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a b s t r a c t 

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. 
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. Introduction 

When an optically rough surface is illuminated by coherent light, a

ranular high contrast pattern distributed in space with a homogeneous

ean intensity can be observed–these patterns are known as speckle.

haracteristics of speckle are related to the macroscopic properties of

he illuminated surface under analysis [1] . 

Over the years several speckle measurement techniques have being

eveloped. Some of those techniques rely in the changes over time of the

peckle patterns. The dynamic speckle phenomenon occurs when laser

ight is scattered by samples with a time-dependent activity, for example

o characterize fruit slices, confirm seed viability, fungi detection and

ltrasound imaging [2–7] . 

The activity could be observed in non-biological and biological sam-

les and it is a consequence of the changes in the phase of light pro-

uced, for example, by movements of the scatters centers. As analyzed

n several contributions, the mentioned effect produces variation in local

ntensity known as “boiling speckle ” due to its visual appearance. 

In a previous work, dynamic speckle pattern method was applied to

tudy the drying of paint process [8-10] . The dynamic speckle pattern

s generated when the paint surface is illuminated with coherent light.

n fact, the illuminated surface changes mainly due to solvent evapora-

ion and layer formation, thus giving rise to mentioned speckle activity.
∗ Corresponding author. 

E-mail address: d.sierrasosa@louisville.edu (D. Sierra-Sosa). 

b  

ttps://doi.org/10.1016/j.optlaseng.2018.02.013 

eceived 5 December 2017; Received in revised form 16 February 2018; Accepted 18 February

143-8166/© 2018 Elsevier Ltd. All rights reserved. 
malvy et al. [8] introduced the use of the co-occurrence matrix of the

ime history from dynamic speckle pattern as a method to measure the

ctivity. The temporal history of the speckle pattern (THSP) is gener-

ted by setting side by side a certain column of pixels corresponding to

uccessive images. The activity of the THSP image appears as intensity

hanges in the horizontal direction. 

Different descriptors to address the dynamic speckle patterns activ-

ty using THSP have been developed, including some based on wavelets

ransforms [10-12] , taking as a starting point, the sequence of data gen-

rated in the original work of Amalvy et al. In particular, the authors

emonstrate that all the measures tested performs better than the one

sed in the original work. It should be noted that with these methods

rovide a global assessment of the paint drying process and could not

e used to determine the local evolution. 

In [8] the image is divided into columns and the middle one is used

n each speckle image in order to generate the THSP. The column is

urposely selected in the center of the speckle pattern record. This sup-

osition considers small activity changes along the center of the sample

s compared to the edges. However, the activity change is related to the

aint layer thickness. 

Therefore, we propose an alternative method in order to identify ar-

as with different activity in the drying of paints process. This dynamic

peckle method can be used to evaluate the local activity on the surface,

y means of a new temporal view of intensity levels The speckle images
 2018 
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Fig. 1. Experimental setup schema for dynamic speckle recording and coating 

thickness in samples. 
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Fig. 2. Recorded speckle samples for local drying evaluation. 
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re subdivided in 5 × 5 pixels sub-images. Then, a 2-dimensional tem-

oral history speckle pattern (2D-THSP) can be obtained by adequate

athering and processing successive speckle images. As in the conven-

ional case, the 2D-THSP image shows a temporal variation of the gray

evels of each pixel of the original speckle along the horizontal axis,

onetheless, the local activity can be evaluated. 

The drying process of latex paint is accompanied to the loss of weight

s it dries [8] . We also performed a gravimetric measurement in order

o validate the proposed method and the experimental results obtained

ere compared with the gravimetric technique. We found that the re-

ulting curves from the speckle-time evolution compares favorably with

ravimetric drying curves. 

. Dynamic speckle: experimental arrangement 

On the scale of an optical wavelength ( 𝜆≈700 nm) the paint surfaces

re rough. It means that when coherent light coming from a laser is

cattered by these surfaces speckle patterns appear as the sum of multi-

le independent complex components with random amplitude, random

hase or both. 

During the drying process, the coating’s surface is changing mainly

ue to the solvent evaporation, leveling and particle diffusion. Then, the

ight scattered by paint surface presents a time-dependent activity. The

ssociated speckle patterns will change over time as the surface changes,

eading to the dynamic speckle phenomenon [8] . 

An experiment was conducted to evaluate the paint-coating drying

rocess using dynamic speckle patterns. These patterns were recorded

n different drying stages of a latex painting layer extended over a glass

urface. For recording the speckle patterns the experimental set-up de-

icted in Fig. 1 was used. 

An expanded 10 mW Helium–Neon laser beam (with a wavelength

= 632.8 nm) attenuated with a neutral density filter illuminates the

amples to be analyzed. The paint samples were prepared on a glass

ubstrate using a standard stainless steel drawdown applicator onto a

at substrate. The paint layers were applied horizontally with different

et film thicknesses. 

The scattered light is then recorded in a sequence of images, allow-

ng tracking the changes over time thus providing a convenient tool to

ddress the slight changes in the surface related with the drying process.

hen a phenomenon has low activity, there are less time variations in

he speckle patterns. In the limit, when there is no activity at all, the

peckle pattern shows no variation in the time direction. 

The co-occurrence matrix was then calculated to characterize the

peckle pattern activity. 
62 
Two paint samples were evaluated simultaneously, one with 50 μm

nd the other 150 μm thicknesses. In this case, the speckle images gener-

ted by both paint surfaces were registered by a EO-10012C CMOS Color

SB camera connected to a PC. 8 bits ’ gray scale images (1000 ×1000

ixels) were recorded in the memory of the computer. An example of

hese patterns is depicted in Fig. 2 , where the left side corresponds to

he speckle recorded for 50 μm thickness sample and on the right side

he speckle corresponding to the 150 μm sample. Care was taken so that

he speckles were well resolved by the camera sensor. After drying ap-

roximately for 240 min steady state of the dynamic speckle pattern was

eached for both thicknesses, indicating that the paint-coating was dry.

000 successive images were recorded every 15 min. In our case, we de-

ne a frame as the results obtained from processing a set of 1000 images

ecorded over a period of 15 min in 0.9 s time intervals. 

In our experiments, we obtained local measurements from the drying

rocess over regions of interest. All the measurements were made in a

otionless air and constant temperature room to limit the variables that

ffect the drying process. The humidity and temperature were those typ-

cal of a laboratory and commonly found during drying processes. The

oom temperature ranged from 20 °C to 25 °C and the relative humidity

anged from 50% to 70%. 

Our proposal was validated by comparing the optical measurements

ith the conventional gravimetric measurements described by Amalvy

t al. in [8] . In this case, a single coating layer with an average thickness

f 50 μm was applied over the glass substrate. The glass substrate was

ocated on an analytical scale to measure the weight loss due to the

rying process and a sequence of 8-bits gray scale images (512 ×512

ixels) dynamic speckle patterns were registered using a PULNIX TM-

CN CCD monochrome camera connected to a PC. 

. Window Operation: local activity evaluation 

From the recorded speckle patterns a region of interest was selected

or each of different layers. Two paint coating thickness were used in the

xperiment, and two regions both of 600 rows × 100 columns where se-

ected on each case. Fig. 3 depicts the selected regions used in the exper-

ment, the region marked with blue is the speckle corresponding to the

0 μm layer and the region marked with red the speckle corresponding

ith the 150 μm layer. 

Each region of interest was cropped in 5 ×5 window matrices; these

atrices contain a portion of the speckle pattern, the size of these ma-

rices was selected to represent less than 0.05% of the total image, and

ould be modified based on the recordings resolution and sampling.

ote that the window matrix dimension is selected taking into account a

ompromise between spatial resolution and statistical behavior. As con-

ecutive recordings were made during the drying process, it is expected

hat this patterns change over time due to the surface activity related to

he coating drying. The 5 × 5 matrices will be considered as windows

rom the speckle pattern allowing for characterize the activity on each

egion. 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 μm layer and on red for the 150 μm layer. 

(For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article). 

Fig. 4. Windowing operation. The speckle pattern is cropped in 5 ×5 matrices, 

which are then reshaped as vectors. 

Fig. 5. Window vectors appended and the corresponding temporal history 

speckle pattern example. 
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Fig. 6. Gray-level co-occurrence matrices. 

r  

r  

i  

t  

t

4

 

o  

o  

o  

b  

i  

[

 

n  

p  

t  

h  

c  

t  

d

 

c  

t  

i  

m  
ntire region of interest. Each window was then reshaped to obtain a

ector with the gray-level values of the speckle pattern as portrayed in

ig. 4 , where each row of the 5 × 5 matrix is transposed and appended

o form the vector of 25 elements. 

From all the vectors obtained for a frame (1000 for the presented

xperiment), a new 2-dimensional temporal history speckle pattern (2D-

HSP) can be obtained per window. 

The 2D-THPS is created when the obtained vectors are appended and

n image is formed as depicted in Fig. 5 . As each position in the vector
63 
epresents the same point in the window, changes in the horizontal axis

epresent temporal intensity changes in that particular pixel, the rows

n the 2D-THSP are the different pixels in the window and the columns

heir activity. The original image can be then reconstructed based on

he 2D-THSP from each region. 

. Co-occurrence matrix 

The 2D-THSP is then evaluated by using the Gray-Level Co-

ccurrence Matrix (GLCM), this matrix provides a distribution of co-

ccurring gray-level values given a position operator. In our case, as

ur interest is to evaluate temporal changes, these matrix is populated

y calculating how often a pixel with a given gray-level value i occurs

n the horizontal direction of an adjacent pixel with particular value j
13] . 

The principal diagonal from the GLCM is populated when there are

o changes in the gray-level values in the horizontal direction. This im-

lies that homogenous gray-level regions in the 2D-THSP will populate

he region near this diagonal and further regions will be populated by

igh contrast change occurrences. As the activity in the 2D-THSP induce

ontrast changes, high activity the 2D-THSP will have disperse distribu-

ions in the GLCM and low activity will be centered in the principal

iagonal as depicted in Fig. 6 (a) and (b) respectively. 

The spread from the values around the principal diagonal were cal-

ulated as the sum of the matrix location value times the horizontal dis-

ance from this value to the principal diagonal, this is known as contrast

n the Haralick’s texture descriptors, and is defined as a second-order

oment 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 μm) and in red the left region (50 μm). (For in- 

terpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article). 

Fig. 8. Exponential squared-root decay fitted curve for the 50 μm coating level. 
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Fig. 9. Exponential squared-root decay curve fitting for the 150 μm coating 

level. 

Fig. 10. Activity per window for the 50 μm coating layer. 
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gonal: 

𝑀 = 

∑
𝑖 

∑
𝑗 

𝑀 𝑖𝑗 ( 𝑖 − 𝑗 ) 2 (1)

here M ij is the number of pixels with intensity i immediately followed

y pixels with intensity j. 
In order to calculate the normalized activity during the paint-coating

rying process, the inertia moments from all the windows are then nor-

alized by dividing their value by the highest activity value during the

ntire drying process. 

. Activity clusters 

Activity evaluation on each window provides information about the

ocal activity from the drying of the coating surface. This information

akes feasible the recognition of regions in the activity images based

n how active these regions are. In particular, we want to distinguish

etween: High, medium-high, medium, medium-low and low activity

egions. 

In order to group the windows ’ activity, we used a clustering algo-

ithm based on the values normalized over all the samples. This shows

ow the five activity regions change over time without taking into ac-

ount the spatial distribution from windows. In particular, we used K-

eans clustering, an unsupervised hard clustering algorithm that clas-

ifies a data collection into multiple classes [14] . The objective of the

lgorithm is to group a set of 𝐱 𝑗 , 𝑗 = 1 … 𝑛 vectors into 𝐺 𝑖 , 𝑖 = 1 … 𝑐

ifferent groups, by finding a cluster center such that a cost-function
64 
efined by the distance measured from data to the cluster center is op-

imized. Using general definition of distance, the cost-function can be

efined as 

 = 

𝑐 ∑
𝑖 =1 

𝐽 𝑖 = 

𝑐 ∑
𝑖 =1 

( ∑
𝑘, 𝑥 𝑘 ∈𝐺 𝑖 

𝑑 
(
𝑥 𝑘 − 𝑐 𝑖 

)) 

(2)

To defined the membership of a vector to a particular cluster a mem-

ership matrix defined as: 

 𝑖𝑗 = 

{ 

1 𝑖𝑓 𝑑 
(
𝑥 𝑗 − 𝑐 𝑖 

)
≤ 𝑑 

(
𝑥 𝑗 − 𝑐 𝑘 

)
, ∀𝑖 ≠ 𝑘 

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 
(3)

s employed, the vector x j belongs to group c i if this is the closest cen-

re amongst the others. In this case element u ij is 1 when data point x j 
elongs to group i and 0 otherwise. This matrix has the following prop-

rties 

𝑐 ∑
𝑖 =1 

𝑢 𝑖𝑗 = 1 , ∀𝑗 = 1 … 𝑛 

𝑐 ∑
𝑖 =1 

𝑛 ∑
𝑗=1 

𝑢 𝑖𝑗 = 𝑛 (4) 

If u ij is fixed, the optimal center c i that minimizes (2) will be: 

 𝑖 = 

1 ||𝐺 𝑖 
||

∑
𝑘, 𝑥 𝑘 ∈𝐺 𝑖 

𝑥 𝑘 , 
||𝐺 𝑖 

|| = 

𝑛 ∑
𝑗=1 

𝑢 𝑖𝑗 (5)

. Results and discussion 

By using the experimental conditions described in Section 3 , the

aint-coating process was studied. First in Section 6.1 the speckle pat-
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Fig. 11. Activity per window for the 150 μm coating layer. 

Fig. 12. Local activities per frame for 50 μm and 150 μm. Color-map corre- 

sponds with the window activity normalized for 50 and 150 μm together. (For 

interpretation of the references to color in this figure legend, the reader is re- 

ferred to the web version of this article). 
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Fig. 13. Activity clusters for Frames 1 and 2 of the 150 μm layer. 
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a  
erns were evaluated by following the conventional THSP proposed by

malvy et al. in [8] . In Section 6.2 the same dynamic speckle pat-

erns are then processed using the new 2-dimensional temporal history

peckle pattern (2D-THSP) in order to evaluate the local drying process.

inally, in Section 6.3 , the proposed technique is compared with the

ravimetric measurements. 
65 
.1. Temporal history speckle pattern (THSP) 

The paint-coating was recorded for 525 min corresponding to 35

rames. As it was stated before each frame is the result of the processing

rom 1000 images taken every 0.9 s, both coatings reach steady state by

rame 16 implying that both paint layers are dry. The obtained experi-

ental data processed by using the THSP method is presented in Fig. 7 .

t should be noted that the activity from the region with 150 μm (blue)

s higher than the activity from the 50 μm layer (red) which present a

lightly higher drying coefficient. Albeit some differences between both

urves, this changes are not easily addressed. 

This data is then fitted following the exponential squared-root decay

odel [15] , to calculate drying model parameters. Exponential squared-

oot decay fitted curve for the 50 μm and 150 μm coating layers are

resented in Figs. 8 and 9 respectively. 

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

 ( 𝑡 ) = 0 . 89 𝑒 −1 . 243 
√
𝑡 + 0 . 11 (6)

The curve fitting model in this case (150 μm) is: 

 ( 𝑡 ) = 0 . 767 𝑒 −0 . 8956 
√
𝑡 + 0 . 1 (7)

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

When the 2D-THSP windows are created for each of the frames the

ctivity 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). 
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peckle patterns from frames were divided in windows starting from

he upper left corner, going first through the rows and then the columns.

hese 2D-THSP windows were obtained for both right and left part of

he dynamic speckle patterns corresponding to 50 μm and 150 μm re-

pectively. As each window consist in the activity matrix for a 5 ×5

ub-matrix from the dynamic speckle images, since our image size in

he experiments was 600 ×100 (60,000 pixels) and a window size of

 ×5 (25 pixels) represents only 0.041% of the total image hence the

nalysis is considered local. In our case the frames are constituted by

0 ×120 windows (each window containing a 25 ×1000 pixels activity

atrix), giving 2400 windows in total. In Figs. 10 and 11 the normalized

ctivity calculated per window is presented, it should be noted that due

o the window selection the first windows represented in the graphic

orrespond to the upper edge from speckle pattern and growing in the

irection of the central region, the average frame normalized activity

ecay following the exponential squared-root model. 

It is apparent that the activity changes between windows correspond-

ng to the frame 1 of the 50 μm coating layer is higher than the 150 μm

oating layer (see Figs. 10 and 11 ). These results confirm the necessity

o evaluate the local activity and their contribution to understanding

he process progress. 

By following our proposal, the edge effects can be considered and an-

lyzed, the presented results confirm the changes in the thickness of the

aint-coating films at the periphery of sample glass plate. This effect can

e inferred by observing the local speckle time evolution. It is expected

hat the paint layer thickness variations, throughout the sample, influ-

nce the gravimetric data. Previous results as presented in [8 –10] only

onsidered the optical data collected in the central zone of the sample. 

Once the normalized activity is evaluated on each window, the

rames can be recomposed providing a local activity map from the dy-

amic speckle patterns and consequently of the local activity of the

aint-coating drying process. Fig. 12 represents the local activity from

he first 6 frames chronologically arranged, these frames represent a to-
Fig. 15. Local activity for the 14 fram

66 
al of 75 min, meaning that each frame is spaced 15 min. In this particu-

ar experiment, each frame represents a temporal state, and is obtained

y processing the set of 1,000 images taken every 0.9 seconds. Fig. 12 (a)

epresents the results for 50 μm and Fig. 12 (b) for 150 μm layers. Both

igures include the respective color maps indicating the activity, as ex-

ected the 50 μm layer portrays higher activity on frame 1 and higher

ecay rate. The 150 μm layer portrays less activity on frame one but

emains active for more time. 

In order to provide an easy way to address the state of the paint-

oating drying process we separated the activity in 5 regions: High,

edium-high, medium, medium-low and low activity. The normalized

ctivity was clustered using K-means algorithm using Euclidean distance

etrics for 5 clusters, this provides a convenient classification as pre-

ented in Fig. 13 for the drying process in possible applications of the

roposed technique. 

.3. Technique validation 

The optical measurements were compared with the gravimetric mea-

urements, a gold standard in the paint industry. Paint thickness and

nvironmental conditions were kept constant. A single coating layer

ith an average thickness of 50 μm was applied over the glass sub-

trate. A sequence of 8-bits gray scale images (512 ×512 pixels) dy-

amic speckle patterns were registered using a PULNIX TM-6CN CCD

onochrome camera connected to a PC. 350 successive digitalized im-

ges were recorded every 5 min during 120 min, this particular experi-

ent has 14 frames. Activity evaluation on each window is determined

ollowing the proposed procedure. 

When comparing the gravimetric measurement with the optical mea-

urement the error ranges from 0.84% to 6.67% with an average of

.34%. The error ranges are percentages, and as the values tend to zero

he percentage seems higher despite a reduction in the absolute error

alues. The comparison between the average normalized window activ-

ty from frames and the gravimetric measurement is presented in Fig. 14 ,

he blue line corresponds with the optical measurements and the red line

o the gravimetric measurement. In Fig. 15 shows the local activity from

his experiment for each of the frames with the corresponding color map

or the normalized activity when a 510 rows ×100 columns region from

he center of the speckle patterns were selected. 

. Conclusions 

We have presented a technique based on dynamic speckle patterns,

seful for the local evaluation of paint-coating drying process. 

In real experiments, the paint layers have different thickness in dif-

erent regions as the coating application is not perfectly homogeneous.

he speckle patterns from our experiments are recorded using an image

ormation system. This implies that the retrieved information from the

etector preserves the local information from the paint sample. There-

ore, the use of a vertical line as in the conventional TSPI based on image
es of the validation experiment. 
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ormation system is not as convenient because different regions involve

ifferent thickness in the line used for assessment. With our proposal,

e have extended the paint coating drying analysis to a local regime,

he defined window matrix allows us to address a localized region with

pproximately the same thickness. 

From the dynamic speckle patterns, a new 2-dimensional temporal

istory of speckle was generated by the selection and processing of 5 ×5

indows, those windows allow for the local activity assessment. The ac-

ivity obtained from each window was then clustered in order to obtain

ve different classes: High, medium-high, medium, medium-low and

ow activity. These classes provide a convenient classification of the dry-

ng process, looking forward to the constitution of a future framework

or industrial applications. With this work, we have extended the ap-

lication from the techniques for paint-coating drying evaluation based

n dynamic speckle patterns to address the local activity from coatings.

he experimental data in this work was compared with the previous

roposals, including in its formulation the mathematical model for the

xponential squared-root decay fitting. An average error of 4.34% was

btained when comparing the optical measurements using the proposed

echnique with the gravimetric measurements, gold standard in the in-

ustry. We foresee that the proposed technique can be used on industrial

pplications for drying time addressing, quality control, among others. 
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