


Predicting Consumer Choices Using Brain Signals and a Hybrid Gray Wolf–Cheetah Algorithm

ABSTRACT
The diversity of customer decision-making and product preferences combine to form a marketer's nightmare. In this work, we introduce a new neuromarketing method for predicting consumer choices based on brain signals. Participants were 25 healthy volunteers (1838 years old) who observed 14 items while their electroencephalogram (EEG) was recorded. In this paper, a hybrid feature selection method is proposed on the basis of the parallel population strategy of the Gray Wolf Optimizer and the Cheetah Optimization Algorithm. In contrast to the existing approaches, with this hybrid model the exploration ability of the GWO is combined with the exploitation rate of Cheetah Algorithm, where the convergence rate and the feature relevance on both of them are improved simultaneously. Spectra high order, a method capturing non-linear and complex pattern in EEG signals, was applied for the initial feature extraction, resulting 742 features. The proposed algorithm further yielded a reduced set of 174 key features. It was found that the average prediction accuracy of the model in predicting users’ product choices was 76.84%, 4.92% higher than that of baseline methods. These findings show the promise of this method in improving targeted advertising and creating a more personalized consumer experience.
.
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1. INTRODUCTION
The most important requirement for selling products is to know the tastes of customers and their choices, and neuromarketing is considered a turning point in the improvement of global markets, but it has obstacles and limitations, which include the error of machine learning methods in recognizing the pattern of brain signals, which requires different strategies to improve learning. The machine should be examined and an effective model should be presented in neural analysis. In this regard, the extraction and selection of features from brain signals is very important and various methods have been presented in this regard, but these methods can still be improved and specify the desired features in the signals with higher accuracy. Therefore, considering the necessity and importance of feature selection in machine learning, a new solution has been presented in this article (Abdulrahman et al., 2024; Amin et al.,  2020).

In fact, the research gap in the field of predicting customer behavior is to provide an efficient method in feature selection because a large number of brain signals include multiple features and without effective feature selection, machine learning is associated with errors and the prediction result is not accurate enough.

Neural marketing articles are one of the topics of the day in various applications, and in it, new solutions are presented using machine learning. In fact, by using machine learning, it is possible to predict the behavior of customers and their chosen tastes in products, and in this way, appropriate sales and marketing policies can be adopted.. In this article, a new solution based on collective intelligence methods including gray wolf and cheetah hybrid algorithm has been discussed in creating machine learning (Amin et al.,  2020).

This research has been proposed with regard to the issue that in predicting customer behavior through neural marketing, the existence of an efficient method in machine learning has a direct relationship with the model result, and it can make this prediction in product selection, which is one of the most important things in sales. to promote In machine learning, the need for an efficient method in feature extraction, feature selection and classification is a challenge, and this research proposal provides a solution in this regard.

In this article, we seek to present an analysis method using signalsWith the help of high-order spectra, we use Electroencephalography (EEG) in the application of neuromarketing, which aims to solve the problems and gaps in marketing in a traditional way, including the way of using survey sheets that do not always have accurate information, among other things, advertising design, product packaging, and pricing based on the experience of sellers in It is the traditional way of marketing and not having the effect of these things on the customers, but predicting the success rate of selling a product by relying on measuring the brain reaction and neuromarketing. It can provide proper feedback on the impact of each product on customers.
Many features can be obtained from signals Extracted EEG. These features are obtained by applying different transformations on EEG signals. For example, one of these transforms is the Fourier transform, which extracts the frequency information of the signal. The classifier adjusts the decision boundaries in a non-linear way according to the desired method. So far, various classification methods have been used to detect emotions in EEG signals. Many algorithms are used for classification, including the K-nearest neighbor method, support vector machine, linear optional analysis and artificial neural network are used more and, in some researches, they use several methods at the same time (Chou et al., 2022). In this research, we have used high-order spectra in feature extraction and the combined method of gray wolf and cheetah in feature selection in brain signal data, and we have used different classification methods in the form of multiple learning based on the article (Amin et al.,  2023; Yaqub, 2019). 

Considering the importance of feature extraction through brain signal and the existence of a large number of features in this data, it has been shown that feature selection is important and providing the appropriate method is directly related to the accuracy of predicting customer behavior in choosing products (Salih et al., 2025). Therefore, according to this research gap, in this article, a new model in neuromarketing is presented to predict the choice of users in different products based on brain signals using the collective intelligence algorithm in choosing the best features and classification methods for classification. The presented model has not yet been presented on neural marketing using the combined algorithms of gray wolf  and cheetah, which is presented in this article in the form of a complete machine learning model.
2. BACKGROUND & MOTIVATION
Neuromarketing is a field that combines neuroscience and marketing to enhance product promotion and gain insights about consumer preferences. Advancements in technology, such as functional magnetic resonance imaging (fMRI), magnetoencephalography (MEG), and electroencephalography (EEG), have allowed researchers to analyze consumer behavior and advertising dynamics. fMRI measures deoxygenated hemoglobin levels during neuronal activity, providing spatial and temporal resolutions of approximately one millimeter and one second respectively (Amin et al.,  2023 ; Anitha et al., 2022).

EEG signals recorded while viewing movie trailers can provide valuable insights for predicting general audience movie preferences. Other physiological metrics, such as heart rate, respiration, and eye-tracking, can be analyzed alongside brain imaging to better understand and correlate with the customer experience (Amin et al.,  2020). 

A brain data-based pre-market forecasting system for products was proposed in (Amin et al.,  2023; Salih et al., 2018). EEG data was captured by 40 individuals as they saw various shoes on a computer screen, and product classification using EEG signals outperformed rating-based classification, with results of 80% and 60%, respectively.

A framework for modeling user choice preferences for film trailers using EEG signals was introduced, with high-frequency bands significantly correlated with population and individual level preferences (Ali et al., 2024). A novel approach for affective ranking of movie scenes based on audience emotions and content-based video features was proposed, finding a close association between movie scenes with users' valence and self-assessed arousal.

In conclusion, neuromarketing offers valuable insights into consumer behavior and advertising dynamics, allowing companies to reduce advertising expenditures while maximizing impact. Ali et al. (2024) studied the impact of color preferences on neural mechanisms using EEG oscillations. They found an increase in theta amplitudes when participants viewed or selected their preferred color. They also used an eye tracker device to display 18 people several choice sets to examine brain activity during decision making. They discovered a link between brain waves and software learnability, suggesting an approach for evaluating learning using EEG signals. They created a stroke rehabilitation system using EEG signals and used Independent Component Analysis to separate multivariate signals into additive subcomponents. Zia et al. (2025) used Approximate Entropy (ApEn) to analyze electrocardiogram (ECG) data to evaluate concentration levels. They introduced the concept of "truthfulness" to ensure stability of ApEn windows. The Savitzky-Golay filter was used for signal smoothing across various fields, and a two-class motor imagery-based brain-computer interface (BCI) was developed using EEG signals. The theoretical gap in this research is related to the challenges of different methods in improving machine learning in predicting customer behavior. The focus is on improving feature selection using methods collective intelligence and multiple learning.

3. METHODOLOGY 
   Data Collection & Preprocessing

The method of collecting data sets using the data obtained in articles in predicting the behavior of customers in neuromarketing and especially from research by Hosseini & Houshmand, (2022) is used, which includes the brain signals used in the proposed model. In fact, the statistical population related to the proposed model in the field of neuromarketing is obtained using brain signals from a number of participants during the display of different products, and this data set has been made available in some researches. The results were evaluated using MATLAB software and their analysis was done using Excel software.

How to collect the data set of 25 subjects and display 14 products. SignalThe EEG of these participants was recorded for 4 seconds while the products were displayed on the computer screen. A set of 14 distinct products has been selected, with each product available in three different types (A, B, C), which creates a total of 42 different images (3x14=42). Finally, 1050 EEG signal pieces (ie 42x25=1050) were recorded for all participants. The participants are in the age range of 18 to 38 years (Khushaba et al., 2012; Salih et al., 2021؛ Sirwan et al., 2025).

In the proposed model, there are several parts, including the data collection stage, pre-processing, feature extraction and normalization, feature selection and classification, as shown in Figure 1. The proposed model according to the model presented has been presented, in which the hybrid algorithm of gray wolf and cheetah is used for feature selection and multiple learning is used for classification.
[image: ]
[bookmark: _Toc49711642][bookmark: _Toc111014139][bookmark: _Hlk156915702]Fig. 1. The proposed model in feature selection and classification (bold part of the idea of ​​the proposed model compared to the articleis by Hosseini & Houshmand, (2022).


[bookmark: _Hlk157004010]According to Figure 1, the innovation of the present research is in feature selection with the combination method of gray wolf and cheetah, which has not been used in this regard. The reason for the combination of gray wolf and cheetah algorithm is in the diversity of the search, which allows the combined algorithm to search the space with higher accuracy (Yaqub, 2024; Salih et al., 2019).

In this part, each step of the proposed model is explained. In the proposed model, the stage of data collection, signal pre-processing, feature extraction is done in both phases of model training and testing, but the stage of feature selection and classifier training is done in the training stage and only the testing phase uses it. Pre-processing is done to eliminate the wrong things in the signal, including the signal of muscle activity and eye movement. At this stage, the data is filtered using zero phase pass band filters in the frequency band of 0.53 to 60 Hz, using the filtering function of the software MATLAB is performed.

The current research aims to investigate the differences between EEG state of liking the product and state of not liking the product and providing a method to separate these two states by using high-order spectrum characteristics in the EEG signal related to these two states. Among the high-order spectra, Bispectrum and Bicoherence, during many studies on them have shown good performance. In addition, working with higher spectrums (such as Trispectrum) face the problems of complexity and time-consuming calculations (Fatah et al., 2025). For this reason, in this project, the work was focused on Bispectrum and Bicoherence. Due to the problems of working with these functions, usually some features are defined and examined from them. In this research, since we had no initial guess about suitable features, it was decided to identify and calculate all types of suitable features by referring to similar works, and then select the optimal features from among them using the hybrid gray wolf and cheetah algorithm feature method. be chosen (Anitha et al., 2022; Yaqub, 2024). Feature selection method based on wrapper model It has been implemented. In this model, there are two stages called the feature selection stage and the learning and testing stage (Beeharry et al., 2022; Rahman et al., 2021; Hameed et al.,2025). In the feature selection stage, in which subsets of the main feature set are selected using the classification accuracy of the training events as a criterion, in this research, the hybrid algorithm of gray wolf and cheetah is used, and in the learning and testing stage, in which a class the clause is learned using the best subset of the found feature and the training data, and is benchmarked using the test data, in which the nearest neighbor method is used at this stage (Ahmad et al., 2024; Wu et al., 2021).

In the method of selecting the feature of each house from the search factor (wolf or cheetah) that has a value of 1, it means that that feature is in the selection feature set. Equation 1 is used to evaluate each search factor.

               (1)

In the proposed method to evaluate each search factor (feature set), the fitness level or the same fitness function should be assigned, which is calculated from the nearest neighbor method to evaluate the selected feature set using equation 1 using the nearest neighbor method (Abdulrahman et al., 2025).

In short, in this research, according to the property of gray wolf and cheetah algorithm in the accuracy of obtaining the optimum, and also according to the effectiveness and efficiency of combined algorithms in wrapper in choosing the best set of features, in this research, the combined method of gray wolf and cheetah in producing factors Search (finding all suitable subsets of features) using parallel subpopulations (Boksem and Smidts, 2015) The flowchart of the proposed algorithm is shown in Figure 2. As it is clear, external memory has been used in order to extract the optimum of the problem (Bigne et al., 2020; Salih et al., 2025).

in which  , , the vectors of coefficients,  the spatial position vector of the hunt (prey) and    the spatial position vector of each of the gray wolfs, and the distance vector between the current wolf and the leader wolfs, t is the current iteration number of the algorithm. Two vectors and are calculated as follows:

 …………………..  (2)
  ……………………. (3)
The hunt is usually led by the alpha wolf, sometimes the beta and delta also participate. The other search agents need to update their position and follow them according to the position of the best search agents. Relationships The movement of wolfs It is as follows:
    (4)
             (5)
The hunt is usually led by the alpha wolf, sometimes the beta and delta also participate. The remaining search agents must update their position and follow them according to the position of the best search agents. Relationships The movement of wolfs It is as follows:
                   (6)
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In the cheetah algorithm, the movement operators are different from those of the wolfs. cheetah from two through to follow bait they turn or in mode sitting or standing the environment particle for direct object his foot do and find as active in around it tour a woman they do. Equation 13 is related to cheetah search:

           (13)

The next position of the cheetah is its current position, and  the random parameter is the standard normal distribution, and  the step length is the movement direction, and is greater than 0, and its default state  ,It means that the cheetah is searching slowly. It may also move quickly and change its direction in the face of hunting or other enemies. It is a movement between the cheetah and other neighbors or the leader. The leader is the best solution found in each optimization iteration.

in length mode search, bait possible is in the square he saw cheetah be placed.in this conditions every movement cheetah possible is bait particle for direct object from presence self-aware slow and leading to run away bait to be Equation 14 It is intended for this purpose:

                       (14)
In equation 14,  the next position of the cheetah and is its current position, and in fact, the update does not occur in the position of the cheetah.
Cheetahs from two agent important for attack to bait self use they do: speed and flexibility adaptability The attack strategy is stated in equation 15:

              (15)

where   the current position is hunting and is actually the best current position in the algorithm. It is the rotation factor and  the cheetah interaction factor.  It was considered to approach the prey, which is actually the best answer to the problem and  indicates the interaction of cheetahs with other cheetahs or the leader.  The rotation factor is also a random walk with equation 16, where  is the standard normal distribution.
        (16)

In this algorithm for random moves of random parameters (r) Used as well as quantity H is used with equation 17 where r1 is a uniform random number between

                 (17)



Comparison with Other Techniques
The steps of the combined gray wolf and cheetah hybrid algorithm for feature selection are as follows:
1- The input and output datasets are divided into training and testing datasets, and the total number of features is determined for feature selection.
2- The parameters for the combined gray wolf and cheetah algorithm are initialized. Determining the value of the parameters of the problem, including the lower limit (lb) and the upper limit (ub) and the maximum number of rounds of evolution, the structure of each possible solution is an array. To perform feature selection as many features as zeros and ones. The number 1 means to select that feature and 0 means not to select that feature.
3- The appropriateness of each possible answer is done. To select the feature using the nearest neighbor method and calculate according to the relation1is done
4- Binary to real conversion to perform gray wolf algorithm operators
5- Update vectorsA and Cwith equation 4 and 5
6- Alpha, Beta and Gamma wolf movementThrough relation 6 to 11
7- The movement of other wolfs by calculating the average of the three alpha, beta and gamma Wolfe Through relation 12
8- movement cheetah I see with equation 13, 14 and 15
9- Real to binary conversion and fitness calculation
10- Saving the answers in each sub-population and if the number of final iterations of the algorithm is completed, returning the best answer found as the optimality of the problemOtherwise, reproduce the subpopulation whose optimum is saved and go to step 4.
In Figure 2, the flowchart of the algorithm Here is a combination of gray wolf and cheetah:
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Fig. 2. Algorithm flowchart Combination of gray wolf and cheetah.


4. RESULTS AND DISCUSSION 

The subject scope of the current research is related to neuromarketing, signal processing in medical engineering and data mining methods in artificial intelligence, and in terms of the spatial scope of the research conducted in Iran is from a data set that includes the brain signal of five people with the age limit of 18 to 38 in three different age groups, including the age range of 18 to 23 years with 10 men and 6 women, the age range of 25 to 30 years with 8 men and 5 Women and the third group, including 7 men and 4 women with an age range of 31 to 38 years, have been collected by observing 14 products, and the time frame of this research is from the summer of 1401 to the winter of 1401 (Bigne et al., 2020; Omar et al., 2025).


signals the research EEG was recorded with the Emotiv EPOC 14-channel wireless device with the international standard 10-20 with AF3, F7, F3, FC5, T7, P7, O1, O2, P8, T8, FC6, F4, F8, AF4 electrodes. CMS and DRL reference electrodes are located at P3 and P4 positions and above the ears, respectively. The sampling frequency inside the device is 2048 Hz, and their sampling rate has been reduced to 128 Hz. Information is sent to the computer via Bluetooth and USB dongle (Beeharry et al.,  2022; Mohammad et al., 2022). Figure 3. shows an example of a signal from a user viewing a photo in 14 different channels of the received signal that is used with the software MATLAB is drawn, it is pointed out. 


[image: ]
[bookmark: _Toc49711662][bookmark: _Toc111014148]Fig. 3. Received signals on 14 channels from a user in viewing the first image

Then the received signals are pre-processed in order to eliminate the wrong things in the signal, including the muscle activity signal and eye movement in the filters of the zero-phase pass band in the frequency band of 0.53 to 60 Hz of the filter using the filtering function of the software MATLAB was done (Ambler et al., 2004).

Then according to the process of applying the high-order spectrum, based on the functions Bispectrum and bicoherence are defined and extracted. For this purpose, after recording 14 channels of EEG signal, these two functions were calculated for the data of each channel (Yaqub, 2024). To define the features, first, the frequency page was divided into several separate limits, and the features were defined as the total size of bispectrums, the total size of bicoherences, and the sum of square sizes of bicoherences in each of these ranges. These features formed a total of 53 features for each channel, and by calculating them in different channels, 5314 =742 for each sample features were obtained (Anitha et al., 2022; Fatah et al., 2025).

The extracted features for each user in viewing each photo include a training example to use the classifier, but this number of features is reduced in the feature selection stage. In the feature selection stage, each search agent has 742 cells equal to the length of all features, which are randomly filled with zeros and ones. Zero means that the synonym attribute of that array is not selected and one means that it is selected (Anitha et al., 2022; Mohammed et al., 2020).

[bookmark: _GoBack]In order to select the feature, a combined algorithm with 30 search factors was used, and in all executions, the number of neighbors in the nearest neighbor method was considered 3. The number of selected features from a total of 742 features for each sample with the feature selection method of the combined algorithm of Greg Khaktari and Cheetah-Nearest Neighbor Methodreduced to 198 features (Hamasalih et al., 2025; Beeharry et al.,  2022).

Next is the selection stage of classification training features. For training and testing in the model training phase, 70% of the data is used for training and 30% for testing. In fact, 735 samples were used for training and 315 samples were used for testing (Xie, 2020; Palani et al., 2025).
Wu et al., 2021 
The classification results of multilayer perceptron neural network, radial basis function neural network and support vector machine have been analyzed in several modes. In a survey, the classification accuracy in two classes of liking and disliking has been tested for each of the 14 products. In this test, one of the products was considered for testing for each person, and the result of the classification accuracy was recorded as an average (Chou et al., 2022; Rahman and Othman, 2015).

In the experiments, by trying different neurons in the hidden layer of the multilayer perceptron neural network, it was observed that the best number of neurons in the hidden layer is 8, and the neural network has a better classification result for this number of neurons (Kawasaki and Yamaguchi, 2012).

In the training of the support vector machine, experiments were conducted with different kernels and it was observed that the best results related to the use of the Gaussian kernel, as well as the radial basis function neural network, which has the Gaussian transition function, were used in this classification. Multiple learning model including voting result of three support vector machine methods, multilayer perceptron neural network and radial basis function neural network are also considered in this classification (Berns and Moore, 2010). The bar graph of classification accuracy obtained in Figure 3 is shown for perceptron multilayer neural network, radial basis function and support vector machine, as well as multiple learning of these three methods.


Fig. 4. The results of different classification methods including perceptron multilayer neural network(MLP), radial basis function (RBF) and support vector machine (SVM) and ensemble learning.

The level of accuracy for three classification methods of support vector machine with Gaussian kernel, radial basis function neural network with Gaussian transition function and multilayer perceptron neural network with 8 neurons in the hidden layer in different products including 14 fonts has been different (Telpaz et al., 2015). The method of multilayer perceptron neural network has the lowest level of accuracywith an average of 70.67, but the radial basis function neural network with an average of 75.23 and support vector machine with an average of 75.11 have had different results in different products and in some products the radial basis function neural network has had higher accuracy. But multiple learning has shown that it can be more accurate than three single methods in classification because the methods have been able to partially cover each other's weakness in misdiagnosis (Hamasalih et al., 2025).

in the Figure 4 Comparison of the classification accuracy results for different users with the proposed method compared to the method of article, which shows that the highest level of accuracy was related to the third user and the lowest level of accuracy was related to the second user and on average in all users in the proposed method was 76.84% and in the article's method it was 73.24%, which shows the improvement of the results up to 4.92%.


Fig. 5. Comparison of classification accuracy results for different users with the proposed method compared to the article method by Hosseini & Houshmand, (2022).


As seen from the results of Figure 5, the results of the support vector machine in the paper (Hosseini & Houshmand, 2022). It has been less than multiple learning encompassing multilayer perceptron neural network and radial basis function and support vector machine, and the proposed ranking based on multiple learning has higher accuracy (Amin et al.2023; Palani et al., 2025; Abdul et al., 2025).


5. CONCLUTION

The hybrid GWO-Cheetah algorithm offers a robust tool for neuromarketing analytics by optimizing feature selection and model performance. While the specific 2020 paper is unverified, the concept aligns with trends in AI-driven consumer behavior analysis.The article presents a model to predict customer choice from products using brain signals from 25 users in 14 observations. The signal is pre-processed with the high-order spectrum method and extracted features using the combined gray wolf and cheetah algorithm, along with the nearest neighbor method in the wrapper model. The model is trained using classification methods of multilayer perceptron neural network and support vector machine. The results show that the proposed method has an average accuracy of 75.99% for all users, compared to 73.24% in the article method. The feature extraction with the higher order spectrum method reveals complete features of brain signals, which are directly related to the choice of methods in providing an efficient prediction model in neuromarketing. The combination algorithm of gray wolf and cheetah can increase the accuracy of the prediction model, as it has a strong search power. Future work should investigate the use of other classification methods and the proposed model in other marketing applications.
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