to process the data in the region with size
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500x500 pixels with a bias of 50 rows and 0
columns.  The results obtained for the NTSF are
shown in Fig. 4. The light regions correspond to
lower correlation and hence to higher activity.
Registration of activity is expected for the lower
half of the object. The NTSF in the upper part
should remain constant. We see that the data in the
narrow grooves on center of the coin should be also
discarded. The obtained NTSF maps clearly show
regions of different activity. We see higher
correlation in the region of the concentric grooves
as well as on the surface of the coin up to the lag
20At; at greater lags there iS no correlation between
the recorded images. However, the NTSF estimate
does not reflect properly the lack of activity in the
upper half of the object. Theoretically the NTSF in
this region should be close to zero everywhere. The
averaged NTSF distribution is uniform indeed, but
the mean value of the NTSF in this region is
constantly decreasing and is much higher than zero.
The inaccuracy of the estimate is due to the short
length (170 images) of the series used for
calculations. We may conclude that the algorithms
with the normalization when applied to short time-
series fail to indicate clearly the zero-activity
regions. The  processing should  pick-up
automatically and correctly these regions.

Fig. 4. NTSF at time lags 7 =5At and 7 =20At (the
grey scale varies from 0 to 2.5).

The SF without normalization also clearly
separates the upper and the lower object parts (Fig.
5). The mean square of the difference between the
intensities is much higher in the lower half of the
TSF map. One should take in mind, however, that
the value of the mean square rapidly increases with

the reflective property of the object. For example,
reflectivity in the grooves region and the coin is
higher than on the flat object sections. Dependence
of the TSF on the reflectivity across the object
renders difficult obtaining information about the
activity time scale in different regions of the object.
Nevertheless, we could use these function to cut out
the zero activity regions

Fig. 5. TSF at a time lag 2001t (the grey scale varies
from 0 to 140).

To locate the regions with almost zero activity, we
introduce the following estimator:

A 1 1 N
P(k,|,m)=mmn§(|km—|k|,n+m)2 (4)

~ N . .
where M, :%Zlkﬁ'n is the estimate of the mean
n

square. To clarify P(k,I,m) let us suppose that the

intensity fluctuations have the same mean value and
variance across the image and that the variation in
time is a stationary process. Therefore, we may
write for any point I(nAt+mAt)=I(nAt)+ 8l (mAt),

where d1(mAt) is the rise of intensity. Then

<ﬁ>(m)> ~ %{23— 2[3+(1(nat)a (nat) ] )

where 3 =(12(nat)) = (1*(nat+mat)) is the mean
square. It is clearly seen from the above expression
that the estimator P(k,l,m)is zero when
S (mAt)=0.. When the intensities I(nAt) and
I(nAt+mAt) are not correlated, the estimator
becomes

LR LR

where o, =yuv is the standard deviation of the

fluctuations and v is their variance. We see that the
higher the fluctuations, the higher is the value of

P(k,I,m). At &, =1, which is the case of the fully
developed speckle [1], the estimator value is one.
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We propose to use the introduced estimator in the (1) 0 if |5(k,|_m)<g )
following way: it Pklm)z e

1) to calculate P(k,I,m) for a comparativel - . . .
lar e)time la whicﬁl u;rantees detsction 03; 3) to eliminate the spurious fluctuations in
g g g P(kIm) that may lead to non-connected single

variations in the recorded speckle pattern;
points in the mask, the mask is filtered with a
sliding window of size 10x10; if the sum of the
values in the window exceeds 60, a unity value is
attached to all values inside the window;
4) the NTSF distributions are multiplied by
the mask to remove the regions of zero activity.

Fig. 6 depicts the distribution of P(k,I,m) atm =
30, and the mask derived from it. Fig. 7 shows the
distributions of the NTSF multiplied by the mask.
We obtain the highest correlation of fluctuations on

the surface of the coin. The correlation is higher in
the grooves than in the flat object sections. As it
should be expected, the correlation disappears first
for the thinner grooves. They are undistinguishable
from the flat sections at time lags 20 and 40
whereas the thicker grooves are still seen.
CONCLUSIONS

In summary, we developed a dynamic speckle
approach based on combined usage of normalized
and non-normalized processing for elimination of
zero-activity regions from activity maps obtained
for the normalized correlation-based algorithms.
The problem with erroneous detection of activity in
these regions arises from small value of the
variance and inaccurate determination of its
estimates at short lengths of the temporal sequences
formed from the acquired speckle images.
Efficiency of the proposed approach was confirmed
by processing a test object half coated with a
polyester paint. The developed algorithm formed
automatically a mask to preserve only regions with
non-zero activity.

Fig. 6. Distribution of the estimator k,I,m atm=30

(top) and the calculated mask (bottom).
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AHAJIN3 HA CbXHEHE HA ITOKPUTUA
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(Pestome)

JIMHAMUYHUAT CHEKBJI METOJ] € TOJIC3CH MOAXOJ 32 MOHHUTOPUHI Ha CKOPOCTTa Ha MPOTHYAaHE HA IPOIIECH Ype3
CTaTUCTHYECKa 00pabOTKa Ha CIEKBJ KapTHHHUTE, OOpasHBaIlM Ce BHPXY MOBBPXHOCTTA HAa TU(PY3HO OTpa3siBaIld
00eKTH NP OCBETsBaHe ¢ Ja3zep. Half-momynspHu ca MHTEH3UTETHO-0a3upaHUTE alrONMUTMHU, KOUTO M3UCKBAT 3aMiC Ha
KOpEJIUpaHy BbB BPEMETO CIEKbI H300pakeHus. Te3u anropurMu He ca eeKTUBHU MPU HEPABHOMEPHO OCBETSBAHE U
ce Hajara MpoBEXAHETO Ha MIOTOYKOBO HOPMHpPAHE 3a MOCTUTaHEe Ha KOPEKTHH pe3ynratu. OOpaboTkara ¢ MOTOYKOBO
HOpPMHUpaHE cpellla TPYAHOCTH TPH JETEKTUPAHETO Ha obnacTh 0Oe3 MmpoMsHAa BBPXY MOBBPXHOCTTa Ha obOekta. B
CTaTHsITa Ce Mpejiara U3MOJI3BaHeTO Ha CIICIIMAHO U3TrPajicHa O[CHKA 32 OTCTPAHsBaHE Ha Te3H 00JIACTH.
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