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OPEN A convolutional neural network-

based framework for quality
control through speckle
displacement analysis

Hamed Sabahno™! & Davood Khodadad

Among the most advanced techniques for quality control, image processing and optical methods are
prominent because of their precision and versatility. These methods often involve analyzing speckles
generated by coherent laser illumination because coherent light provides detailed and accurate
measurement capabilities. In speckle metrology-based techniques, the accurate measurement of
speckle displacements is crucial for detecting faults or deformations in objects. In this study, an
advanced algorithm segments the image into overlapping grids, followed by a Fourier-based image
registration to accurately quantify the speckle displacements. This method can simultaneously detect
multiple translational movements in the different parts of an object. However, proper calculation

and assignment of overlap sizes to each grid plays a crucial role in this method, which is where we
obtain help from convolutional neural networks (CNNs). We develop a CNN architecture and optimize
its hyperparameters using a Monte Carlo simulation algorithm incorporating a grid search and k-

fold cross-validation. Finally, we validate the developed method through a case study involving a
simulation and real speckle patterns generated by spraying water on a cardboard surface.

Keywords Convolutional neural networks, Quality control, Optical measurement, Speckle pattern analysis,
Monte Carlo simulation

Quality control (QC) is a comprehensive process designed to ensure that products and services adhere to
predefined standards and specifications. It involves the continuous monitoring and evaluation of production
or service processes to detect and rectify deviations, thereby guaranteeing product consistency, reliability, and
customer satisfaction. QC methods include inspection, testing, statistical analysis, and process improvement
strategies such as Six Sigma and Total Quality Management (TQM)'. In the realm of quality control, image
processing and optical techniques are invaluable, offering non-destructive and high-resolution means for
assessing product quality and detecting defects. Techniques such as digital image analysis, machine vision, and
pattern recognition are utilized to analyze product images and identify deviations from desired standards.
Optical methods, including spectroscopy and laser-based imaging, such as interferometry, are employed to
measure the surface characteristics and dimensional accuracy with precision®. These approaches enable real-time
inspection and comprehensive quality assessment across various industries such as manufacturing, healthcare,
and electronics.

Speckles (random granular patterns of light resulting from the interference of coherent light scattered by
rough or irregular surfaces) play a significant role in non-destructive testing (NDT) and optical metrology*-.
Speckle analysis, which involves measuring displacements in speckle patterns, is crucial for quantifying physical
changes such as deformation, strain, and flow velocity. Speckle analysis has been used in various applications
and in many industries. Some of these applications include non-destructive testing (NDT)”"'°, optics and
metrology!'!"!%, medical imaging and diagnostics?*~2%, material and surface science?, fluid mechanics*>%, and
agriculture®”8,

Advances in digital speckle interferometry and computational algorithms have enhanced the resolution and
accuracy of speckle displacement measurements. Speckle displacement analysis includes various types such
as translation, rotation, deformation, shear, surface changes, and optical changes, each affecting the speckle
pattern in distinct ways®?. Understanding these displacements helps in interpreting the underlying physical
phenomena of the observed system3°-3°.
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Image registration, the process of aligning multiple images of the same scene or object taken at different
times or from different perspectives, is essential for accurate analysis in QC. This process ensures that images
are precisely aligned for effective comparison and detection of deformations. Common image registration
methods include intensity-based, feature-based, model-based, transform-based, and frequency domain
techniques?. Fourier-based image correlation, a robust method in the frequency domain, aligns the images
through translation or similarity models. Tong et al.*! provided an extensive overview of Fourier-based image
registration techniques, categorizing them into intensity-based and feature-based methods.

Convolutional Neural Networks (CNNs) have revolutionized image processing by enabling advanced feature
extraction and pattern recognition capabilities. CNNs are particularly effective because of their hierarchical
architecture, which leverages convolutional layers to automatically learn the spatial hierarchies of features from
raw image data. This ability has led to significant improvements in various image-processing tasks, including
object detection, image segmentation, and enhancement*>~*8, CNNs have been applied to enhance speckle
pattern analysis and interpretation in speckle metrology. Recent research has highlighted their effectiveness in
automating the detection and quantification of speckle patterns and improving the accuracy of displacement and
deformation measurements. For instance, CNNs have been employed to refine speckle pattern reconstruction
and extract meaningful features from complex interference patterns, thereby advancing non-destructive testing
methods and metrological applications. Techniques such as deep learning-based image segmentation and feature
extraction have been particularly beneficial in analyzing speckle images, facilitating more precise and reliable
measurements in speckle metrology**-2.

Recently, Sabahno et al.*® introduced an innovative Fourier-based image-registration algorithm tailored
for analyzing speckle displacements. In addition, in a letter, Khodadad and Sabahno?® used its main concept
and showed that speckle’s displacement analysis can be used for fruit quality control. This approach is a scaled
and subsectional-based phase correlation that differs from digital image correlation and conventional phase
correlation and utilizes a local region-based method in which the image is divided into overlapping grids.
Each grid is independently registered to effectively handle local variations and misalignments. However,
this approach requires proper determination of the overlapping between each grid individually to effectively
measure the displacement of each grid. This paper presents a detailed implementation of a Convolutional Neural
Network (CNN) algorithm optimized through a grid search and k-fold cross-validation. We use a deep CNN to
intelligently determine the appropriate overlap size for each grid. We subsequently apply this algorithm to detect
speckle displacements in sequential images of a water-sprayed cardboard. Table 1 highlights the main differences
of our proposed CNN-based framework compared to notable available schemes.

The paper is organized as follows. Section 1 includes an introduction, important contributions so far, and
of course our contribution. Section 2 details the speckle displacement detection and measurement algorithm,
and its theoretical basis. Section 3 presents the developed CNN framework. Section 4 presents the experimental
setup and simulation studies, and Sect. 5 concludes the paper with remarks and the main results.

A grid based image registration algorithm

In this section, we describe a grid-based algorithm designed to account for overlapping in detecting variations
in speckle movement, both in size and direction, across different regions of the speckle pattern. The algorithm
divides the image into grids and utilizes overlapping to improve the movement detection within each grid. This
method is essential for simultaneously identifying diverse movements in various parts of a speckle pattern. The
accuracy of the algorithm is significantly affected by the grid size and the extent of overlapping. First, we explain
the operational mechanics of the algorithm, followed by an exploration of the underlying mathematical theory.

The algorithm for detecting and measuring speckle displacements in an image follows the following steps:

Step 1: Loading images

Load the images to be analyzed. One is taken when there is no deformation in the object (reference image) and
the other is taken later for comparison with the reference image.

Step 2: Defining grids size
Divide each image into an equal-sized grid network.

Step 3: Defining grids overlaps

Feature / Method Full-field phase correlation * | Fixed- grid'® Proposed CNN-based framework
Principle Whole-image FFT registration | Uniform grids Flexible overlapping grids via CNN
Multiple displacements Limited Robust Robust

Accuracy (complex cases such as high dynamic-range motion) | Poor Keep trade off Robust

Efficiency Very fast Fast to run; slow to tune | Costly training; fast to run

Key innovation Noise-robust global shift Enables local analysis Learns optimal grid overlaps locally

Table 1. Main differences of the proposed method.
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Determine the overlap size between adjacent grids according to a specified overlap percentage (0 or greater). The
overlap size is computed as floor(grid size x overlap percentage/100). The overlap percentage can be equal
for all the grids, or each grid can have a different overlap size.

Step 4: Registration loops

Iterate through each grid, extract the corresponding areas from both images, and individually perform image
registration for each grid.

Step 5: Calculating displacements
Extract displacement vectors from the transformation matrix and store them.
Step 6: Visualization

Plot the grid centers and displacement arrows on the reference image.

In what follows, we explain the theory behind Step 4 (image registration), and Step 5 (displacements
calculation).

The image registration is carried out using the translation registration technique. Following the method
described by Reddy and Chatterji'®, a phase correlation is employed to estimate the translation vector between
the two grids of the images. This involves computing the cross-power spectrum of the Fourier transforms of
the grids and identifying the peak in the resulting correlation matrix. By transforming the spatial domain grids
into the frequency domain, phase correlation techniques are used to determine translation shifts. The principle
behind phase correlation is that translation in the spatial domain translates into a linear phase shift in the
frequency domain’*.

To address spectral leakage, which can occur owing to the periodic extension of grids during Fourier
transformation, windowing is applied. Spectral leakage can introduce artifacts that affect the translation
detection accuracy. The Blackman window is particularly effective in reducing these artifacts by smoothly
tapering the grid boundaries.

The process of detecting displacements between two grids using the Fourier transform involves:

1. Conversion to the Frequency Domain: Apply the Fourier transform to both grids, converting them from
spatial intensity to spatial frequencies. This change represents the grids in terms of their spatial frequencies
rather than pixel intensities.

2. Phase Correlation: In the frequency domain, translation appears as a linear phase difference. Compute the
cross-power spectrum of the Fourier-transformed grids and then perform the inverse Fourier transform of
this cross-power spectrum. The result is a correlation matrix in the spatial domain, with the peak indicating
the translation offset between the grids.

3. Translation Detection: Analyze the peak of the correlation matrix to determine the translation vector that
aligns the two grids. This vector indicates the displacement between the grids in terms of the horizontal and
vertical shifts.

As mentioned previously, prior to applying the Fourier transform, windowing with a Blackman window is used
to reduce spectral leakage and enhance the stability of the registration results®. This step is crucial when using
FFT (Fast Fourier Transform) to avoid artifacts caused by abrupt transitions at grid edges.

w(z) =ao—a cos(zﬂiz)Jracos(élﬂ-z) (1)
SR ) T\ 1)

where w (z) is the value of the window function at index z, z is the index along one of the rows or columns of the
section, T is the total number of samples in the window, ap = 0.42, a1 = 0.5, and a2 = 0.08.

This formula generates the coefficients of the Blackman window, which are then multiplied element-wise with
I (z,y), the intensity of the grids at the spatial coordinates of (x, y), to apply the windowing effect. Therefore,
we have:

fl(x,y)zh(a:,y)x w(m)x w(y)7 (2)
fo(z,y) = Iz (2z,y) x w(z) x w(y), 3)
where f1 (z,y)and f2 (z,y) are the intensity functions of the fixed (reference) and deformed (moving) grids,

respectively, affected by the Blackman window.
The Fourier transform of the spatial domain grid f (z,y) is:

F(u,v) = // fayy) x e 2t day, (4)

where F (u,v) is the Fourier transform of the grid and u and v are the spatial frequency coordinates.
After performing the Fourier transform, high-pass emphasis filtering is applied to enhance the high-
frequency components in the Fourier magnitude spectra while suppressing low-frequency components. This
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technique improves the robustness of phase correlation by emphasizing finer image details and minimizing the
impact of low-frequency background variations.

To achieve this, we first obtain the Fourier magnitude spectra F1 and F5 of the reference and moving grids,
respectively, and apply a high-pass filter H (u,v) to enhance the high-frequency components. The enhanced
Fourier magnitude spectra of the fixed and moving grids become:

Frq(u,v) = |F1 (u,v)| x H(u,v), (5)
F/2(U7U):‘F2(U’U)‘>< H(u,v), (6)
where H (u, v)=(1-X (u,v))2-X (u,v)) and X (u, v)=cos (7 u) .cos (7 v).

The cross-power spectrum (P) is then calculated as the complex conjugate of the Fourier transform of one
grid multiplied by the Fourier transform of the other grid:

_ Fri(u,v) x F3T (u,v)
| Fr(u,v) x FLF (u,v)]’

P (u,v) (7)

where F3* (u,v) denotes the complex conjugate of F7 2 (u,v).
The phase correlation operation involves taking the inverse Fourier Transform of the cross-power spectrum
P (u, v) to obtain the correlation matrix C(x, y) in the spatial domain.

C (z,y) =IFFT{P (u,v)}, (8)

where C(x, y) is the correlation matrix representing the spatial domain and IFF'T denotes the inverse fast
Fourier transform.

The displacement between the two grids is identified by locating the peak in the correlation matrix, C(x, y).
The coordinates of this peak indicate the horizontal and vertical shifts that are required to align the grids.

The cross-power spectrum captures the spatial frequency information, and by analyzing its inverse Fourier
transform, we obtain a correlation matrix that reveals the displacement between the grids. The peak of this
correlation matrix indicates the optimal displacement values (A x, A y)

(A vay) = arg max(z,y)c(zay) ) (9)
where (A x, A y) are the detected displacements.

A convolutional neural network framework

In this section, we describe the development of the CNN framework. We preprocess the images, divide them into
sections, extract features, and optimize hyperparameters for the CNN using a comprehensive grid search and
k-fold cross-validation. The goal is to classify the image grids based on the manually defined overlap percentages.
In fact, this CNN framework is supposed to perform Step 3 of the algorithm in Sect. 2, to find and dedicate the
appropriate overlap size to each grid, which is the crucial part of that algorithm for its next steps. It is important
to note that the grid size is a fixed input parameter, while the overlap percentage is the variable optimized by the
CNN for each grid.

The optimization of CNN hyperparameters is crucial for achieving a high performance in image classification
tasks. This paper outlines a method for optimizing CNN hyperparameters, including the learning rate, mini-
batch size, number of epochs, number of filters, dropout rate, weight decay, and optimizer type, through a
systematic grid search and k-fold cross-validation approach.

The proposed CNN algorithm works as follows:

Step 1. Image loading and pre-processing
Two pairs of images, 1 (z,y) and I2 (z,y), are loaded and converted to double-precision images for processing.
Step 2. Gridding the images

The images are divided into equal-sized grids in each direction, and with » grids in each direction, we would
havea total of n x n = n? grids in the image. The grid size is calculated to evenly fit into the image dimensions.

Step 3. Defining manual overlaps

In a known dataset, manual overlaps are assigned to each grid to serve as labels for the classification task. The set
of manual overlaps is O = [01, 02,03, . .. , 0,2], where n? is the total number of grids in the image.

Step 4. Preparing data for CNN

Image grids are extracted and resized to match the CNN input size. Grids from both images
are stored as the input data, D, and the manual overlaps O are converted to categorical labels.
D = {(11s5,12:5) |1 =12,...mn, =12,... n}, where Ii;; and Io;; are the corresponding grids in
images 1 (reference image) and 2 (test image).

Step 5. Defining and calculating class weights
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The class weights are calculated to handle the class imbalance in the training data. The class weights for each class
are calculated as follows:

_ N
T Cx n

We (10)

where w. is the weight for class ¢, N is the total number of samples (total number of grids, which in our case
N=n?), Cis the total number of classes, and n. is the number of samples (grids) with class c.
Step 6. Grid search and k-fold cross-validation

A grid search is implemented to explore a range of hyperparameter values. The hyperparameter sets are
O =[P, 00,035+ ,P 4], where @, is a specific set of hyperparameter values and g is the total number of
hyperparameter value sets to be evaluated and explored.

The main hyperparameters in a CNN structure are:

o Learning rate (1) ): Affects the speed and stability of the convergence of the model.

The learning rate controls the step size at each iteration while moving towards the minimum of the loss function.
The gradient descent update rule is:

041 =0:—nmVaoJ(0+), (11)

where 6 represents the parameters of the model (weights and biases), ¢ is the iteration step, 7 is the learning
rate,and V ¢ J (0 ) is the gradient of the loss function ] with respect to 6 at ¢.

« Mini-batch size (B): Balances the computational efficiency and the quality of the gradient estimate. The mi-
ni-batch size is the number of training examples used to calculate the gradient at each iteration.

The batch gradient descent is:
1
VGJ(Q):EZF:1V9J(9§$i>yz‘)7 (12)

where B is the mini-batch size and ( z;, y;) represents the training samples ( z;) and their corresponding labels

(yi).
o Number of epochs: Determines how long the model trains and how well it fits the data.

The number of epochs is the number of complete passe through the entire training dataset. Each epoch involves
one full pass through the entire training dataset, during which the model’s weights are updated incrementally
using all training samples, processed in smaller groups called mini-batches.

. . . Number of Training Samples
The number of iterations per epoch is calculated as e

o Number of filters: Determines the number of features detected in each layer.

Filters (or kernels) are used in the convolutional layers to detect features in the input image.
The convolution Operation is:

(I K) (5,5) =Y nZo > wog (i +m,j+n) K (m,n), (13)

where I is the HxW input image and K is the hxw kernel/filter applied to the image. The number of filters
determines how many such kernels are used in the layer; (i, j) are the coordinates in the output feature map with
i from 0 to H-h and j from 0 to W-w, and (m, n) are the coordinates within the filter K.

« Dropout rate (p): Prevents overfitting by introducing noise during training.

Dropout is a regularization technique that prevents overfitting by randomly setting the fraction p of the input
units to zero at each update during training.

h= 1h x T (14)

where £ is the input to the dropout layer (the activations from the previous layer), r is a random binary mask
where each element is 1 with probability 1-p and 0 with probability p, and h is the output after applying
dropout.

o Weight decay (X ): Regularizes the model by penalizing large weights, preventing overfitting.

Weight decay is a regularization technique that adds a penalty proportional to the magnitude of the weights to
the loss function. The regularization term is
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Jrotar = J (0) + 27077, (15)
where J (6 ) is the original loss function and X 70 ?? is the weight decay term.

o Optimizer type: Affects the efficiency and effectiveness of the training process, handling different challenges
in gradient-based optimization.

Common optimizers include Stochastic Gradient Descent (SGD) and Adaptive Moment Estimation (Adam).
Adam is built on ideas from two other optimization methods Momentum and RMSProp, combining them in a
way that adapts the learning rate for each parameter. In the following, the mechanisms of SGD and Adam are
explained.

Stochastic Gradient Descent (SGD):

With SGD, the parameter 6 is updated for each iteration t as shown in Eq. 11. Here, 1 (learning rate) directly
scales the gradient, controlling the size of the step towards the minimum of the loss function.

Adaptive Moment Estimation (Adam):

mt:ﬁ1mt71+(1_51)vﬁj(0t)u
v =Bovie1+ (1= B,)VaJ (04,

~ me ~ V¢
me = Ve =
t? t?
1- 1 1- 2

9t+1:9t—7]

m
Ait’ (16)
\/E+E

where m and v are estimates of the first and second moments of the gradient; 5, (mean of the gradients,
typically set to 0.9) and 3 , (uncentered variance of the gradients, typically set to 0.999) are the hyperparameters
for these estimates; and € is a small constant (typically set to 1078). In Adam, 7 scales the ratio of the bias-
corrected first moment estimate m; to the square root of the bias-corrected second moment estimate Ve,
ensuring that updates are well scaled for different parameters.

The k-fold cross-validation is a resampling procedure used to evaluate the performance of a machine-learning
model. It divides the dataset into k subsets (folds) and ensures that each fold is used exactly once as a test set.
Given a dataset D with N samples, we divide D into k approximately equal-sized folds. This process is repeated k
times, with each fold used exactly once as the validation set. A k-fold cross-validation strategy is used to evaluate
each hyperparameter set. The best set is selected based on the average score across the folds.

Score (@) = % Z ¥ evaluate(® , Ty, V;), (17)

where k is the number of folds, and 7; and V; are the training and validation sets for the fold i. The evaluation
is performed using an objective function, which in our case we use:

Objective Function = 0.5 F1Score 4+ 0.5 Accuracy, (18)

N 1(yi=9: ~
with Accuracy= M’ where y; and y; are the true and predicted labels, respectively;

and 1(.) is an indicator function that returns 1 if the argument is true and 0 otherwise, and
C 2% Perecisione X Recallc

=1 isi ] -
F1Score= 2 P”'g”w"”*’?“‘l”ﬂ , where Perecision. =

TP, .. ..
TP. 5P, (positive predictive value) and

Recall. = % (sensitivity or true positive rate) and T P., F'P.,and F N are the true positives, false

positives, and false negatives for class c, respectively.
Step 7. Defining CNN architecture and training with the best hyperparameters

The CNN architecture is defined based on the best hyperparameter set obtained from the previous step. The
network is trained using these hyperparameters, and the final model evaluated using the test set. The CNN
includes many layers:

Input Layer
Convolution Layer
Batch Normalization Layer
ReLU Layer
CNN Architecture = Pooling Layer
Dropout Layer
Fully Connected Layer
Softmax Layer
Classi fication Layer
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Input layer

The input layer ensures that the data fed into the network matches the dimensions expected by the subsequent
layers, allowing the CNN to process and learn effectively from the image gids. The input data in our case are
four-dimensional and include: [grid height, grid width, channels (which is equal to two), and samples (grids)].

Convolutional layer

The convolutional layer is the core building block of the CNN. It applies a series of filters (kernels) to the input
image to produce the feature maps. Each filter is a small matrix that slides over the image, performing element-
wise multiplications and summing the results. This operation is known as a convolution (Eq. 13).

Batch normalization layer

The batch normalization layer normalizes the activation of the previous layer for each mini-batch. This helps
stabilize and accelerate training. Mathematically, if x is the input to the batch normalization layer, the output
is computed as

T —p

Vo2+e

where p is the mean of the mini-batch, o 2 is the variance of the mini-batch, ¢ is a small constant for numerical
stability, and v and [ are learnable scaling and shifting parameters, respectively.

r=

Xy +8, (19)

Activation function (ReLU Layer)
The activation function introduces nonlinearity into the network, enabling it to learn complex patterns. The
Rectified Linear Unit (ReLU) function is commonly used, which is defined as:

ReLU (z) = max(0, z), (20)

For each element x in the feature map, the ReLU outputs x if x is positive; otherwise, it outputs 0. This function
helps the network to learn non-linear representations.

Pooling layer (Max pooling)
The pooling layer reduces the spatial dimensions (height and width) of the feature maps while retaining the most
important information. Max pooling is a common technique in which the maximum value is obtained from each
patch of a feature map.

For a pooling operation with filter size pn X p., and stride s (which determines how far the pooling window
moves for the next operation), the max pooling operation is defined as:

Py j = mazo< m<p),,0< n<p, [F(si +m, 85 +n)], (21)

where F is the input feature map; F;,; is the pooled (output) feature map at position (i,j); s; is the starting row
index for the pooling window; and s; is the starting column index for the pooling window. Note that if stride s
is the same in both dimensions (as in our case), then: s; = s.iand s; = s.j.

Dropout layer
The dropout layer is a crucial component in neural network architectures and is used to prevent overfitting by
randomly dropping units during the training.

The output h; of neuron i after applying dropout is given by:

Camera
Laser
o Source
Objective

lens SN

Diftfuser lens

MAAAAVMANAA ML
Cardboard surface

Fig. 1. The schematic of the experimental setup.
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~ hi:/(1— ; s =1
ho={ MIGTR W= (22)

where 7; is the dropout mask indicating whether the neuron is dropped or not. Note that the retained neurons
are then scaled by 1/(1 — p) to compensate for the fact that dropout reduces the number of active neurons.

Fully connected layer
The fully connected layers (dense layers) connect each neuron in the current layer to every neuron in the
previous layer. These are typically used at the end of the network to produce the final output.

For a fully connected layer with input vector x and weight matrix W, output vector y is computed as

y=WxXx xz+0b, (23)
where b is the bias vector.

Softmax layer

The Softmax layer converts the raw output scores (logits) of the network into probabilities that sum to one, which
represents the likelihood of each class. Given the input vector z = [21, 22, . .. , 2¢c), where tc is the number of
classes, the Softmax function for class i is applied as:

Zq

o e
pi = T (24)
Jj=1
where p; is the probability of class i and z; is the raw score (logit) for class i. The output in this layer is a vector,
where each element represents the probability of a class, that is, p = [p1, p2, - .. ,pc]-

Classification layer

The purpose of the classification layer is to compute the classification loss and to evaluate the performance of
the network during training and validation. It also handles the final step of converting the network output into a
predicted class label. It contains the following three components.

i) Loss function: For a multi-class classification problem, the classification layer typically uses a cross-entropy

loss function. For true labels y = (y1, ¥z, ... ,yc), where y. is 1 if class c is the true class, and 0 other-
wise, and the predicted labels i} = (:7]1, 1/]2, . ,f]c), where @\c is the predicted probability for class c, the

cross-entropy loss is calculated as L(y,y) = — > 1yclog (o).

ii) Class Weights: The classification layer can incorporate class weights if some classes are more important
or if there is a class imbalance. The weights adjust the contribution of each class to the loss. Therefore, the
cross-entropy loss by considering the class weights is calculated as L(y,y) = — > - wey log (o).

iii) Output: The classification layer outputs the loss value for a batch of data that is used to update the weights
of the netwok during training. It also determines the predicted class by selecting the class with the highest
probability from the Softmax layer.

Fig. 2. Reference (a) and shifted (b) speckle patterns.
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Softmax and classification layers are typically used together at the end of the network to handle the final stage of
classification stage. This is how the Softmax and classification layers work together:
Forward Pass:

o The final fully connected layer of the network produces raw scores (logits) for each class.

« The Softmax Layer converts these logits into probabilities.

« The classification layer calculates the loss based on the true class labels and the predicted probabilities from
the Softmax layer.

Backward Pass (training):

« During backpropagation, the classification layer computes the gradient of the loss function with respect to
the network weights.
o These gradients are then used to update the weights of the network to minimize loss.

Simulation and case study

In this section, we use a real case to test the proposed method. During an experimental setup, we sprayed water
on a cardboard, and shortly after the spray, captured a picture while emitting laser beams on the object and
created a reference image (speckle pattern).

The experiments were conducted at room temperature (22-25 °C) under standard laboratory conditions,
with humidity consistent with the ambient environment. Illumination was provided by a diode-pumped solid-
state laser (Thorlabs CPS532-C2; A=531.8 nm, P=0.9 mW). The beam was passed through a diffuser to achieve
uniform illumination on the cardboard and directed at a slight angle to reduce specular return. Speckle images
were captured with a monochrome camera (FLIR BFS-U3-120S4M-CS, Sony IMX226 sensor, 4000 x 3000 pixels,
1.85 um pixel size) fitted with a Thorlabs MVL8M23 lens (f=8 mm, f/4). The camera-sample distance was
~17 cm; in this configuration, ~ 5.5 cm of the object spans 1500 pixels (see Fig. 1 for reference).

Initially, the surface of the cardboard remained dry. Following this, we applied water randomly to the surface
using a fine mist spray bottle, dispersing the droplets in a random pattern. A reference image was captured after

spraying.

Creating the dataset

First, we needed to obtain a dataset, and in the process, we tested the proposed method in Sect. 2. We created
local artificial shifts in different areas of the reference speckle pattern and created a second speckle pattern
image. We then investigated whether or not our algorithm in Sect. 2 can detect and measure the displacements
simultaneously by manually setting a universal overlap percentage for all the image grids. We later used these
two speckle patterns (the reference image and the artificially changed image) to train our CNN model.

We cropped the captured images into 1500 pixels X 1500 pixels speckle pattern images. Displacements were
applied to the three main areas of the speckle patterns. The speckle patterns before and after the shifts are shown
in Fig. 2.

The sizes of the affected areas and shift (displacement) sizes for each area of the image were divided into three
main areas.

Fig. 3. Shifted sections with the corresponding displacement vectors calculated with zero overlaps.
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Area one:
Upper-Left Corner:

- Shift in the X direction: 148 pixels to the right.
- Shift in the Y direction: 142 pixels up.
- Affected area size: 600 pixels (width) x 600 pixels (height).

Area two:
Upper-right corner:

- Shift in the X direction: 20 pixels to the left.
- Shift in the Y direction: 16 pixels down.
- Affected area size: 800 pixels (width) x 100 pixels (height).

Center:

- Shift in the X direction: 18 pixels to the left.

- Shift in the Y direction: 18 pixels down.

- Affected area size: 200 pixels (width) x 200 pixels (height).

Above the center:

- Shift in the X direction: 18 pixels to the left.
- Shift in the Y direction: 18 pixels down.

Fig. 4. Computed displacement vectors with the overlaps of (a): 0.5, (b): 1, (¢):1.5, and (d): 2.
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Fig. 5. Enlarged Fig. 4a, with the computed displacements highlighted.

- Affected area size: 200 pixels (width) x 500 pixels (height).
Bottom-right corner:

— Shift in the X direction: 18 pixels to the right.
- Shift in the Y direction: 18 pixels down.
- Affected area size: 60 pixels (width) x 60 pixels (height).

Bottom-left side of the image but not in the corner, after an area of 50 x 50 pixels:

— Shift in the X direction: 25 pixels to the right.
- Shift in the Y direction: 34 pixels up.
- Affected area size: 550 pixels (width) x 150 pixels (height).

Above the bottom left area:

— Shift in the X direction: 25 pixels to the right.
- Shift in the Y direction: 34 pixels up.
- Affected area size: 250 pixels (width) x 150 pixels (height).

Area three:
Other affected areas:

- Shift in the X direction: 80 pixels to the left.
- Shift in the Y direction: 75 pixels down.

- Except for one area that is located at the bottom right of the center and has a dimensions of 300 pixels (width)
x 250 pixels (height), the others (10 identical areas) have dimensions of 250 pixels (width) x 250 pixels

(height).

Note that we chose a very complex shifted pattern and also, divided the affected areas into three main areas, so

[UV] [-20 16]

(X.Y] [1475 75]
[X.Y] [825 175] (V] [-20 16]

we can find and dedicate an overlap percentage to each area, and better train the CNN structure later on.

We first test our algorithm in Sect. 2 to detect these shifts (displacements) without using artificial intelligence
(CNN). As mentioned in the previous section, before running the algorithm, we need to define the grid and
overlap sizes, and their values are highly relevant to the size of the affected area and also the shift sizes. If the grid
size is noticeably larger or smaller than the affected area or shift sizes, the algorithm may not properly detect the
shift with an overlap of zero. However, if a proportional overlap size is chosen, the algorithm can detect shifts.
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Fig. 6. Displacement vectors with the overlaps of (a): 2.5, (b): 3, (¢): 3.5, and (d): 4.

Nonetheless, the proper grid and overlap sizes may be different for different affected areas and shift sizes. In
practice, since the size of the affected area and the shift sizes are unknown, we better choose a smaller grid size.
Choosing the correct overlap size is another, and more demanding, challenge. The best overlap size might differ
for each grid, because the shift sizes and the affected area sizes are different; some need a small overlap, and some
need large overlaps to be detected/measured. In this section, we divide the image into 30 equal-sized grids in
each direction, n =30, making the total number of grids in the image: n> =900, and the grid sizes are 1500/30 =50
in both the X and Y directions.

Figure 3 shows the reference image by plotting each grid’s displacement vectors (if any) in red computed
using the algorithm outlined in Sect. 2 and setting the overlap size for each grid to zero. The blue points represent
the centers of each grid.

As shown in Fig. 3, using the algorithm described in Sect. 2, all the shifted areas can be detected, but almost
none of the grid displacements are correctly calculated when we do not let the grids have any overlaps during the
execution of the algorithm and use their shared characteristics.

In Figure 4, we allow the grids to have overlap. In this figure, we tested the overlap percentages of (0.5, 1, 1.5,
2) x 100.

In this analysis, because we applied the displacements ourselves, we know which overlap percentages suit
which grids. Based on the four images plotted in Fig. 4, we can see that the overlap of 0.5 (Fig. 4a) suits the
affected area two very well. With this overlap (0.5), the displacements in other grids in other affected areas are
not correctly calculated and that would be great when we want to train the CNN structure and use this dataset
as our training dataset because we can manually dedicate the overlap percentage of 0.5 x 100=>50% for the grids
in this area.
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Fig. 7. Enlarged Fig. 6a, with the computed displacements highlighted.

In Fig. 5 (Fig. 4a enlarged and detailed), we show some of the computed displacements using an overlap of
50% in the area of the two grids.

Note that in MATLAB, the printed Vs sign is the opposite of the actual shift sign (Y-direction); however, as
the arrow plots demonstrate, the calculated direction is correct. As shown in Fig. 5, the computed shifts (U, V)
completely match the actual shifts.

In Fig. 6, we tested the overlap percentages of (2.5, 3, 3.5,4) X 100.

Based on the four images plotted in Fig. 6, we can see that the overlap of 3 (Fig. 6b) suits the affected area
three very well. However, because with the overlap of 2.5, none of the displacements in the affected area one’s
grids are correctly shown, we choose an overlap of 2.5 (Fig. 6a) for the affected area three for training the CNN
structure to allow it to have a better distinction between the overlaps of areas one and three.

In Fig. 7 (Fig. 6a enlarged and detailed), we show some of the computed displacements using an overlap
percentage of 250 in area three.

As shown in Fig. 7, the computed shifts (U, V) completely match the actual shifts of 80 pixels to the left and
75 pixels down in area three.

In Fig. 8, we test the overlap percentages of (4.5, 5, 5.5,6.7,8) x 100.

Based on the six images plotted in Fig. 8, we can see that the overlap of 8 (Fig. 8f) suits the affected area one
very well by covering almost all the grids in this area. However, because the overlap of 8 might cause overfitting
and is much larger than the medium overlap of 2.5, in order to have a better-trained structure and make it
capable of detecting more diverse displacement cases, we chose an overlap of 5.5 for the area one (due to the
onset of this overlap, no erroneous arrows appear to be displaced within the grid area one). In Fig. 9 (Fig. 8c
enlarged and detailed), we show a few of the computed displacements using an overlap of 5.5 in the affected area
one.

As shown in Fig. 9, the computed shifts (U, V) completely matched the actual shifts in area one.

Based on the results obtained in Figs. 4, 5, 6, 7, 8 and 9, the labels (overlaps) pattern used for training the
CNN structure is shown in Fig. 10.

As can be seen in Fig. 10, the dedication of overlap percentages to each grid is performed based on the
actual affected areas shown in Fig. 3 and not necessarily the ones in Figs. 4, 5, 6, 7, 8 and 9. We used four labels
(overlaps) in this analysis: 0 (no overlap), 0.5 (small overlap), 2.5 (medium overlap), and 5.5 (large overlap),
to cover a large range of affected areas and displacement sizes and enable the CNN-based model to detect and
measure any displacements in the speckle pattern.

Training and testing the CNN model

After creating the dataset and labels (input layer), we trained the CNN model using them. As detailed in Sect. 3, in
order to train the CNN model, we first determined the hyperparameter values/type. As mentioned in Sect. 3, the
hyperparameters were the learning rate, mini-batch size, number of epochs, number of filters (kernels), dropout
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Fig. 8. Displacement vectors with the overlaps of (a): 4.5, (b): 5, (¢): 5.5, (d): 6, (e): 7, and (f): 8.

rate, weight decay, and optimizer type. We tested three possible (typical) values (small, medium, and large) for
each hyperparameter as well as two types for the optimizer, to determine the best hyperparameters set to be used
for training the CNN model. These possible values/types are learning rate € [10~>, 10~3, 10~2], mini-batch size
€ [16, 32, 64], number of epochs € [50, 100, 200], number of filters (kernels) € [16, 32, 64], dropout rate €

[0.1, 0.3, 0.5], weight decay € [107% 1073, 10~%], and optimizer type € {Adam, SGDM}. As again mentioned
in Sect. 3, to choose the best set (combination) of hyperparameter values/type, we use a k-folding strategy using
a Monte Carlo simulation. We ran the simulation 1000 times to find the best hyperparameter set, which yielded
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Fig. 9. Enlarged Fig. 8¢, with the computed displacements highlighted.

Fig. 10. Manually dedicated labels to each grid (sample) of dataset.

the maximum value of our objective function (Eq. 18). We used five folds in this study. Therefore, in each
simulation run, we divided the dataset into five folds, performed a k-folding procedure, and obtained a single
score (Eq. 17) for the run. Then, we choose the hyperparameter set corresponding to the run with the maximum
score among the 1000 runs as our CNN model’s hyperparameters.

Before training, the number of CNN layers was determined. Different types of layers in a CNN structure are
explained in Sect. 3, and we should now determine the number of each layer type, and in which order we want
to use in our CNN model. Owing to the nature and complexity of our problem, we chose the structure shown
in Fig. 11.
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Fig. 11. The proposed CNN architecture.
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Fig. 12. Confusion chart for the final trained model on 5% of the dataset.

After running the simulation, the best set was obtained as follows: learning rate =0.001, mini-batch size =64,
number of epochs =50, x = number of filters (kernels) = 16, dropout rate=0.5, weight decay =0.01, and optimizer
type=SGDM. While running the simulation and obtaining the hyperparameter values/type, the performance on
the validation set was evaluated every 100 iterations, and the training was stopped if the validation performance
did not improve for five consecutive validation checks.

After obtaining the values/type for the hyperparameters, we used the obtained set to train the CNN structure.
We first divided the dataset into training and test datasets, and because we did not have a large dataset, we use
5% of the samples (45 out of 900 grids) as the test set and 95% (855 out of 900 grids) for training. The confusion
chart for the test dataset after training is shown in Fig. 12.

The computed scores based on the confusion chart were weighted Precision = 0.9328, weighted Recall =0.9111,
weighted F1-Score=0.9178, Accuracy=0.9111, and the Final Score=0.5 x 0.9178+0.5 X 0.9111=0.9144.
Furthermore, to evaluate the sensitivity of the model’s performance to the train-test split ratio, we also tested
two additional splitting scenarios using the same optimal hyperparameters. Using a conventional 80/20 split, the
model achieved a weighted F1-score of 0.8846 and an accuracy of 0.8889. This demonstrates that the framework
remains highly effective and generalizes well even when evaluated on a larger, more robust test set. Conversely,
as expected, model performance improved with a 97.5/2.5 split, yielding a weighted F1-score of 0.9351 and an
accuracy of 0.9545, which is attributable to the larger volume of training data available. This analysis confirms
that while a larger training set enhances performance, the model’s effectiveness is consistent and reliable across
different data partitioning strategies.

Now, we apply the trained CNN model to the shifted case in Sect. 4.1 (Fig. 2b) to determine if it can detect
and measure displacements. The results are as follows:

As can be seen in Fig. 13, the CNN model perfectly performs what it is supposed to do, and its output is a
perfect combination of Fig. 4a (for area two), 6a (for area three), and 8¢ (for area one). In addition, the dedicated

Scientific Reports |

(2025) 15:39192 | https://doi.org/10.1038/541598-025-25489-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 13. Testing the CNN model on the data set it was trained with (a): displacement arrows and (b): dedicated
overlaps.

[X.Y] [1425 1425]
[UV] [8 8]

Fig. 14. Testing the CNN model on another simulated case; with no overlaps.

overlap percentages using the CNN model in Fig. 13b mostly matches the manual assignments used for training
shown in Fig. 10, with only four grids out of 900 grids (marked with red in Fig. 13b) wrongly dedicated.

We also tested the CNN model in another simulated case. We again made artificial shifts on the reference
image (Fig. 2a), and this time the sizes of the affected areas and the shift sizes for each area of the shifted image
are as follows:

Upper-Left Corner:

- Shift in the X direction: 74 pixels to the right.
- Shift in the Y direction: 90 pixels up.
- Affected area size: 200 pixels (width) x 300 pixels (height).

Upper-Right side of the image, but not in the corner; after an area of 300 x 300 pixels:

Scientific Reports|  (2025) 15:39192 | https://doi.org/10.1038/s41598-025-25489-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

[X.¥] [275 275]
[UV] [74 -90]

[X.Y] [1125 325]
[U.V] [-28 10]

[X.Y) [1375 625]
[U,V] [33 -35]

a
[X.¥] [275 1325)
[UV] [20 -34]

Fig. 15. Testing the CNN model on another simulated case; using CNN’s intelligent overlap assigning, with
computed displacement arrows (a) and the dedicated overlaps to each grid (b).

- Shift in the X direction: 28 pixels to the left.
- Shift in the Y direction: 10 pixels down.
- Affected area size: 200 pixels (width) x 200 pixels (height).

Bottom-Right Corner:

— Shift in the X direction: 8 pixels to the right.
- Shift in the Y direction: 8 pixels down.
- Affected area size: 90 pixels (width) x 90 pixels (height).

Bottom-Left side of the image, but not in the corner; after an area of 150 x 150 pixels:

- Shift in the X direction: 20 pixels to the right.
- Shift in the Y direction: 34 pixels up.
- Affected area size: 150 pixels (width) x 150 pixels (height).

Center:

— Shift in the X direction: 25 pixels to the right.
- Shift in the Y direction: 18 pixels down.
- Affected area size: 250 pixels (width) x 250 pixels (height).

Middle-Right side:

- Shift in the X direction: 33 pixels to the left.
- Shift in the Y direction: 35 pixels up.
- Affected area size: 200 pixels (width) x 200 pixels (height).

First, we ran the image registration algorithm in Sect. 2 (without overlaps) to detect the affected areas. The results
are shown in Fig. 13.

Based on the results shown in Figure 14, the displacement size for the bottom right area is so small that no
overlaps are needed for its measurement.

After running the CNN model on the image and letting it automatically assign the overlap percentages for
each grid individually, the displacement sizes for each grid were calculated, and the results are as follows. The
dedicated overlaps of each grid by the CNN model are also shown in Fig. 15b.

As shown in Fig. 15, the algorithm performed a great job in both detecting the affected areas and
correctly measuring the displacements. The accurate detection and measurement of these previously unseen
displacements demonstrate the model’s strong generalization capability and its competency to handle a wide
range of displacement magnitudes and patterns beyond its specific training examples.
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Fig. 16. Speckle patterns of the images taken from the water-sprayed cardboard 15 s after the reference image
(a), 30 s after the reference image (b), 45 s after the reference image (c), and 60 s after the reference image (d).

Applying on the real case

Now, we return to the original case introduced at the beginning of Sect. 4. An experimental setup was used to
capture a reference speckle pattern image from a laser-illuminated and water-sprayed cardboard surface. We
then created some artificial shifts on the reference speckle pattern image and used it as our second (shifted)
image and trained our CNN model using these two images in Sect. 4.2. Subsequently, we tested the CNN model
on another artificially shifted image. In this section, we will test the trained model on the real case, we first set up.

In addition to the reference image captured after spraying water, we also took four more images of the
cardboard at 15-second intervals. The resulting speckle patterns are shown in Figure 16.

As shown in Fig. 16, the differences between these speckle patterns and the reference speckle pattern in
Fig. 2a are too subtle to be detected by the naked eye.

Next, we used the algorithm described in Sect. 2 (with no overlaps) to detect the affected areas. The results for
all four speckle patterns are shown in Fig. 17.

As shown in Fig. 17, all the grids of the images show displacements, and the algorithm described in Sect. 2
successfully detected displacements in all grids of the four images. However, without grid overlap, the detected
speckle shifts appeared chaotic and lacked a coherent direction. Ideally, the overall speckle displacements should
exhibit a consistent downward trend owing gravity or follow the direction of water penetration. The absence
of overlap contributes to this irregularity, and additional factors such as uneven water distribution and surface
inconsistencies also affect the results. Consequently, the drawn arrows in this scenario are unreliable and should
be interpreted with caution.

To correctly measure and show the displacement arrows, we used our intelligent CNN-based overlap
dedication mechanism, detailed in Sect. 3, and trained in Sect. 4.2. The results are shown in Figure 18.

As can be seen, most of the arrows in Fig. 18 move downward, which is what we expected gravity does for the
water drops on the surface of the cardboard. In addition, because the surface of the cardboard is not completely
smooth or level, some movements in other directions are visible and normal.
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Fig. 17. The affected areas of the reference image with drawn displacement arrows relative to the pictures
taken 10 s after the reference image (a), 20 s after the reference image (b), 30 s after the reference image (c), and
40 s after the reference image (d).

Figure 19 shows the dedicated overlap percentages for each grid of each image using the CNN model. As
is clear, the overlap percentage of 2.5 x 100 (250%) is dedicated to most of the grids by the CNN framework.

This setup effectively demonstrates the use of laser speckle imaging and the performance of the proposed
algorithm in tracking micro-dynamic changes on a surface. The speckle displacement tracking algorithm is a
powerful tool for measuring the temporal evolution of surface changes, such as those caused by liquid absorption.

Concluding remarks

In this study, a novel Al-based framework was developed to perform both detection and measurement of speckle
displacements, in two main steps. In the first step, a Fourier-based registration mathematical framework was
used, in which the speckle pattern was divided into equal-sized grids and alignment was applied to each grid
individually. This enabled us to detect simultaneous speckle displacements of different sizes in different areas of
the speckle pattern, provided that the grid sizes were sufficiently small. However, this procedure was only able to
correctly measure displacements, if they were too small. In addition, shifts could not be detected if the grid size
was noticeably larger than the size of the affected area. To overcome these issues, overlapping of the grids (grids
in the reference image and the grids in the deformed image) was considered. Nonetheless, determining a suitable
overlap size proved challenging, especially in real cases where the nature of the displacements is unknown (both
the displacement size and the affected area). Determining the overlap sizes depends on the grid size, size of
the affected (deformed) areas, and displacement sizes. Therefore, we developed a convolutional neural network
(CNN) model to intelligently dedicate overlap percentage values to each grid of the image individually. We
optimized the CNN’s hyperparameter values/type using a Monte Carlo simulation-based algorithm with k-
folding cross validation. To test our method, we presented an experimental optical setup in which speckles
displacements were measured on a water-sprayed cardboard. The first image captured after water spraying was
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Fig. 18. The displacement arrows relative to the reference image, computed using the intelligent CNN-based

overlap dedication mechanism for the pictures taken 15 s after the reference image (a), 30 s after the reference
image (b), 45 s after the reference image (c), and 60 s after the reference image (d).

used as the reference image. Then, we applied artificial shifts to the reference image and created a deformed
image to conduct a preliminary analysis and train the CNN model. We then applied our developed method to
four other images captured a short time apart after the water spray and compared them to the reference image
(the first image taken after the water spray). The results showed the effectiveness of the proposed framework in
both the detection and measurement of displacements in simulated and real cases.

The current framework is designed for in-plane translational displacements. Out-of-plane motion or large
rotations can decorrelate speckle patterns and challenge the method. The CNN also requires a pre-labeled dataset
for training, which can be time-consuming and challenging to create. Future directions can include extending the
framework to handle rotational and out-of-plane displacements, developing unsupervised or semi-supervised
learning techniques to reduce the reliance on manual labelling, and exploring real-time implementation for
industrial inline inspection. To further strengthen the validation of our method, future work can also focus on
applying this framework to real-world scenarios with known ground-truth displacements, such as controlled
mechanical testing, to enable precise quantitative error analysis.
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.

Fig. 19. The dedicated overlap percentages to each grid of the images taken 15 seconds after the reference
image (a), 30 seconds after the reference image (b), 45 seconds after the reference image (c), and 60 seconds
after the reference image (d).
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