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The paint-coating is part of several industrial processes, including the automotive industry, architectural coatings,
machinery and appliances. These paint-coatings must comply with high quality standards, for this reason evalu-
ation techniques from paint-coatings are in constant development. One important factor from the paint-coating
process is the drying, as it has influence on the quality of final results. In this work we present an assessment

technique based on the optical dynamic speckle interferometry, this technique allows for the temporal activity
evaluation of the paint-coating drying process, providing localized information from drying. This localized infor-
mation is relevant in order to address the drying homogeneity, optimal drying, and quality control. The technique
relies in the definition of a new temporal history of the speckle patterns to obtain the local activity; this infor-
mation is then clustered to provide a convenient indicative of different drying process stages. The experimental
results presented were validated using the gravimetric drying curves

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

When an optically rough surface is illuminated by coherent light, a
granular high contrast pattern distributed in space with a homogeneous
mean intensity can be observed-these patterns are known as speckle.
Characteristics of speckle are related to the macroscopic properties of
the illuminated surface under analysis [1].

Over the years several speckle measurement techniques have being
developed. Some of those techniques rely in the changes over time of the
speckle patterns. The dynamic speckle phenomenon occurs when laser
light is scattered by samples with a time-dependent activity, for example
to characterize fruit slices, confirm seed viability, fungi detection and
ultrasound imaging [2-7].

The activity could be observed in non-biological and biological sam-
ples and it is a consequence of the changes in the phase of light pro-
duced, for example, by movements of the scatters centers. As analyzed
in several contributions, the mentioned effect produces variation in local
intensity known as “boiling speckle” due to its visual appearance.

In a previous work, dynamic speckle pattern method was applied to
study the drying of paint process [8-10]. The dynamic speckle pattern
is generated when the paint surface is illuminated with coherent light.
In fact, the illuminated surface changes mainly due to solvent evapora-
tion and layer formation, thus giving rise to mentioned speckle activity.
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Amalvy et al. [8] introduced the use of the co-occurrence matrix of the
time history from dynamic speckle pattern as a method to measure the
activity. The temporal history of the speckle pattern (THSP) is gener-
ated by setting side by side a certain column of pixels corresponding to
successive images. The activity of the THSP image appears as intensity
changes in the horizontal direction.

Different descriptors to address the dynamic speckle patterns activ-
ity using THSP have been developed, including some based on wavelets
transforms [10-12], taking as a starting point, the sequence of data gen-
erated in the original work of Amalvy et al. In particular, the authors
demonstrate that all the measures tested performs better than the one
used in the original work. It should be noted that with these methods
provide a global assessment of the paint drying process and could not
be used to determine the local evolution.

In [8] the image is divided into columns and the middle one is used
in each speckle image in order to generate the THSP. The column is
purposely selected in the center of the speckle pattern record. This sup-
position considers small activity changes along the center of the sample
as compared to the edges. However, the activity change is related to the
paint layer thickness.

Therefore, we propose an alternative method in order to identify ar-
eas with different activity in the drying of paints process. This dynamic
speckle method can be used to evaluate the local activity on the surface,
by means of a new temporal view of intensity levels The speckle images
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Paint Sample

Fig. 1. Experimental setup schema for dynamic speckle recording and coating
thickness in samples.

are subdivided in 5 x 5 pixels sub-images. Then, a 2-dimensional tem-
poral history speckle pattern (2D-THSP) can be obtained by adequate
gathering and processing successive speckle images. As in the conven-
tional case, the 2D-THSP image shows a temporal variation of the gray
levels of each pixel of the original speckle along the horizontal axis,
nonetheless, the local activity can be evaluated.

The drying process of latex paint is accompanied to the loss of weight
as it dries [8]. We also performed a gravimetric measurement in order
to validate the proposed method and the experimental results obtained
were compared with the gravimetric technique. We found that the re-
sulting curves from the speckle-time evolution compares favorably with
gravimetric drying curves.

2. Dynamic speckle: experimental arrangement

On the scale of an optical wavelength (1~ 700 nm) the paint surfaces
are rough. It means that when coherent light coming from a laser is
scattered by these surfaces speckle patterns appear as the sum of multi-
ple independent complex components with random amplitude, random
phase or both.

During the drying process, the coating’s surface is changing mainly
due to the solvent evaporation, leveling and particle diffusion. Then, the
light scattered by paint surface presents a time-dependent activity. The
associated speckle patterns will change over time as the surface changes,
leading to the dynamic speckle phenomenon [8].

An experiment was conducted to evaluate the paint-coating drying
process using dynamic speckle patterns. These patterns were recorded
on different drying stages of a latex painting layer extended over a glass
surface. For recording the speckle patterns the experimental set-up de-
picted in Fig. 1 was used.

An expanded 10 mW Helium-Neon laser beam (with a wavelength
A=632.8nm) attenuated with a neutral density filter illuminates the
samples to be analyzed. The paint samples were prepared on a glass
substrate using a standard stainless steel drawdown applicator onto a
flat substrate. The paint layers were applied horizontally with different
wet film thicknesses.

The scattered light is then recorded in a sequence of images, allow-
ing tracking the changes over time thus providing a convenient tool to
address the slight changes in the surface related with the drying process.
When a phenomenon has low activity, there are less time variations in
the speckle patterns. In the limit, when there is no activity at all, the
speckle pattern shows no variation in the time direction.

The co-occurrence matrix was then calculated to characterize the
speckle pattern activity.
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Fig. 2. Recorded speckle samples for local drying evaluation.

Two paint samples were evaluated simultaneously, one with 50 pm
and the other 150 pm thicknesses. In this case, the speckle images gener-
ated by both paint surfaces were registered by a EO-10012C CMOS Color
USB camera connected to a PC. 8 bits’ gray scale images (1000 x 1000
pixels) were recorded in the memory of the computer. An example of
these patterns is depicted in Fig. 2, where the left side corresponds to
the speckle recorded for 50 um thickness sample and on the right side
the speckle corresponding to the 150 um sample. Care was taken so that
the speckles were well resolved by the camera sensor. After drying ap-
proximately for 240 min steady state of the dynamic speckle pattern was
reached for both thicknesses, indicating that the paint-coating was dry.
1000 successive images were recorded every 15 min. In our case, we de-
fine a frame as the results obtained from processing a set of 1000 images
recorded over a period of 15 min in 0.9 s time intervals.

In our experiments, we obtained local measurements from the drying
process over regions of interest. All the measurements were made in a
motionless air and constant temperature room to limit the variables that
affect the drying process. The humidity and temperature were those typ-
ical of a laboratory and commonly found during drying processes. The
room temperature ranged from 20 °C to 25 °C and the relative humidity
ranged from 50% to 70%.

Our proposal was validated by comparing the optical measurements
with the conventional gravimetric measurements described by Amalvy
et al. in [8]. In this case, a single coating layer with an average thickness
of 50 um was applied over the glass substrate. The glass substrate was
located on an analytical scale to measure the weight loss due to the
drying process and a sequence of 8-bits gray scale images (512x 512
pixels) dynamic speckle patterns were registered using a PULNIX TM-
6CN CCD monochrome camera connected to a PC.

3. Window Operation: local activity evaluation

From the recorded speckle patterns a region of interest was selected
for each of different layers. Two paint coating thickness were used in the
experiment, and two regions both of 600 rows x 100 columns where se-
lected on each case. Fig. 3 depicts the selected regions used in the exper-
iment, the region marked with blue is the speckle corresponding to the
50 um layer and the region marked with red the speckle corresponding
with the 150 pm layer.

Each region of interest was cropped in 5 X 5 window matrices; these
matrices contain a portion of the speckle pattern, the size of these ma-
trices was selected to represent less than 0.05% of the total image, and
could be modified based on the recordings resolution and sampling.
Note that the window matrix dimension is selected taking into account a
compromise between spatial resolution and statistical behavior. As con-
secutive recordings were made during the drying process, it is expected
that this patterns change over time due to the surface activity related to
the coating drying. The 5 x 5 matrices will be considered as windows
from the speckle pattern allowing for characterize the activity on each
region. These windows do not overlap with each other and cover the
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Fig. 3. Recorded speckle patters for experiment and validation, the regions of
interest are marked on blue for the 50 pm layer and on red for the 150 um layer.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article).
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Fig. 4. Windowing operation. The speckle pattern is cropped in 5 x 5 matrices,
which are then reshaped as vectors.
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Fig. 5. Window vectors appended and the corresponding temporal history
speckle pattern example.

entire region of interest. Each window was then reshaped to obtain a
vector with the gray-level values of the speckle pattern as portrayed in
Fig. 4, where each row of the 5 x 5 matrix is transposed and appended
to form the vector of 25 elements.

From all the vectors obtained for a frame (1000 for the presented
experiment), a new 2-dimensional temporal history speckle pattern (2D-
THSP) can be obtained per window.

The 2D-THPS is created when the obtained vectors are appended and
an image is formed as depicted in Fig. 5. As each position in the vector
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Fig. 6. Gray-level co-occurrence matrices.

represents the same point in the window, changes in the horizontal axis
represent temporal intensity changes in that particular pixel, the rows
in the 2D-THSP are the different pixels in the window and the columns
their activity. The original image can be then reconstructed based on
the 2D-THSP from each region.

4. Co-occurrence matrix

The 2D-THSP is then evaluated by using the Gray-Level Co-
occurrence Matrix (GLCM), this matrix provides a distribution of co-
occurring gray-level values given a position operator. In our case, as
our interest is to evaluate temporal changes, these matrix is populated
by calculating how often a pixel with a given gray-level value i occurs
in the horizontal direction of an adjacent pixel with particular value j
[13].

The principal diagonal from the GLCM is populated when there are
no changes in the gray-level values in the horizontal direction. This im-
plies that homogenous gray-level regions in the 2D-THSP will populate
the region near this diagonal and further regions will be populated by
high contrast change occurrences. As the activity in the 2D-THSP induce
contrast changes, high activity the 2D-THSP will have disperse distribu-
tions in the GLCM and low activity will be centered in the principal
diagonal as depicted in Fig. 6(a) and (b) respectively.

The spread from the values around the principal diagonal were cal-
culated as the sum of the matrix location value times the horizontal dis-
tance from this value to the principal diagonal, this is known as contrast
in the Haralick’s texture descriptors, and is defined as a second-order
moment called the inertia moment of the matrix along its principal di-
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Fig. 7. Normalized activity calculated for 35 frames. In blue the activity
changes for the right region (150 pm) and in red the left region (50 pm). (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the web version of this article).
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Fig. 8. Exponential squared-root decay fitted curve for the 50 um coating level.

agonal:
M=) M-’ )
[

where Mj; is the number of pixels with intensity i immediately followed
by pixels with intensity j.

In order to calculate the normalized activity during the paint-coating
drying process, the inertia moments from all the windows are then nor-
malized by dividing their value by the highest activity value during the
entire drying process.

5. Activity clusters

Activity evaluation on each window provides information about the
local activity from the drying of the coating surface. This information
makes feasible the recognition of regions in the activity images based
on how active these regions are. In particular, we want to distinguish
between: High, medium-high, medium, medium-low and low activity
regions.

In order to group the windows’ activity, we used a clustering algo-
rithm based on the values normalized over all the samples. This shows
how the five activity regions change over time without taking into ac-
count the spatial distribution from windows. In particular, we used K-
means clustering, an unsupervised hard clustering algorithm that clas-
sifies a data collection into multiple classes [14]. The objective of the
algorithm is to group a set of x;, j =1...n vectors into G;, i=1...c
different groups, by finding a cluster center such that a cost-function
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Fig. 9. Exponential squared-root decay curve fitting for the 150 um coating
level.
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Fig. 10. Activity per window for the 50 pm coating layer.

defined by the distance measured from data to the cluster center is op-
timized. Using general definition of distance, the cost-function can be
defined as

7= ZJ—Z< ) d(xk-ci)> @
1 \kx;€G;

To defined the membership of a vector to a particular cluster a mem-
bership matrix defined as:
uijz{lif d(x;—¢) <d(x;—c). Vik 3

0 otherwise
is employed, the vector x; belongs to group c; if this is the closest cen-
tre amongst the others. In this case element u; is 1 when data point x;
belongs to groupi and 0 otherwise. This matrix has the following prop-
erties

c

Zu,j=1, Vi=1..n

i=1
Z}Z y=n @
i=1j

If U is fixed, the optimal center c; that minimizes (2) will be:

n

1
G =157 X |Gy = Z”ij )

|G| kX, E€G; j=1

6. Results and discussion

By using the experimental conditions described in Section 3, the
paint-coating process was studied. First in Section 6.1 the speckle pat-



D. Sierra-Sosa et al.

1000 1250
Window

500 750 1500 1750 2000 2250

Fig. 11. Activity per window for the 150 um coating layer.

_ 12-a (50 pm
S 3 4 5

Il_rlz-b (150 pm)

0.9

0.8

0.7

0.6

0.5

10.4

0.3

0.2

0.1

0

Frames:

Frames:

Fig. 12. Local activities per frame for 50 um and 150 um. Color-map corre-
sponds with the window activity normalized for 50 and 150 um together. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article).

terns were evaluated by following the conventional THSP proposed by
Amalvy et al. in [8]. In Section 6.2 the same dynamic speckle pat-
terns are then processed using the new 2-dimensional temporal history
speckle pattern (2D-THSP) in order to evaluate the local drying process.
Finally, in Section 6.3, the proposed technique is compared with the
gravimetric measurements.
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6.1. Temporal history speckle pattern (THSP)

The paint-coating was recorded for 525 min corresponding to 35
frames. As it was stated before each frame is the result of the processing
from 1000 images taken every 0.9 s, both coatings reach steady state by
frame 16 implying that both paint layers are dry. The obtained experi-
mental data processed by using the THSP method is presented in Fig. 7.
It should be noted that the activity from the region with 150 pm (blue)
is higher than the activity from the 50 um layer (red) which present a
slightly higher drying coefficient. Albeit some differences between both
curves, this changes are not easily addressed.

This data is then fitted following the exponential squared-root decay
model [15], to calculate drying model parameters. Exponential squared-
root decay fitted curve for the 50 um and 150 pm coating layers are
presented in Figs. 8 and 9 respectively.

The corresponding equation for the 50 um layer fitted data is:

F() = 0.89~ 128V £ 011 ©)
The curve fitting model in this case (150 um) is:
£(t) = 0767708956V 01 %)

6.2. 2D temporal history speckle pattern (2D-THSP)

When the 2D-THSP windows are created for each of the frames the
activity differences between windows become apparent. The dynamic
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Fig. 14. Comparison between the optical (blue) and the gravimetric measure-
ment (red). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article).

speckle patterns from frames were divided in windows starting from
the upper left corner, going first through the rows and then the columns.
These 2D-THSP windows were obtained for both right and left part of
the dynamic speckle patterns corresponding to 50 pm and 150 um re-
spectively. As each window consist in the activity matrix for a 5x5
sub-matrix from the dynamic speckle images, since our image size in
the experiments was 600 x 100 (60,000 pixels) and a window size of
5x5 (25 pixels) represents only 0.041% of the total image hence the
analysis is considered local. In our case the frames are constituted by
20 x 120 windows (each window containing a 25 x 1000 pixels activity
matrix), giving 2400 windows in total. In Figs. 10 and 11 the normalized
activity calculated per window is presented, it should be noted that due
to the window selection the first windows represented in the graphic
correspond to the upper edge from speckle pattern and growing in the
direction of the central region, the average frame normalized activity
decay following the exponential squared-root model.

It is apparent that the activity changes between windows correspond-
ing to the frame 1 of the 50 um coating layer is higher than the 150 pm
coating layer (see Figs. 10 and 11). These results confirm the necessity
to evaluate the local activity and their contribution to understanding
the process progress.

By following our proposal, the edge effects can be considered and an-
alyzed, the presented results confirm the changes in the thickness of the
paint-coating films at the periphery of sample glass plate. This effect can
be inferred by observing the local speckle time evolution. It is expected
that the paint layer thickness variations, throughout the sample, influ-
ence the gravimetric data. Previous results as presented in [8-10] only
considered the optical data collected in the central zone of the sample.

Once the normalized activity is evaluated on each window, the
frames can be recomposed providing a local activity map from the dy-
namic speckle patterns and consequently of the local activity of the
paint-coating drying process. Fig. 12 represents the local activity from
the first 6 frames chronologically arranged, these frames represent a to-

Frame
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tal of 75 min, meaning that each frame is spaced 15 min. In this particu-
lar experiment, each frame represents a temporal state, and is obtained
by processing the set of 1,000 images taken every 0.9 seconds. Fig. 12(a)
represents the results for 50 um and Fig. 12(b) for 150 um layers. Both
Figures include the respective color maps indicating the activity, as ex-
pected the 50 pm layer portrays higher activity on frame 1 and higher
decay rate. The 150 um layer portrays less activity on frame one but
remains active for more time.

In order to provide an easy way to address the state of the paint-
coating drying process we separated the activity in 5 regions: High,
medium-high, medium, medium-low and low activity. The normalized
activity was clustered using K-means algorithm using Euclidean distance
metrics for 5 clusters, this provides a convenient classification as pre-
sented in Fig. 13 for the drying process in possible applications of the
proposed technique.

6.3. Technique validation

The optical measurements were compared with the gravimetric mea-
surements, a gold standard in the paint industry. Paint thickness and
environmental conditions were kept constant. A single coating layer
with an average thickness of 50 um was applied over the glass sub-
strate. A sequence of 8-bits gray scale images (512x 512 pixels) dy-
namic speckle patterns were registered using a PULNIX TM-6CN CCD
monochrome camera connected to a PC. 350 successive digitalized im-
ages were recorded every 5 min during 120 min, this particular experi-
ment has 14 frames. Activity evaluation on each window is determined
following the proposed procedure.

When comparing the gravimetric measurement with the optical mea-
surement the error ranges from 0.84% to 6.67% with an average of
4.34%. The error ranges are percentages, and as the values tend to zero
the percentage seems higher despite a reduction in the absolute error
values. The comparison between the average normalized window activ-
ity from frames and the gravimetric measurement is presented in Fig. 14,
the blue line corresponds with the optical measurements and the red line
to the gravimetric measurement. In Fig. 15 shows the local activity from
this experiment for each of the frames with the corresponding color map
for the normalized activity when a 510 rows x 100 columns region from
the center of the speckle patterns were selected.

7. Conclusions

We have presented a technique based on dynamic speckle patterns,
useful for the local evaluation of paint-coating drying process.

In real experiments, the paint layers have different thickness in dif-
ferent regions as the coating application is not perfectly homogeneous.
The speckle patterns from our experiments are recorded using an image
formation system. This implies that the retrieved information from the
detector preserves the local information from the paint sample. There-
fore, the use of a vertical line as in the conventional TSPI based on image

13 14

Fig. 15. Local activity for the 14 frames of the validation experiment.
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formation system is not as convenient because different regions involve
different thickness in the line used for assessment. With our proposal,
we have extended the paint coating drying analysis to a local regime,
the defined window matrix allows us to address a localized region with
approximately the same thickness.

From the dynamic speckle patterns, a new 2-dimensional temporal
history of speckle was generated by the selection and processing of 5 x5
windows, those windows allow for the local activity assessment. The ac-
tivity obtained from each window was then clustered in order to obtain
five different classes: High, medium-high, medium, medium-low and
low activity. These classes provide a convenient classification of the dry-
ing process, looking forward to the constitution of a future framework
for industrial applications. With this work, we have extended the ap-
plication from the techniques for paint-coating drying evaluation based
on dynamic speckle patterns to address the local activity from coatings.
The experimental data in this work was compared with the previous
proposals, including in its formulation the mathematical model for the
exponential squared-root decay fitting. An average error of 4.34% was
obtained when comparing the optical measurements using the proposed
technique with the gravimetric measurements, gold standard in the in-
dustry. We foresee that the proposed technique can be used on industrial
applications for drying time addressing, quality control, among others.
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