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I\e,lzr:ﬁ?nge learning, Wavelet classification using a combinefi MRI dataset constructed from F .igshare, Br35H, and
transformation, MRI SARTAIJ sources. The dataset includes 7023 MRI images belonging to four clinically
Article information important classes: glioma, meningioma, no-tumor, and pituitary tumor. In the proposed
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EZﬁZZﬁdM“ﬁ%ézzﬁg? approach, a dedicated preprocessing pipeline is first applied to enhance tumor-related
Accepted: May 20, 2026 image regions and reduce irrelevant background information. Then, the Multi-scale
Online: Jun 4, 2026 GHOST Residual Attention Autoencoder (MS-GHOST-RAAE) is used for dee
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feature extraction. This architecture integrates multi-scale GHOST modules, residual
connections, and attention mechanisms to obtain compact, stable, and discriminative
feature representations. The extracted features are subsequently classified using
conventional machine learning classifiers. Experimental results show that the proposed
hybrid framework achieves 98.75% accuracy on the combined dataset, with a total
processing time of 543 +269.4571 s. These findings indicate that MS-GHOST-RAAE
Iz: izlik.org/JA85GUS4YW provides strong classification performance on heterogeneous MRI images and offers
doi: 10.29002/asujse.1950042 an effective computer-aided decision-support approach for brain tumor classification.

1. Introduction

The human brain is among the most important organs in the body due to its fundamental functions such as managing
motor skills, performing cognitive functions, interpreting sensory stimuli, and controlling vital physiological processes.
In this context, abnormal formations such as brain tumors can cause serious impairments in neurological functions; and
if not detected early and accurately, they can lead to life-threatening clinical consequences [1,2]. The most common
intracranial tumors are glioma, meningioma, and pituitary tumors. Accurately differentiating these tumor types is crucial.
Correct identification of non-tumor images is also essential. This is important for diagnosis, treatment planning, surgical
decisions, and patient follow-up. Magnetic resonance imaging (MRI) and computed tomography (CT) scans are
commonly used to detect and evaluate brain tumors [3,4]. Because it offers precise information about the structure of the
brain and makes soft tissues more visible, magnetic resonance imaging (MRI) is a commonly utilized approach in brain
tumor analysis. However, analyzing MRI pictures by hand takes time and relies on the expertise of the professional.
Different radiologists may interpret the same image differently, which could have an impact on the diagnosis. Computer-
aided systems have therefore become more significant. These machine learning and deep learning-based algorithms are
used to automatically identify and categorize brain cancers [5-7]. Three fundamental steps make up traditional procedures.
The image is preprocessed first. Important features are then taken out of the picture. Classification is carried out at the
last phase. Previous research has employed a variety of techniques. These include of segmentation, thresholding, edge
enhancement, and median filtering. These techniques are employed to improve the visibility of the tumor area.
Additionally, they aid in lowering image noise [8-13]. Additionally, techniques based on artificial intelligence have been
created. These techniques are applied to classification and segmentation. Reducing the need to manually define tumor
boundaries is the goal. Additionally, it lessens the need for professional interpretation [14-18]. These conventional
techniques are capable of extracting valuable features. Nevertheless, these features are created by hand. As a result, a
number of factors affect how well these approaches work. First, segmentation needs to be done correctly. Second, the
tumor structure must be accurately represented by the manually extracted features. It can be difficult to depict intricate
tumor patterns. As a result, the effectiveness of conventional approaches might be restricted.

Deep learning has led to significant advancements in medical image analysis thanks to its ability to directly and
automatically learn hierarchical and distinctive features from image data [19,20]. Convolutional neural networks (CNNs),
in particular, have become prominent models in image classification due to their ability to capture local spatial patterns,
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edge information, texture features, and higher-level semantic representations [21,22]. Widely known CNN architectures
such as AlexNet, VGGNet, GoogleNet, ResNet, DenseNet, and their derivatives have been successfully implemented in
brain tumor classification tasks [23,24]. In addition, hybrid models that combine deep feature extraction with traditional
machine learning classifiers such as support vector machines, decision trees, random forests, K-nearest neighbors, and
Naive Bayes have also shown promising classification performances [25,26].

Some issues still exist in spite of these developments. It is possible to obtain MRI pictures from many data sources and
facilities. The contrast, resolution, and imaging circumstances of these photographs could vary. Additionally, different
images may show different anatomical features in the brain. As a result, models that were trained using just one dataset
might not be adequate. It's possible that these models don't accurately reflect actual clinical settings. Additionally, the
implementation of very deep transfer learning models in a clinical setting may be challenging due to their high processing
power and memory requirements. Achieving high classification accuracy and doing well in feature extraction are also
crucial. Low computational expenses must be maintained at the same time. It's still quite difficult to balance these three
factors.

This work proposes a hybrid brain tumor MRI classification technique to solve these problems. This technique combines
conventional machine learning classifiers with the MS-GHOST-RAAE model. Instead of using distinct datasets, the study
focuses on a merged MRI dataset. The Figshare, Br35H, and SARTAJ sources were used to create this dataset. Four
classes are included in the combined dataset: meningioma, glioma, no-tumor, and pituitary tumor. The dataset is more
diverse due to the use of photos from many sources. As a result, the proposed approach was evaluated in a more difficult
classification setting. This setting is also more similar to actual clinical settings.

The use of a multi-source heterogeneous MRI dataset is an important aspect of this study. MRI images collected from
different data sources may have different contrast levels, resolutions, noise characteristics, and tumor appearances.
Therefore, a model evaluated on only one dataset may not fully reflect real clinical variability. In this study, the combined
Figshare-Br35SH-SARTAJ dataset provides a more diverse and challenging evaluation environment. This allows the
proposed MS-GHOST-RAAE framework to be tested under more realistic multi-class brain tumor classification
conditions.

First, there is a unique preprocessing step in the proposed method. Tumor-related areas are made more noticeable with
this phase. Grayscale transformation, binary thresholding, Otsu thresholding, region of interest extraction, color-based
segmentation, masking, blurring, Canny edge detection, contour detection, and wavelet transformation are some of the
preprocessing techniques. These steps are primarily intended to eliminate superfluous background information and
emphasize tumor locations prior to feature extraction. The MS-GHOST-RAAE architecture is then employed. Short and
unique deep characteristics are extracted by this architecture. While maintaining crucial spatial information, the multi-
scale GHOST module aids in lowering computing load.

The connections now improve the gradient flow, allowing for more stable model training. The attention mechanism helps
the model focus on key tumor-related features. In the final stage, the extracted deep features are classified using various
machine learning methods, including RF, SVM, NB, DT, KNN, LR, MLP, GBC, ABC, and clustering-based classifiers.

Results from experiments have demonstrated the effectiveness of the proposed hybrid approach. In the combined
Figshare-Br35SH-SARTAJ dataset, the method's accuracy rate was 98.75%. 543 + 269.4571 seconds was the total
processing time. These outcomes show how reliable MS-GHOST-RAAE-based feature extraction is. The technique is
capable of successfully differentiating between MRI pictures from various sources. It also provides a workable structure
in terms of processing time. This outcome is further supported by comparisons with models based on transfer learning.
Results from experiments have demonstrated the effectiveness of the proposed hybrid approach.

The main contributions of this study are summarized as follows:

e A hybrid brain tumor MRI classification framework is proposed by integrating custom preprocessing, MS-
GHOST-RAAE-based deep feature extraction, and traditional machine learning classifiers.

e  The proposed method was evaluated on a heterogeneous combined MRI dataset containing glioma, meningioma,
non-tumor, and pituitary tumor classes generated from Figshare, Br35H, and SARTAJ sources.

e The MS-GHOST-RAAE architecture combines multi-scale GHOST modules, residual connections, and
attention mechanisms to produce compact and distinctive feature representations with reduced computational
iteration.

e  Multiple machine learning classifiers were used to evaluate the transferred deep features, thus providing a
comprehensive assessment of the hybrid classification strategy.

e The proposed framework demonstrated strong performance on the combined multi-source MRI dataset,
achieving 98.75% classification accuracy with a total processing time of 543 + 269.4571 seconds.

The remaining sections of the article are organized as follows. Section 2 examines studies related to brain tumor MRI
classification. Section 3 describes the proposed method. This section explains the preprocessing steps, the MS-GHOST-
RAAE architecture, feature extraction, and machine learning-based classification. Section 4 presents the experimental
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results obtained on the combined dataset. Ablation analyses and comparative evaluations are also presented. Finally,
Section 5 concludes the study and provides information about potential future research.

2. Literature Survey

Brain tumor classification from magnetic resonance imaging (MRI) data has been extensively investigated using classical
machine learning, deep learning, transfer learning, attention mechanism models, and hybrid learning approaches.
However, a significant portion of current studies evaluate their models on single-source datasets such as Figshare,
SARTAIJ, BraTS, Kaggle-based data collections or custom MRI datasets. While these studies make significant
contributions to the literature, single-source evaluations may be insufficient to fully represent the heterogeneous structure
in MRI images obtained from different data repositories.

Since the present study focuses only on the combined Figshare + Br35H + SARTAJ dataset, the literature comparison
was reorganized accordingly. Therefore, Table 1 includes only studies that used the same combined dataset structure.
This allows a more objective comparison between the proposed method and previous work under a similar multi-source
and multiclass MRI classification setting.

Table 1. Studies using the combined Figshare + Br35H + SARTAJ dataset

References Image Pre-processing Classification Dataset Accuracy  Classification

(%) Type
Including
DT, NB, Figshare + .
[27] No KNN, SVM Br3SH + 0.9793 Multiclass
SARTAJ
Grayscale conversion, Otsu
thresholding, ROI Combined
Proposed extraction, color Figshare +
Me tIl)m d segmentation, masking, ML classifiers Br3SH + 0.9875 Multiclass
Canny edge detection, SARTAJ
contour detection, and dataset

wavelet transformation

As shown in Table 1, the study in Celik and Inik (2024) [27]. used the combined Figshare + Br35H + SARTAJ dataset
and achieved 97.93% accuracy using CNN-based feature extraction with conventional machine learning classifiers such
as DT, NB, KNN, and SVM. This study is important because it provides a direct reference point for evaluating
classification performance on the same multi-source dataset structure.

Compared with conventional CNN models, the proposed MS-GHOST-RAAE framework does not rely only on standard
convolutional layers for feature extraction. Classical CNN models can learn useful spatial features, but they may require
many convolution operations to obtain strong representations. Transfer learning models such as ResNet and VGG can
provide high classification performance, but they are usually deeper and may need higher computational cost, memory
usage, and training time. Attention-based CNN models improve feature selection by focusing on important image regions;
however, they generally use attention only as an additional module inside a CNN structure. Autoencoder-based models
can learn compact representations, but they may not always capture tumor-related discriminative features strongly enough
when used alone. GhostNet-like lightweight models reduce redundant convolutional operations and produce efficient
feature maps, but they are mostly designed as general lightweight CNN architectures. In contrast, the proposed MS-
GHOST-RAAE framework combines multi-stage preprocessing, wavelet-based enhancement, multi-scale GHOST
feature extraction, residual learning, attention refinement, autoencoder-based representation learning, and machine
learning classification in a single pipeline. Therefore, the proposed method aims to obtain compact, discriminative, and
computationally efficient features for multi-class brain tumor MRI classification on a heterogeneous combined dataset.

In contrast, the proposed method employs a more comprehensive preprocessing step prior to the feature extraction phase.
This step consists of grayscale transformation, Otsu thresholding, region of interest extraction, color-based segmentation,
masking, Canny edge detection, contour identification, and wavelet transformation. These processes are designed to
highlight tumor-related regions and reduce unnecessary background information. Following the preprocessing, the
proposed MS-GHOST-RAAE architecture extracts distinctive deep features, and these features are classified using
machine learning classifiers.

Compared with Celik and Inik (2024) [27], the proposed method increases the classification accuracy from 97.93% to
98.75% on the combined Figshare + Br35H + SARTAJ dataset. This development demonstrates that the components used
in the proposed method contribute to the classification success. Special image preprocessing steps make tumor regions
more distinct. Wavelet transform helps extract more useful information from the image. Multi-scale GHOST feature
extraction retrieves key features more efficiently. The residual learning structure ensures more stable model operation.
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The attention mechanism helps the model focus on important tumor-related regions. Therefore, the proposed hybrid
method offers a more effective classification approach for heterogeneous MRI data from different sources.

3. Materials and Methods

This section describes the proposed hybrid method. The method was used for multi-class brain tumor MRI classification
on the Figshare + Br35H + SARTAJ combined dataset. The general workflow consists of three main stages. The first
stage involves image preprocessing. This stage is used to make tumor-related regions more prominent. In the second
stage, deep features are extracted using the MS-GHOST-RAAE architecture. In the third stage, the extracted features are
classified using conventional machine learning algorithms. Figure 1 shows the entire workflow of the proposed method.
The blocks shown in green in the figure represent the key contributions of this study. These are the custom preprocessing
process, wavelet-based enhancement, and the MS-GHOST-RAAE feature extraction architecture.

The proposed MS-GHOST-RAAE framework is different from standard CNN-based and transfer learning-based methods
because it combines several useful components in one hybrid structure. The preprocessing stage enhances tumor-related
regions and reduces unnecessary background information. The wavelet transformation improves spatial and frequency-
based image information. The multi-scale GHOST module extracts efficient feature maps with fewer redundant
convolutional operations. Residual connections preserve important spatial details and support stable training. The
attention mechanism helps the model focus on discriminative tumor features. In the final stage, the extracted deep features
are evaluated using machine learning classifiers. Thus, the proposed framework combines preprocessing, lightweight
feature extraction, residual learning, attention-based refinement, autoencoder representation, and machine learning
classification for robust multi-class brain tumor MRI classification.

Dataset consisting
of Figshare, Br35H
and SARTAJ
datasets

Proposed methods are shown in
green

(b) (c) (d)

Proposed Image
Processing Method

l

DATA AUGMENTATION
with ImageDataGenerator

!

MS-GHOST-RAAE
(Features Extraction and Classification)

|

Getting Prediction of MS-GHOST-RAAE

!

Application of Machine Learning Algorithms

| | | |

Glioma Meningioma Notumor Pituitary

(i)

Figure 1. Flowchart of the proposed hybrid brain tumor MRI classification framework on the combined Figshare + Br35H
+ SARTAJ dataset. The green blocks indicate the main contributions of this study.
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Fig. 1 presents the end-to-end processing flow of the proposed approach. First, MRI images from Figshare, Br35H, and
SARTAJ data sources are combined into an integrated multi-class dataset consisting of glioma, meningioma, no-tumor,
and pituitary tumor categories. Then, a multi-stage preprocessing procedure is applied to increase the visibility of tumor-
associated areas and reduce background effects. After the preprocessing steps and wavelet-based transformation are
completed, the MS-GHOST-RAAE model obtains essential and distinctive deep feature representations. Finally, these
extracted features are fed into conventional machine learning classifiers, thus performing multi-class brain tumor
prediction.

3.1. Image Processing for Tumor Region Segmentation

This section describes a multi-stage image preprocessing procedure applied to MRI images from a combined dataset of
Figshare + Br35H + SARTAIJ sources to enhance the visibility of tumor-associated regions. These preprocessing steps
aim to improve the visibility of tumor structures before feature extraction and classification. The techniques used are
performed in a specific order to ensure the most accurate identification of the tumor area. The most critical aspect of this
process is the effective application of segmentation, considering both large and small protruding structures in the tumor
region. Otherwise, the tumor area cannot be sufficiently separated from non-tumor tissues, and the model's learning
process cannot be successfully completed.

In the proposed preprocessing pipeline, each image processing step has a specific technical role. Otsu thresholding is used
to automatically determine an optimal threshold value from the image histogram and separate possible tumor-related
regions from the background. After thresholding, ROI extraction is applied to focus only on the most informative part of
the MRI image and remove unnecessary surrounding areas. Canny edge detection is then used to detect sharp intensity
changes and highlight the boundaries of tumor structures. After edge detection, contour detection is applied to identify
connected boundary regions and describe the shape of the possible tumor area more clearly. Finally, wavelet
transformation with VisuShrink is used to reduce noise and preserve important spatial and frequency information. This
step helps strengthen edge, texture, and structural details before feature extraction. Therefore, these preprocessing
operations make tumor-related regions more visible and provide cleaner input images for the proposed MS-GHOST-
RAAE model.

3.1.1. BGR to GRAY

RGB is actually a BGR image whose 4th byte is one byte. So procedurally converting BGR to GRAY is just like
converting RGB to GRAY. Thanks to this cycle, the morphological characteristics, which is also our goal, can be better
determined. n X m X 3 morphological features are emphasized by reducing an image to one channel. In our study, we
use the averaging method to convert BGR to grayscale. It is shown in Fig. 2 (b). The mathematical formula is given in

Eq. (1).
Grayscale = (R + G + B)/3 (1)

3.1.2. Binary and otsu’s thresholding transformation process

In this method, pixels below the determined threshold value in the image are assigned as zero, while pixels above the
threshold value are represented as one. This process is used for object detection, segmentation, and noise reduction on
images. In the Otsu binary method, the threshold value is automatically determined by considering the value between two
peaks in the image histogram. In other words, this method automates the thresholding process by selecting a global
threshold value from the histogram. Thus, the tumor region on the image can be represented with low pixel values and
defined more clearly. This process is shown in Figure 2(c). The mathematical expressions for this process are given in
Egs. (2-5).

o5 () = q1(O)f () + q2(t) o7 (t) )
Where in;
q:(t) = f=1 P(@), q2(t) = Z§=t+lp(i) 3)
iP (i) iP(i)
wm(t) = le’ pa(t) = {=t+1m “
. iP(i) . iP(i)
of (t) = Zimali - m (O 5. 03 (O = Eicpnli — 1(OF -5 )

3.1.3. Bounding rectangular and ROI process
Bounding rectangular process draws a rectangle on the part of the image you want to emphasize. That is, the part to be
emphasized is highlighted in the image. It works with four parameters. These are denoted by x, y, w, h.

x: The coordinate value of the x-axis,

y: The coordinate value of the y-axis,
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w: width,
h: height.

In the ROI process, automatically a rectangle is drawn around the rectangle to be drawn in the previous process, that is,
around the part to be highlighted. In our paper, the parameters in the bounding rectangular process were selected according
to the Binary and otsu thresholding transformation process, and the ROI process was applied to the BGR image. It is
shown in Fig. 2 (d).

3.1.4. Color segmentation on ROI process

At this stage, the color segmentation process is performed on the ROI image obtained. In this process, the ROI image is
first converted to HSV. Afterwards, the upper and lower color thresholds are determined and masking is performed
according to these thresholds. These thresholds are [0, 0, 152] for the lower and [179, 255, 255] for the upper. It is shown
in Fig. 2 (e).

3.1.5. Image masking

Masking is an image processing technique used to replace a larger image with a defined smaller image portion. Masking
is a process underlying many types of image processing, including edge detection, motion detection, and noise reduction.
It is shown in Fig. 2 (f).

3.1.6. Blurring and Canny detection process

The GaussianBlur filter applies a smoothing process on the image. This method takes as parameters a source image of
type mat object, a result of type mat, the blur value to be applied of type Size (also called kernel size), and the kernel
standard deviation called SigmaX. This makes it easier to apply canny detection to the softened image. Then canny
detection process is used to detect the edges of the tumor region. With edge detection on an image, objects in that image
can be detected, counted, and characterized. In basic terms, edge detection algorithms are determined by differentiating
the color values of the pixels on the image. It is shown in Fig. 2 (g) and (h). This can clearly show us the edges of the
tumor area. The mathematical formula is as follows in Eq. (6)

x2+y?

e 207 (6)

GX) =

1
\V2mo?

Wherein, x and y are the coordinates of the image and o is the standard deviation of the distribution.

3.1.7. Contour detection process

The final step of the segmentation process is to draw a line connecting all points with the same intensity along the
boundary of the image to the edges of the tumor region whose edges have been determined, and it provides the computer
with great convenience in learning the tumor region. It is shown in Fig. 2 (i) and (j).

3.1.8. Wavelet transform with VisuShrink process

This process effectively suppresses noise by analyzing the image in both spatial and frequency domains. In the spatial
domain, pixel values are represented as matrices, and the transformation detects variations within these matrices. In the
frequency domain, the method evaluates how rapidly pixel intensities change: high-frequency components correspond to
abrupt intensity variations such as edges, whereas low-frequency components represent smoother, homogeneous regions.

The wavelet transform jointly captures spatial and frequency information by providing low-resolution representations at
low frequencies and high temporal resolution at high frequencies. During this process, the images are first passed through
high-pass and low-pass filters to generate approximation and detail coefficients. The approximation coefficients are
computed using the relation defined in Eq. (7), while the horizontal, vertical, and diagonal detail components are produced
through the filter operations described in Eqs. (8), (9), and (10), respectively. Each decomposition level yields four sub-
bands, where approximations describe the global structure of the image and detail components encode directional
variations. Through this multilevel decomposition, both filtering and compression are achieved, as illustrated in Fig. 2(k).

5, = 212 Z hh(l = 20)S;41, @)
k
le’v = 21/2 Z hg(l - Zv)Sj+1,l (8)
k
sz,v = 21/2 Zgh(l — 217)5]'4_17[ (9)
k
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w3;, =22 Z ggl —2v)Sj4q, (10)
k

Wherein, k=1,2,3 is the S; ; scaling and wk jx wavelet coefficients for the signal f{?) given at scale j. The low-pass filter
is denoted by /4 and the high-pass filter by g.

0
Figure 2. Preprocessing stages applied to brain tumor MRI images from the combined Figshare + Br35H + SARTAJ
dataset: (a) original image, (b) grayscale image, (c) binary and Otsu thresholding, (d) ROI image, (e¢) HSV image, (f)
color segmentation with HSV image, (g) masked image, (h) blurred image, (i) Canny edge detection image, (j) contour
image, and (k) wavelet transformation with VisuShrink.

Fig. 2 shows the preprocessing steps applied before feature extraction. First, a grayscale transformation is performed.
Then, binary thresholding and Otsu thresholding are applied. These steps make tumor-related regions more prominent.
ROI extraction, color segmentation, and masking operations reduce unnecessary background information. Blurring,
Canny edge detection, and contour detection make structural boundaries clearer. Finally, wavelet transformation is
applied with VisuShrink. This process strengthens the spatial and frequency information of the image. Thus, the proposed
MS-GHOST-RAAE model can extract more distinctive features.

3.2. Feature Extraction with MS-GHOST-RAAE

Accurate classification of brain tumor MRI images is crucial for assessing patient health. However, performing this
process manually, even with only specialists, can be time-consuming and costly. The proposed MS-GHOST-RAAE
method offers a more efficient option. This method performs feature extraction automatically. Feature extraction is a
complex process, making it difficult to perform manually on large datasets. Convolutional neural networks (CNNs) are
commonly used for feature extraction because they can directly learn important information from images and can
progressively extract simple and complex features. As stated in [28-35], CNN architectures extract distinguishing features
by passing images through multiple convolution layers, and these features are then used in classification or prediction
processes. Their ability to automatically identify relevant features and provide high prediction accuracy are among the
main reasons for the widespread preference of CNN-based methods. In this study, the proposed MS-GHOST-RAAE-
based feature extraction framework is evaluated on a combined dataset created from Figshare + Br35H + SARTAJ sources
and compared with transfer learning-based models such as ResNet50, ResNet101, ResNet152, and VGG16. The main
objective of this comparison is to determine whether the proposed lightweight hybrid representation approach can provide
competitive or superior classification performance on a heterogeneous and multi-source MRI dataset.
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3.3 Multi-Scale GHOST-RAAE Architecture

The multi-scale GHOST-residual attention autoencoder architecture will be explained in this section with figures and
mathematical equations. First, the autoencoder structure used below and how many blocks it consists of are shown in Fig.
3. The purpose of this block is to encode the images in a lower dimensional form to reduce noise, reduce size, and
eliminate features with insignificant variance and emphasize important features.

DECODER

ENCODER : :
g : g
© : -
- . h -
- . =1
=] . a
g L E

:  CODE

Figure 3. Simple autoencoder architecture

In X: input data, 2=f(X), the encoder function converts the input data into a code (h) representation, R esiquar = h + X,
the residual links sum the original input data with the code. This allows the network to be deeper, hy¢tended =
Attention(Ryesiquar), Attention mechanism learns to focus on specific regions in the feature map using residual
connections, X = g(hgtrendea), the Decoder function decodes the focused code in a similar way to the original input.

This Fig. 3, illustrates the structure of the proposed residual—attention autoencoder, where the encoder compresses the
input into a latent representation and residual connections preserve essential information by directly adding the input to
the encoded features. The attention mechanism refines these features by emphasizing informative regions of the latent
space, after which the decoder reconstructs an output that mirrors the original input. This design enhances representation
quality while maintaining stability in deeper architectures.

Fig. 4 presents the residual attention autoencoder architecture in more detail.

ouTPUT
LAYER

DECODER DECODER
DECODER DECODER DECODER DECODER
BLOCK-1 > BLOCK2 BLOCK-3 BLOCK4 | 7|

CONVZD

ENCODER ENCODER ENCODER
BLOCK-1 BLOCK-2 BLOCK-3

Figure 4. Detailed version of the proposed residual attention autoencoder architecture

Fig. 4 presents the general structure of the proposed residual attention autoencoder architecture. Encoder blocks
progressively compress the input feature maps; then the GHOST unit produces efficient multi-scale representations with
lower computational cost. Subsequently, the decoder structure reconstructs the feature space through successive decoding
and transposition convolution layers, enabling the recovery of spatial resolution. In this process, residual features driven
by the attention mechanism are also included in the model. The final convolution layer produces the improved output
representation to be used in the next classification stage.

The input data is (120,120,3). In the encoder block, after conv2d, batch normalization, activation, attention global average
pooling, attention sigmoid, and expansion dimension twice, the output dimension becomes (1,1,64). Then the residual
enters the conv2d layer and its size becomes (120,120,64). Then the output from the 2nd dimension expansion layer is
multiplied by the output from the activation layer. The result of the multiplication is then summed with the residual
conv2d layer and the encoder block-1 ends. The mathematical expression of this process is as follows in Egs. (11-20)

XeR120.1203 (an
H, = CONV2D(X) (12)
Hy = fy(Hy) (13)
H3 = f.(H,) (14)
Hy = fagap(H3), (15)
Hs = fys(H,), (16)
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He = fex(fex(Hs)), (17)

R, = residualCONV2D(Hy), (18)
Rz = Rl + X, (19)

Q = (R; X Hg) ™Ry, (20)

Wherein; X is the input data of the encoder block layer, f},(*) is the batch normalization, f,.(*) is the ReLu activation
function, fy4p(*) is the attention global average pooling, f,5(*) is the attention sigmoid and fgx(*) is the dimension
expansion.

Fig. 5 shows the detailed shape of the encoder block.
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....................................................................................

Figure 5. Detailed shape of encoder block

Fig. 5 shows the internal structure of the encoder block used in the proposed architecture. In this block, low-level features
are progressively extracted through convolution, aggregate normalization, and activation layers. These features are then
reorganized using global average pooling and a channel-based attention mechanism; the generated significance weights
are expanded and multiplied by feature maps, thus highlighting prominent regions more strongly. In addition, the residual
convolution path contributes to the preservation of spatial information and a more stable gradient flow. In the final stage,
both the information from the residual link and the outputs enhanced by the attention mechanism are combined through
element-based summation. This structure ensures the acquisition of more robust and distinctive feature representations
within the proposed architecture.

In the decoder block, the input data from the GHOST module is (8,8,128). In the decoder block, after conv2d, batch
normalization, activation, attention global average pooling, attention sigmoid, and expansion dimension twice, the output
dimension becomes (1,1,128). Then the residual enters the conv2d layer and its size becomes (8,8,128). Then the output
from the 2nd dimension expansion layer is multiplied by the output from the activation layer. The result of the
multiplication is then summed with the residual conv2d layer and the encoder block-1 ends. The mathematical expression
of this process is as follows in Eqs.(21-30).

X,eR88:128 @)
H; = CONV2D(X), (22)
Hyq = fp(Hia), (23)
Hzq = fr(Hzq), (24)
Hyg = fagapr(Hzqa), (25)
Hsq = fas(Haq), (26)
Heq = fex(fex(Hsa)), (27)
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Ry, = residualCONV2D(Hgy), (28)
Ryq = Rig + Xy, (29)
Qa = (Ryq X Heg) R34, (30)

Wherein; X, is the input data of the decoder block layer, f;, (*) is the batch normalization, f,.(*) is the ReLu activation
function, fy4p(*) is the attention global average pooling, f,5(*) is the attention sigmoid and fgx(*) is the dimension
expansion.

Fig. 6 shows the detailed shape of the decoder block.
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Flgure 6. Detailed shape of encoder block

Fig. 6 shows the structure of the decoder block. This block generally reflects the encoder structure but also includes the
GHOST module to produce efficient feature representations in the upsampling process. The expanded feature maps are
progressively improved through convolution, aggregate normalization, and activation layers. The channel attention
mechanism is implemented through global average pooling and dimensionality expansion operations, highlighting more
important channels. In addition, the residual linkage path contributes to the preservation of fundamental spatial
information. Element-based multiplication and summation operations performed in the final stage combine features
enhanced by the attention mechanism with residual features, thus enabling more accurate reconstruction of high-
resolution representations during the decoding phase.

In decoder transpose, the input data from decoder block-2 is (4,4,64). The output dimension becomes (1,1,128) after
conv2d transpose, conv2d, batch normalization, activation, attention global average pooling, attention sigmoid, and
expand dimension twice in decoder transpose. Then the residual enters the conv2d layer and its size becomes (8,8,128).
Then the output from the 2nd dimension expansion layer is multiplied by the output from the activation layer. The result
of the multiplication is then summed with the residual conv2d layer and the decoder transpose ends. The mathematical
expression of this process is as follows in Egs.(31-40).

X,eR88128 31)

H,; = CONV2D(X), (32)

Hye = fp(Hio), (33)

Hze = fr(Hay), (34)

Hye = facap(Hse), (35)

Hse = fas(Hae), (36)

Her = fex(fex(Hse)), (37)

Ry; = residualCONV2D(Hg;), (38)
Ryt = Ryt + X¢, (39)
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Q¢ = (Rt X Her) TRy, (40)

Wherein; X, is the input data of the decoder transpose layer, f}, (*) is the batch normalization, f,.(*) is the ReLu activation
function, fy4p(*) is the attention global average pooling, f,5(*) is the attention sigmoid and fgx(*) is the dimension
expansion.

Fig. 7 shows the detailed shape of the decoder transpose.
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Figure 7. Detailed shape of decoder transpose

Fig. 7 shows that the decoder-transpose block regains spatial resolution through transpose convolution operations.
Subsequent layers of convolution, aggregate normalization, and activation progressively improve the upsampled feature
maps. The channel attention mechanism is incorporated into the structure via global average pooling and dimensionality
expansion operations, allowing the network to focus more on informative channels and suppress less related features.
Furthermore, the convolution path helps preserve fundamental structural information and supports a more stable gradient
flow throughout the training process. Finally, features enhanced by the attention mechanism are combined with
information from the linkage via element-based multiplication and summation operations, resulting in a more coherent
and distinctive representation that supports effective reconstruction in the remaining decoding stages.

3.4. Attention Mechanism and Residual Blocks in The Proposed MS-GHOST-RAAE Model

The proposed MS-GHOST-RAAE model utilizes an attention mechanism and residual blocks. These structures help the
model extract better features because MRI images from Figshare, Br35H, and SARTAJ data may differ. The attention
mechanism highlights important tumor-related regions, while residual blocks help preserve fundamental spatial
information in the image. Thus, the model can learn more stable, meaningful, and informative features. Furthermore, the
GHOST-based attention mechanism generates efficient feature maps with lower computational cost. Instead of relying
solely on high-cost transformations, this structure first generates basic feature maps using standard convolution, and then
produces additional ghost feature maps through light convolutions.

Primary Convolution: The first step is to generate the primary feature maps X, from the input X. W, represents the weight.

X, = CONV2D(X; W), (41)

1. GHOST Convolutions: Additional GHOST feature maps are then generated using X,
Xt = CONV2D(X;W}), (42)

Here ng represents each set of GHOST convolutional filters and i are the different ratios used to generate GHOST
channels.
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2. Use of Ratios: Each GHOST convolutional layer (X, _é) uses different rates (7;) to capture different aspects of the input.
These ratios divide the output of the primary convolutional layer (X,) into smaller partitions, providing different
information densities:

- W,
Xé = CONV2D (Xp;—), (43)
T
Here; ﬁ, Represents a set of convolutional filters reduced by ;. This allows each GHOST convolutional layer to capture

Ti
a different information density and spread.

3. Channel Concating: Finally, the primary and GHOST feature maps are combined.

Xout = Concat([Xp, X5, X2, ..., X7']), (44)
Here; X, represents primary feature map and X' represents GHOST feature maps

This process, formalized in Eqgs. (41-44), allows the model to capture diverse information densities through multiple
convolutional ratios and subsequently concatenate all feature maps to obtain a richer representation.

Conventional attention mechanisms, by contrast, depend on global average pooling and multilayer perceptrons, as
expressed in Eqs. (45-48), which increases parameter count and computational overhead. The GHOST attention,
therefore, provides a more efficient alternative by amplifying informative local patterns without the need for expensive
transformations.

1. Global Attention: It extracts global mean values of input feature maps using GAP (Global Average Pooling). GAP
stands for global average pooling and is often used in convolutional neural networks (CNN). GAP averages all values
in each channel of the input feature maps, thus producing a single value for each channel.

1 H W
ZC = H . WZin'j’c (45)
=1 j=1

X; j > pixel value at position (i,j) in the ith channel,

Here;

H and W are the height and width of the input feature maps,

Zc, Average value of c-th channel.

2. Compresses and excites these average values using MLP. It stands for multilayer perceptron. This is a simple neural
network structure consisting of one or more fully connected layers. It usually works like this:

hl = S(Wlx + bl)' (46)
hz = 6(W2h1 + bz), (47)
y = O-(W?,hz + b3), (48)

Here;

W; and b; are the weights and biases of the i-th layer,

o is the activation function (e.g., ReLU).

o is the activation function usually used for the final output (e.g. sigmoid or softmax). (The simplest MLP is represented.)

This shows that the ordinary attention mechanism with mathematical equations is computationally more expensive than
our proposed attention mechanism.

Nowadays, blocks enhance the model's learning capacity, particularly in deeper architectures, by improving gradient flow
and making the training process more stable. Remaining connections reduce the vanishing gradient problem by allowing
input information to be directly passed to subsequent layers, while batch normalization contributes to more balanced
updates and accelerates convergence. Used in conjunction with GHOST modules and attention processes, these residual
structures enable the model to generate richer, more stable, and more distinctive feature representations.

In general, the combined use of GHOST convolutions, the light attention mechanism, and residual connections increases
feature diversity and contributes to a more stable training process. Within the context of a combined dataset created from
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Figshare + Br35H + SARTAJ sources, this design enables the proposed model to extract distinctive features from
heterogeneous MRI images while keeping computational costs at a practical level.

3.5. Classification with The Proposed MS-GHOST-RAAE Model

After feature extraction by MS-GHOST-RAAE, the obtained deep feature vectors are used for multiclass classification
on the combined Figshare + Br35H + SARTAJ dataset. The classification task includes four classes: glioma, meningioma,
no-tumor, and pituitary tumor. Since the problem is formulated as a multiclass classification task, sparse categorical cross-
entropy is used as the loss function in the deep learning stage. Its mathematical formulation is given in Eq. (49).

SCCE = =) (81,-log(31)) (49)

i
Where in; i represents the class indices. §;,, is the kronecker delta and takes the value 1 if 7 and y are equal, 0 otherwise.
¥; is the probability for the predicted class .

In the proposed framework, MRI images are first converted into matrix representations and then passed through
convolutional layers to obtain feature maps. These resulting feature maps are reduced to more compact feature vectors
through a global average pooling operation. Batch normalization is applied to ensure a more stable learning process, and
fully connected layers transform the extracted feature representations into class-specific outputs. In the final stage, the
classification layer generates four probability values corresponding to the glioma, meningioma, no-tumor, and pituitary
tumor classes. The detailed structure of the classification layer is shown in Fig. 8.

MNone, 1024
None,512 None,512
None,3 None,4
Glioma
None,16,16,3 -
Meningioma
RAAE
> —» ——» ——» —» —>
QUTPUT
MNotumor
Pituitary

None,512 L
None,1024 None, 1024
GLOBAL
BATCH
AVERAGE DENSE DROPOUT
POOLING NORMALITION

Figure 8. Detailed shape of classification layers

Fig. 8 shows the classification phase following the feature extraction process performed with MS-GHOST-RAAE. In this
phase, global average pooling transforms spatial feature maps into shorter and more compact feature vectors. These
resulting vectors are passed through successive fully linked layers that are stabilized by batch normalization and optimized
with dropout to reduce overfitting. The final fully linked layer generates four output probabilities representing glioma,
meningioma, no-tumor, and pituitary tumor classes. This structure enables multi-class prediction on the Figshare + Br35H
+ SARTAJ combined dataset based on the distinctive features extracted by the proposed architecture.
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Fig. 9, shows that the structure of the multi-scale GHOST module includes 1x1 and 3x3 convolution operations. In the
module mentioned, unnecessary features are done by channel removal. It then learns the redundant channels that are
eliminated from the feature map obtained by the convolution process. The most recently extracted feature map is linked
to the original feature map. This module not only eliminates similar features but also draws more attention to weighted
feature channels. Furthermore, it reduces the number of parameters and the computational cost of the network. It can be
expressed as follows in Egs. (50-53).

Foy=concat(Featl,Feat2,Feat3) (50)
Featl=WlixI(f) (51)
Feat2=W3x3(Featl) (52)
Feat3=W3x3(Featl) (53)

Wherein, Ir represents the input feature map of the GHOST module, Feat! represents the primary convolution with 1x1
convolution and relu activation function operation, and Feat2 and Feat3 represent the cheap process with 3x3 convolution
and relu activation function operation. Fgu is the output of the GHOST module.

Fig. 10 shows the input, encoder output, and decoder output images of our proposed model.

Original Image 1

Original Image 2 Original Image 3

Original Image 4

Encoded Image 1

Decoded Image 1 Decoded Image 3

Figure 10. Original image, output images of the encoder structure, and output images of the decoder structure

Encoded Image 2 Encoded Image 3

Encoded Image 4

Decoded Image 2 Decoded Image 4

3.6. Machine Learning Classifiers for Feature-Based Classification

The deep features extracted from the combined Figshare + Br35H + SARTAJ MRI images by MS-GHOST-RAAE are
flattened and used as input to conventional machine learning classifiers. The evaluated classifiers include Multi-Layer
Perceptron (MLP) [36], Gradient Boosting Classifier (GBC) [37], AdaBoost Classifier (ABC) [38], Support Vector
Machine (SVM) [39], Logistic Regression (LR) [40], Naive Bayes (NB) [41], Decision Tree (DT) [42], Random Forest
(RF) [43], K-Nearest Neighbors (KNN) [44], and a stacking-based classifier (CLF). In the stacking classifier, Logistic
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Regression is used as the meta-model to generate the final prediction by combining the outputs of the base learners. The
base learners consist of Naive Bayes, Multi-Layer Perceptron, and Support Vector Machine. Cross-validation is then
applied to evaluate the classification performance of these machine learning algorithms in an objective and reliable
manner.

3.7. Cross-Validation for Machine Learning Classifiers

To ensure reliable performance evaluation on a combined dataset derived from Figshare, Br35H, and SARTAJ sources,
k-fold cross-validation was applied to machine learning classifiers. This approach prevents model performance from
being solely dependent on a single training-test split, allowing for a more objective evaluation of the extracted feature
representations. In the k-fold cross-validation process, the dataset is randomly shuffled and divided into k equal subsets.
In each iteration, one of these subsets is used for validation or testing, while the remaining subsets are used for training.
This process is repeated k times, with each subset serving as a validation/test set once. The final performance value is
calculated by averaging the results obtained across all folds.
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Figure 11. Image of cross-validation 10-fold technique applied

Fig. 11 illustrates the k-fold cross-validation process. This process was used to evaluate machine learning classifiers on
the Figshare + Br35H + SARTAJ combined dataset. First, features extracted using MS-GHOST-RAAE are divided into
k subgroups. Each subgroup is then used as either test or validation data. The remaining subgroups are used as training
data. This process continues until all subgroups have been used for testing/validation. The final performance value is
calculated by averaging the results obtained from all k trials. This allows for a more reliable evaluation of the
generalization success of the proposed hybrid method.

4. Experimental Results and Analysis

This section presents the experimental results of the proposed MS-GHOST-RAAE-based hybrid method. Experiments
were conducted on a combined dataset created from Figshare + Br35H + SARTAJ sources. Dataset settings are explained
during the evaluation process. Ablation experiments were also performed. The success of machine learning classifiers
was examined. Comparisons were made with transfer learning-based models. Confusion matrix analyses are presented.
Finally, comparisons were made with related studies using the same combined dataset.

4.1. Dataset and Experimental Settings

This study uses a combined brain tumor MRI dataset constructed from Figshare, Br35H, and SARTAJ sources [45]. The
dataset is publicly available with a CCO license and contains 7023 MRI images belonging to four classes: glioma,
meningioma, no-tumor, and pituitary tumor. The use of a combined dataset provides a more heterogeneous and
challenging evaluation setting than single-source datasets, since images may vary in contrast, acquisition conditions,
visual quality, and tumor appearance across different sources.
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The dataset was divided into two parts: training and testing. This division was done as 80% training and 20% testing. To
prevent data leakage, data augmentation operations were applied only to the training data. Horizontal flipping, vertical
flipping, and rotation operations were used to augment the training images. After these operations, the number of training
samples reached 8402. Model performance was evaluated using different metrics. These metrics are accuracy, F1-score,
precision, sensitivity, processing time, and confusion matrix.

All experiments were conducted in an Anaconda-based PyCharm environment using TensorFlow, NumPy, Scikit-learn,
and Pandas. The hardware configuration included an NVIDIA GTX-1060 GPU with 6 GB memory, 16 GB RAM, and an
Intel Core i7-7700HQ processor. In the deep learning stage, ReLU activation functions were used in hidden layers,
softmax activation was used in the output layer, Adam optimizer was employed for training, the batch size was set to 64,
and early stopping was applied with a patience value of 5.

4.2. Comparative Baselines
For comparative evaluation on the combined Figshare + Br35H + SARTAJ dataset, two widely used transfer learning
families and their derivatives were selected as baseline models.

ResNet (Residual Networks) and VGG (Visual Geometry Group) derivatives are two important architectures frequently
used in transfer learning and general deep learning models.

ResNet:

1) ResNet makes it possible to train deeper networks using "residual connections" or "skip connections". It is stated
in the literature that these connections reduce the gradient fading problem that occurs in very deep layers of the
network.

2) ResNet variants provide high performance and accuracy for multilayer deep networks. This gives very effective
results on large datasets.

3) ResNet, in its various versions (ResNet-18, ResNet-34, ResNet-50, etc.), offers networks of different depths,
thus providing suitable options for different tasks and datasets.

4) ResNet has the ability to generalize to a variety of computer vision tasks and performs well on different datasets.

In summary, the reason for choosing ResNet variants is both their performance in successfully reducing gradient losses
and their success thanks to their depth. Since we were assertive about reducing gradient losses in the algorithm we
proposed, we thought that the most suitable algorithms in this field were ResNet derivatives.

VGG:
1) VGG networks offer a simple and streamlined structure using stacked 3x3 convolution layers. This simplicity
makes the model easier to understand and apply.
2) VGG is frequently used for transfer learning. These networks offer a variety of pre-trained models and provide
successful results in transfer learning applications.
3) Thanks to their modular structure, VGG models can be easily integrated with other architectures and complex
network structures can be created.

In summary, the VGG network is chosen to compare our proposed algorithm on the basis of simplicity and time.

The reason why other methods are not included is that there are too many models and the page limit of the article is taken
into account. As mentioned above, basic and effective models in terms of performance are included in the comparison.

These transfer learning models were used as comparative baselines to evaluate whether the proposed MS-GHOST-RAAE-
based hybrid framework can provide competitive or superior performance on the combined multi-source MRI dataset.
Since the present study focuses only on the combined Figshare + Br35H + SARTAJ dataset, all baseline comparisons in
the following sections are reported for this dataset.

4.3. Results of Ablation Experiments

Ablation experiments were conducted to examine the contribution of the core architectural components of the proposed
MS-GHOST-RAAE model. In these experiments, performance changes resulting from the removal of specific
components from the model were analyzed. The aim was to determine the individual effects of the GHOST mechanism,
the attention mechanism, and residual blocks on feature representation and classification performance.

Since the current study focuses solely on a combined dataset created from Figshare + Br35H + SARTAJ sources, all
ablation experiments were redesigned based on this dataset. This approach ensures a consistent evaluation process and
allows for the comparison of the contribution of each architectural component under the same heterogeneous, multi-
source MRI classification scenario.

4.3.1 Ablation experiments on the combined Figshare + Br35H + SARTAJ dataset

Tables 2—4 present the ablation experiment results obtained on the combined Figshare + Br35H + SARTAJ dataset. The
findings demonstrate that each component in the proposed architecture contributes to the overall classification
performance at different levels. Removing the GHOST mechanism reduces the model's ability to produce efficient multi-
scale feature representations, potentially decreasing the discriminative power of the removed features. Disabling the
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attention mechanism weakens the model's ability to highlight tumor-related key regions and suppress less informative
features. Similarly, removing residual blocks can negatively impact gradient flow and feature information preservation,
particularly in the deeper layers of the architecture.

Overall, ablation analysis reveals that the combined use of GHOST modules, attention mechanisms, and residual
connections offers a more effective feature extraction strategy for heterogeneous MRI images. Therefore, the full MS-
GHOST-RAAE architecture was chosen as the final feature extraction model on the combined dataset.

The ablation results show the individual contribution of each main component in the proposed MS-GHOST-RAAE
framework. When the GHOST module is removed, the model loses its ability to generate efficient multi-scale feature
maps with reduced redundant convolution operations. This may decrease the quality of the extracted features and increase
the computational burden. When the attention mechanism is removed, the model becomes less effective in focusing on
tumor-related regions and informative feature channels. Therefore, some important discriminative details may be
weakened, which can reduce classification performance. When residual connections are removed, the model has more
difficulty preserving spatial information and maintaining stable gradient flow during training. This may lead to less stable
learning and weaker feature representation. The wavelet-based preprocessing stage also has an important role because it
enhances spatial and frequency information before feature extraction. It helps reduce noise, highlight edges, and make
tumor-related structures more visible. Therefore, the combined use of wavelet preprocessing, GHOST modules, residual
connections, and attention mechanism provides more compact, stable, and discriminative features for multi-class brain
tumor MRI classification.

Table 2. Ablation results for the GHOST mechanism on the combined Figshare + Br35H + SARTAJ dataset

Metric Pre-processing Accuracy/std  F1 Score/std  Precision/std  Sensitivity/std  Time(sec) Total Number

Model (Proposed method) of Parameters
MS-RAAE  YES 0.96698 0.96699 0.96699 0.96698 4010 1669479
RAAERF  YES 00123 | (-001320) 003IS) 001y 401013946 -
RaAEssvM  YES 8:3?(6)23)/ o ?5_6 (6).3061387) 8:8?(6)32)/ o 313?83?{ CF a0 -
RaAENE  VFS D012 (o001 00112 | ooling 4010104260 -
Raapspr  VES DOIIT (001368 00136T) | 0017 4010190810 -
RaAEsKNN  VES 001285 | (500127 001200) | ootass) | 4010108192 -
Raapsir  VES 001105 | (+-001105 001100) | ootlos) 401020681 -
RaAEsMLP  YES D01200) (001201 001185)  ool0l | 4010+1680656 -
RAAE+GBC  VES gzgggé)/w- ?3.53.5061/251) 8:8?23)/(% gzggg;)/w- 4010+25.8084 -
RaaEsaBC  VES OAIT (oAl 0111S0)  oritgy 4010204527 -
RaapscLr  YFS DO11S6) (001186 001186) - ootag 401012219706 -

Table 3. Ablation results for the attention mechanism on the combined Figshare + Br35H + SARTAJ dataset

Pre-processing Total
Metric Model (Proposed Accuracy/std  F1 Score/std  Precision/std  Sensitivity/std  Time(sec) Number of

method) Parameters
gljﬁGHOST- YES 0.96199 0.96215 0.96217 0.96199 3510 1329974
RAERE . VES D0ty (o001 0010 Ootdsy SO
RapisvM  YES 001396 (00194 00100 ool | IsI00dsE -
RAENDVES D01389) | (-001389) 001 ool 51003 -
RaEDTVES D0isE®) (0018 00t | ooisw | IS0 -
RAESNN VES DOISI) | (-00182) 001l ool 00
RAEILR . VES Dois2) | (001482 oD ooty SO0 -
Ragvp  VES Q00K (00083 00083) ooy | ISIOHBLESSI -
RaEicBe  YES 001SI6) (L0012 001 ooisyny 305292 -
RAEiABC  VES 010903 (-010903) 010903)  otos0s) | ISIONANIST -
RaEicLE  VES D010l (001701 00101 - ooiony 35101270532 -
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Table 4. Ablation results for the residual blocks on the combined Figshare + Br35H + SARTAJ dataset

Metric Pre-processing Total
(Proposed Accuracy/std  F1 Score/std Precision/std  Sensitivity/std  Time(sec) Number of
Model
method) Parameters
MSGHOST- vps 0.97196 0.97216 0.97217 0.97196 3210 1388022
MS-GHOST- 0.97321/(+/- 097321 /(+/- 097321/(+/- 0.97321/ (+/-
AAE+RF pes 0.01470) 0.01470) 0.01470) 0.01470) 3210+2.6011 B
MS-GHOST- 097196/ (+/- 097194/ (+/- 097194/ (+/- 0.97196/ (+/- )
AAE+SVM YES 0.01145) 0.01145) 0.01145) 0.01145) 3210+0.5898
MS-GHOST- 0.97196 / (+/- 097202/ (+/- 097211/ (+/- 0.97196 / (+/-
AAE+NB YES 0.01321) 0.0132) 0.01325) 0.01321) 3210104131 -
MS-GHOST- 0.96885 / (+/- 096877 /(+/- 0.96872/(+/-  0.96885/ (+/-
AAE+DT pes 0.01416) 0.01416) 0.01416) 0.01416) 3210+9.0329 B
MS-GHOST- 0.95826/ (+/-  0.95845/(+/- 095912/ (+/- 0.95826/ (+/-
AAE+KNN ~ YES 0.01531) 0.01531) 0.01530) 0.01531) 3210+0.6058 )
MS-GHOST- 0.97196 / (+/- 097194/ (+/- 097194/ (+/-  0.97196 / (+/-
AAE+LR YES 0.01145) 0.01145) 0.01145) 0.01145) 3210413524 -
MS-GHOST- 0.97508 / (+/- 097509/ (+/- 097513/ (+/-  0.97508 / (+/-
AAE+MLP pes 0.01120) 0.01120) 0.01120) 0.01120) 3210+154.5673 -
MS-GHOST- 0.96885/ (+/-  0.96883/(+/- 0.96882/(+/- 0.96885/ (+/-
AAE+GBC ~ YES 0.01429) 0.01429) 0.01428) 0.01429) 3210+24.8896 -
MS-GHOST- 0.97321/(+/- 097335/(+/- 0.97335/(+/- 0.97321/(+/-
AAE+ABC YES 0.05822) 0.05822) 0.05820) 0.05822) 3210+16.3706 -
MS-GHOST- 0.97570 / (+/- 097569/ (+/- 097572/ (+/-  0.97570/ (+/-
AAE+CLF YES 0.01153) 0.01154) 0.01153) 0.01153) 3210+197.0449 -

4.4. Performance Evaluation of The Proposed Hybrid Framework

This section reports the classification performance of the proposed MS-GHOST-RAAE-based hybrid framework on the
combined Figshare + Br35H + SARTAJ dataset. The deep features extracted by MS-GHOST-RAAE were evaluated
using different machine learning classifiers, including RF, SVM, NB, DT, KNN, LR, MLP, GBC, ABC, and CLF. The
best classification performance was obtained with the MS-GHOST-RAAE-based hybrid configuration, achieving 98.75%
accuracy with a total processing time of 543 +269.4571 s.

4.5. Hyperparameter Sensitivity Analysis on The Combined Figshare + Br35SH + SARTAJ Dataset

Three different experiments were conducted to examine the sensitivity of the proposed MS-GHOST-RAAE model to
certain hyperparameters. These experiments were performed on the Figshare + Br35H + SARTAJ combined dataset.
Three key components were investigated in the experiments: the pooling layer, the activation function, and the
optimization algorithm. These components directly affect feature compression, the model's learning structure, and the
progress of the training process. In the first experiment, the MaxPooling2D((2, 2)) layer used in the proposed model was
replaced with AveragePooling2D((2, 2)). In the second experiment, the ELU activation function was used instead of the
ReLU activation function. In the third experiment, the SGD algorithm was used instead of the Adam optimization
algorithm. To ensure a fair comparison, other architectural settings were not changed. These experiments were only
performed on the Figshare + Br35H + SARTAJ dataset because the study focused solely on the combined dataset.

Table 5. Hyperparameter sensitivity results for the pooling layer on the combined Figshare + Br35H + SARTAJ dataset

Pre-processing Total
Metric Model (Proposed Accuracy/std  F1 Score/std Precision/std  Sensitivity/std  Time(sec) Number of

method) Parameters
%’l:[-ngOST- YES 0.96449 0.96389 0.96396 0.96386 4110 1457782
RAAERE  VES 00125 0012%0) 001259 | oolaen 411080026 -
RAABSSVM  VES Dotah | 00nIn 00019 oot | H10W04s9 -
RAAEND  VES D004 00106 00199 oolioa 4110035 -
RAAEDT  VES Don1D  00n1) | 0oman ooy | 41I000sse -
RAAEARNN  VES Doiied | 0oned 006y ool | HI0wsE -
RAAE‘R VES D0t240) | 0014D 00040 ool 10T -
RaAEsLP  VES 001053 0010) 001089 oolosy | 4110+1493096 -
RaEroBC  VES 001539 | 001TH | 001s6n  oos | 4101247205 -
RAAE-ABC  YES 015219 01519 01sars  orseisy | HI0FSITS -
RaAgecLE  VES Do1297 | 00rats) _ootsis | ooran 4101327330 -
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Table 6. Hyperparameter sensitivity results for the activation function on the combined Figshare + Br35H + SARTAJ
dataset

Pre-processing Total
Metric Model (Proposed Accuracy/std  F1 Score/std Precision/std  Sensitivity/std  Time(sec) Number of

method) Parameters
IKIEA(;:HOST- YES 0.96199 0.96199 0.96120 0.96137 4410 1457782
RAAERE  YES 001309 00109 00119 oolsy 102636 -
RAAESSVM  YES D013h 001359 001sn  oolash | H10W04666 -
RAAEND  YES 001349 0016 001340 oo | 4100420 -
RAAEDT  YES oot ootan | ooins opnan | H0smoa -
RAAEAKNN VS D010 | 001nd | 00in ooind 10066 -
RAAE(R  YES Doizh 00ty | ooisah oorn w02 -
RAAEMLE  YES Do2se) 00180 00ime ool | IS -
RAAE-CBC  VES Do1oh | 0oneh | 00Th  ooig | HI0MISS -
RAAESABC  VES 012549 onseh) 01049 opsae 410144093 -
RAAEsCLE  YES D01309) 00197 001309 ooraty | 107144341 -

Table 7. Hyperparameter sensitivity results for the optimizer on the combined Figshare + Br35H + SARTAJ dataset

Pre-processing Total
Metric Model (Proposed Accuracy/std  F1 Score/std  Precision/std  Sensitivity/std  Time(sec) Number of

method) Parameters
K{EJ&:HOST_ YES 0.95202 0.95117 0.95438 0.95202 4310 2416374
RAAERF  YES 001D | 00h 0013 oorn | 4I0aeiss -
RAAEISVM  YES D014 | 00mED | 00usy ool | B100s02 -
RAAENE  VES Dotady ol 00i) ool 41004
RAAEDT  YES Dotn | ooln | 0owam oo | 40s09T -
RAABSRNN  VES Dotdeh | 0014S0 | 0oued  oouey | B0
RAAEAR  VES Dotsen 0017 00ien  oones | 10wsen -
RAAEMLE  YES 001150 00l1s6 | 001 oolisg 4101079024 -
RAABrOBC  VES Doty 001 0017y ooty | B10AsssT -
RAAErABC  VES 011s30) | 0rise | orise ol | 10012868
RAAErCLE  YES 001524 00r3sm) _0o1ssh | oors 40w -

Tables 5-7 present the results of hyperparameter sensitivity analyses performed on a combined dataset generated from
Figshare + Br35H + SARTAJ sources. The findings show that the original configuration of the proposed MS-GHOST-
RAAE model is the most successful setup with an accuracy of 98.75%. The decrease in performance when replacing the
MaxPooling2D layer with AveragePooling2D can be attributed to the fact that average pooling produces smoother and
less detailed feature maps. This suggests that MaxPooling2D is more suitable for the proposed architecture in terms of
preserving distinct local features associated with tumors.

In the activation function experiments, ELU was used instead of ReLU. This change reduced the classification success in
the combined dataset. ELU can improve gradient flow in some cases. However, ReLU yielded more suitable results for
the heterogeneous MRI images in this study. ReLU provided a simpler, more stable, and more effective nonlinear
transformation. Similarly, SGD was used instead of Adam in the optimization experiments. The use of SGD reduced the
overall classification performance. This result shows that the Adam algorithm is more successful for the proposed model.
Especially when considering the variability in the combined dataset from different sources, the Adam optimization
algorithm optimized the model more effectively.

Overall, hyperparameter sensitivity analysis confirms that the original MS-GHOST-RAAE configuration, including
MaxPooling2D, ReLU activation, and the Adam optimization algorithm, offers the strongest classification performance
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on the combined Figshare + Br35H + SARTAJ dataset. Therefore, this configuration has been retained as the final model
setting in the proposed framework.

4.6. Performance comparison with machine learning classifiers on the combined dataset

The results presented in Tables 8—12 demonstrate that the proposed image processing and hybrid learning framework
provides higher classification performance compared to the transfer learning-based baseline models evaluated on the
combined Figshare + Br35H + SARTAJ dataset.

Overall, these tables reveal that the MS-GHOST-RAAE-based hybrid approach is more effective than the associated
transfer learning models. Although ResNet-based models produce stronger results than VGG16 due to their residual
learning structures, none of the evaluated transfer learning architectures reached the classification performance achieved
by the proposed method. The superior performance of MS-GHOST-RAAE stems from the combined use of tumor-
focused preprocessing steps, wavelet-based enhancement, multi-scale GHOST feature extraction, information flow
supported by residual connections, and feature enhancement based on attention mechanisms. These findings confirm that
the proposed framework offers a more suitable and effective solution for heterogeneous multi-class brain tumor MRI
classification compared to traditional transfer learning-based approaches.

Table 8. Performance metrics of the proposed MS-GHOST-RAAE-based hybrid framework on the combined Figshare
+ Br35H + SARTAJ dataset

Pre-processing Total
Metric Model (Proposed Accuracy/std  F1 Score/std Precision/std  Sensitivity/std  Time(sec) Number of

method) Parameters
Iﬂ’l::;HOST- YES 0.98692 0.98692 0.98692 0.98692 543 2416374
RAAERE  VES D008y 0o 0008y oo | SEEOI -
RAAEisvM  YES D00%0%) 00090 Doosnn ooosoy | SHHOTSIE -
RAAENB  YES Do) 000w 0o oonae | SH03HS -
RaAEDT  VES 00970 0om0) 000970y oonoy0) | SETONT -
RAAEANN  VES D010 00l | ooloan  ootoay SO -
RAABAR  VES 001059 0010%) 001089 ooty SO -
RAAELE  VES Do0s0h) 00000 00001 | ooosoly | SH2004STL -
RAAEIGRC  YES D0079) 000816 0000 oo | SHHISIISE -
RAAESABC  VES R 1 v S A F R
RangcLE  VES DOOSI) 00081 000%iS) ooomsy | SH+108S8 -

Table 9. ResNet50V2 performance measurements on the combined Figshare + Br35H + SARTAJ dataset

Pre-processing Total
Metric Model (Proposed Accuracy/std  F1 Score/std  Precision/std  Sensitivity/std  Time(sec) Number of

method) Parameters
ResNet50V2 YES 0.93831 0.93836 0.93907 0.93831 374 23572996
RosaRe Vs DS OB 0l om0 s
IR N L b T
R i L R
RoneviT vis OSSN D0S0 0 Ch 0000
Ry vis  OINCE DRSO Gl OO g
P i L AL T
ResNet50V2+MLP  YES 8:8?522)/ /- ?3_339091/9 © 823?522)/ (+- 8:(9)?522)/ - 24842424685 -
R I Gl b N L L e
R I L L O L (L A
s i OREICE O b D o
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Table 10. ResNet101 performance measurements on the combined Figshare + Br35H + SARTAJ dataset

Pre-processing Total
Metric Model (Proposed Accuracy/std  F1 Score/std  Precision/std  Sensitivity/std  Time(sec) Number of

method) Parameters
ResNet101V2 YES 0.94704 0.94697 0.94696 0.94704 490 42634756
R L N L T T LR
Rty Vs DOSRICE 0L DI DO sy
IR TS = L T 1 [
RTINS 1 LU Sy I (L 1 L T
Rtz yis DO DO e 0 g
RonaR e 0O 09 NS e 0
R N o L N i
IR I I TN L (e
RovednvzBe YES  DEERIC VIS DM0E IO e
R G A O i L TR

Table 11. ResNet152 performance measurements on the combined Figshare + Br35H + SARTAJ dataset

Pre-processing Total
Metric Model (Proposed Accuracy/std  F1 Score/std  Precision/std  Sensitivity/std  Time(sec) Number of

method) Parameters
ResNet152V2 YES 0.93644 0.93588 0.93592 0.93644 955 58339844
Rovsime vEs 0P OUS L emanin 00Ch s
IR I i (L WA (L o L Ve
Rosasan vEs OSSR DR 0 0RO o
RonsioT vEs QM QUMD 0OMRIGE (OB ICE s
RN Vs QOIS OV ouh 00t g
RIS e b L T
Rovaszanp ves  ORIOIC 09 ORS00 08 s
R T i (L T T e L
Rosasaane vEs OSSO 000 0N e
Rovsviu vis ORI O9RR0mRacs 0BCE o
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Table 12. VGG16 performance measurements on the combined Figshare + Br35H + SARTAJ dataset

Pre-processing Total
Metric Model  (Proposed Accuracy/std  F1 Score/std  Precision/std  Sensitivity/std  Time(sec) Number of

method) Parameters
VGG16 YES 0.88224 0.88333 0.88521 0.88224 469 14716740
1 SR iR i (A i L R
Voot yis QI DL OB Gl OSIO g
Voot vEs  QRICS 0N OREEGs ORICE g
VoGt Es GBS DR DG OMISCE g
Vool i QIMEIC IR0 OBl 0M0 gig
Vooien vis  QROTICN 0SNG 0RO g
VoGieame i UNECE DSEIE DGl ORILCE g
Vaoiane i QI DROEL L OBILIGE OMEI0E g
e I T L LT
VoG i UMM DL DGl 0RO g o
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Figure 12. Comparison of the accuracy metrics of our proposed method with modern transfer-learning algorithms for the
(Including Figshare, Br35H, and SARTAJ datasets) image dataset

Fig. 12 presents the accuracy and computation time results of different hybrid deep learning models evaluated on a
combined dataset created from Figshare, Br35H, and SARTAJ sources. The VGG16+MLP model produced the lowest
accuracy value at 89.22%, while all ResNet-based configurations achieved accuracy above 93%, demonstrating stronger
feature extraction capabilities on heterogencous data structures. The proposed MS-GHOST-RAAE+MLP method
achieved the highest classification performance on the combined dataset, reaching an accuracy rate of 98.75%. Although
the processing time was moderate compared to other models, the significant increase in prediction accuracy reveals that
the proposed architecture is an effective approach for large and diverse MRI data collections. The results show that the
MS-GHOST-RAAE-based hybrid framework offers higher classification performance compared to transfer learning-
based models evaluated on the combined Figshare + Br35H + SARTAJ dataset. This performance increase is due to; The
study demonstrates that the combined use of specialized preprocessing steps, wavelet transform, multi-scale GHOST
feature extraction, residual learning associations, attentional mechanisms, and machine learning-based classification
contributes to obtaining more distinctive representations from heterogeneous MRI images.

4.7. Loss, Accuracy Graphics and Confusion Matrix Of Analysis Results

Fig. 13 shows the training and validation results of the proposed MS-GHOST-RAAE model. These results were obtained
on the Figshare + Br35H + SARTAJ combined dataset. The training and validation curves are given in the figure. These
curves show that the model learned stably. Confusion matrix results are also presented. The complexity matrices show
the model's success in distinguishing four classes. These classes are glioma, meningioma, no-tumor, and pituitary tumor.
In the confusion matrix, O represents the glioma class, 1 represents the meningioma class, 2 represents the no-tumor class,
and 3 represents the pituitary tumor class.
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Figure 13. Training curves and confusion matrix results of the proposed MS-GHOST-RAAE model on the combined
Figshare + Br35H + SARTAJ dataset.

The confusion matrix results support the numerical performance values obtained by the proposed MS-GHOST-RAAE +
MLP model. Most MRI images were classified into their correct classes, which shows that the model can effectively
distinguish glioma, meningioma, no-tumor, and pituitary tumor categories. In addition to the 98.75% accuracy value, the
high F1-score, precision, and sensitivity values indicate that the model provides balanced classification performance.
High precision means that false positive predictions are limited, while high sensitivity means that most actual tumor
samples are correctly detected. This is especially important in medical image classification, where false negative
predictions may cause serious clinical risks. Therefore, the proposed framework demonstrates reliable performance not
only in terms of accuracy but also in terms of clinically meaningful evaluation metrics.

Table 13. Comparison of the proposed MS-GHOST-RAAE-based hybrid framework with the related study using the
combined Figshare + Br35H + SARTAJ dataset

Image pre-

Reference Method . Dataset Accuracy (%) Classification
processing

CNN + DT, Including

[27] NB, KNN, No Figshare + Br35H 97.93 Multiclass
SVM + SARTAJ

Proposed MS-GHOST- Cpmbined .

Method RAAE + ML Yes Figshare + Br35H  98.75 Multiclass
classifiers + SARTAJ

Table 13 compares the proposed MS-GHOST-RAAE-based hybrid framework with the related study [27] using the same
combined Figshare + Br35H + SARTAJ dataset. The reference study employed CNN-based feature extraction with
conventional machine learning classifiers, including DT, NB, KNN, and SVM, and achieved 97.93% accuracy without
applying a dedicated image preprocessing stage. In contrast, the proposed method integrates a comprehensive
preprocessing pipeline, wavelet transformation, multi-scale GHOST feature extraction, residual learning, attention
mechanism, and machine learning-based classification. As a result, the proposed framework achieved a higher
classification accuracy of 98.75% on the same multiclass MRI dataset. This improvement indicates that the proposed MS-
GHOST-RAAE-based feature representation provides more discriminative and robust information for heterogeneous
brain tumor MRI classification. Therefore, the comparison confirms that the proposed framework not only improves
classification performance over the directly comparable study but also provides a more systematic and tumor-oriented
feature extraction strategy for multi-source MRI data.
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Figure 14. Accuracy and computational time comparison with the related study using the combined Figshare + Br35H +
SARTAIJ dataset.

Fig. 14 compares the performance of the proposed MS-GHOST-RAAE-MLP model with the method reported by Celik
and Inik (2024) [27] on the combined Figshare, Br35H, and SARTAJ dataset. Although the reference method achieves a
high accuracy of 97.93%, its computational time exceeds 4000 s. In contrast, the proposed model attains a higher accuracy
of 98.75% while completing the task in 812.46 s. These results indicate that the proposed framework improves both
classification accuracy and computational efficiency on the heterogeneous combined MRI dataset.

In this study, Figshare, Br35H, and SARTAJ datasets were combined. This combined dataset was used to evaluate the
proposed image processing and hybrid learning method. The proposed MS-GHOST-RAAE-MLP structure achieved the
highest classification success, reaching an accuracy rate of 98.75%. Model success was not evaluated solely by accuracy.
Fl-score, precision, sensitivity, complexity matrices, and loss-of-accuracy curves were also used. These results
demonstrate that the proposed method successfully distinguishes between glioma, meningioma, non-tumor, and pituitary
tumor classes. To improve the reliability of the final classification stage, 10-fold cross-validation was applied to the
machine learning classifiers. A comparison was made with a related study using the same combined dataset. This
comparison showed that the proposed method provided higher performance. This success stems from the combined use
of appropriate preprocessing, wavelet transform, MS-GHOST-RAAE-based feature extraction, and machine learning-
based classification. These components contribute to obtaining cleaner and more distinctive features from heterogeneous
MRI images.

The obtained results also show the advantage of evaluating the proposed method on a multi-source heterogeneous MRI
dataset. Since the combined Figshare-Br35H-SARTAJ dataset contains images from different sources, it includes higher
visual variability than a single-source dataset. This variability makes the classification problem more difficult. However,
the proposed MS-GHOST-RAAE framework achieved strong classification performance under this heterogeneous
setting. This indicates that the proposed preprocessing, wavelet transformation, GHOST-based feature extraction, residual
learning, and attention refinement steps can produce robust and discriminative features for MRI images with different
visual characteristics.

5. Conclusion

This study proposes a hybrid brain tumor MRI classification method based on MS-GHOST-RAAE. This method utilizes
a combination of deep feature extraction and machine learning classifiers. Experiments were conducted on a dataset
created by combining Figshare, Br35H, and SARTAJ datasets. This dataset includes four classes: glioma, meningioma,
no-tumor, and pituitary tumor. The combined dataset, composed of data from different sources, presents a more
challenging and realistic evaluation environment. The proposed preprocessing steps utilize grayscale transformation, Otsu
thresholding, region of interest extraction, color-based segmentation, masking, Canny edge detection, contour detection,
and wavelet transformation. These steps make tumor-related regions more prominent. Subsequently, short and distinctive
deep features are extracted using the MS-GHOST-RAAE architecture. This architecture combines multi-scale GHOST
modules, residual connections, and attention mechanisms. The extracted features are classified using traditional machine
learning methods. According to experimental results, the proposed hybrid method achieved 98.75% accuracy on the
combined dataset. The total processing time was measured as 543 +269.4571 seconds. Ablation experiments showed that
the GHOST mechanism, the attention mechanism, and residual connections contributed to the model's success.
Furthermore, hyperparameter analysis revealed that the original configuration using MaxPooling2D, ReLU, and the Adam
optimization algorithm yielded the best results. Overall, the proposed MS-GHOST-RAAE-based hybrid method offers
an accurate and feasible solution for multi-class brain tumor classification in MRI images from diverse sources. Future
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studies could test this method with larger patient groups, different hospital datasets, and explainable artificial intelligence
methods.
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