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Abstract 

In stock market forecasting, the identification of critical features that affect the per-
formance of machine learning (ML) models is crucial to achieve accurate stock price 
predictions. Several review papers in the literature have focused on various ML, statisti-
cal, and deep learning-based methods used in stock market forecasting. However, no 
survey study has explored feature selection and extraction techniques for stock market 
forecasting. This survey presents a detailed analysis of 32 research works that use a 
combination of feature study and ML approaches in various stock market applica-
tions. We conduct a systematic search for articles in the Scopus and Web of Science 
databases for the years 2011–2022. We review a variety of feature selection and feature 
extraction approaches that have been successfully applied in the stock market analyses 
presented in the articles. We also describe the combination of feature analysis tech-
niques and ML methods and evaluate their performance. Moreover, we present other 
survey articles, stock market input and output data, and analyses based on various 
factors. We find that correlation criteria, random forest, principal component analysis, 
and autoencoder are the most widely used feature selection and extraction techniques 
with the best prediction accuracy for various stock market applications.

Keywords: Feature selection, Feature extraction, Dimensionality reduction, Stock 
market forecasting, Machine learning

Introduction
Financial time-series prediction is an attractive research area for investors, market 
analysts, and the general public because it offers opportunities to increase wealth. In 
financial markets, various assets such as stocks, bonds, currencies, and commodities 
are traded at prices determined by market forces. Among the different assets, equities 
are the most interesting with respect to the prediction of short- or long-term market 
prices, returns, and portfolio management. Stock market analysis includes two major 
schools of thought: technical and fundamental analysis. Technical analysis forecasts 
the development of stock prices through an analysis of historical market data, such as 
price and volume. A large part of the literature (Nazario et  al. 2017; AI-Shamery and 
AI-Shamery 2018; Lahmiri 2018; Lin et al. 2021; Lin 2018; Sugumar 2014; Picasso et al. 
2019) is focused on technical analysis based on technical indicators to identify the move-
ment direction of stock prices and turning points in the time series. Different types 

*Correspondence:   
h.h.htun@rug.nl

Bernoulli Institute 
for Mathematics, Computer 
Science, Artificial Intelligence, 
University of Groningen, 
Groningen, The Netherlands

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40854-022-00441-7&domain=pdf
http://orcid.org/0000-0001-5532-6698


Page 2 of 25Htun et al. Financial Innovation            (2023) 9:26 

of technical in- dicators, such as stochastic oscillator, moving averages, and relative 
strength index (RSI), are used in prediction models, and the effectiveness of these input 
features for future stock market forecasting is studied.

Fundamental analysis uses economic indicators related to firm performance and the 
state of the economy. In Kohli et al. (2019), for example, macroeconomic factors, such 
as com- modity prices, market history, and foreign exchange rates, were used to forecast 
the direction of the Bombay Stock Exchange. Chen et al. (2017) applied financial indica-
tors to select the optimal stocks from the Taiwan stock market. A combined analysis of 
technical and fundamental indicators was conducted in Nti et al. (2020a), Thakkar and 
Chaudhari (2021) by using various artificial intelligence algorithms. These theories are 
challenged by the widely accepted random walk hypothesis (Fama 1995) and efficient 
market hypothesis (Malkiel 2003), which suggest that future changes in stock prices can-
not be predicted from the historical data as fluctuations are independent and random. 
Therefore, future stock price changes are widely known to be unpre-dictable. However, 
many financial economists, researchers, and traders believe that stock prices are at least 
partially predictable because price changes tend to repeat themselves owing to the col-
lective and patterned behavior of investors (Zhang et al. 2018).

As machine learning (ML) techniques and computer resources have become more 
widely available, numerous statistical, ML, and deep learning (DL) methods have been 
deployed in stock market forecasting (Gandhmal and Kumar 2019; Shah et  al. 2019). 
Some of these methods are described below.

Statistical methods

The autoregressive integrated moving average (ARIMA), one of the most effi- cient and 
robust statistical models, was applied to predict daily stock returns and prices in Jar-
rett and Schilling (2008); Khan and Alghulaiakh 2020). An ARIMA model has also been 
combined with other methods, such as XGBoost, wavelet transform, and neural network 
models (Wang and Guo March 2020; Shan et  al. 2015), to predict the one-day-ahead 
open prices of different stocks. The authors demonstrated that hybrid models achieve 
better performance than a single model for stock market predictions. In Ho et al. (1988), 
a hybrid method of ARIMA with a neural network and long short-term memory (LSTM) 
network was applied to predict the Bursa Malaysia stock exchange during the COVID-
19 pandemic period.

ML methods

In Lahmiri (2014), Hu et al. (2013), Nti et al. (2020b), Yu and Liu (2012), support vec-
tor machine (SVM), a popular ML method, was suc- cessfully deployed for regression 
and classification tasks using technical indicators and macroeconomic factors. The SVM 
method also provided good prediction performance for high-frequency data in Henrique 
et al. (2018). Tree-based ensemble methods (Basak et al. 2019; Weng et al. 2018) are also 
popular for stock price prediction owing to their low variance. Random forest (RF) is an 
ensemble method that provides satisfactory prediction results for stock direction (Sad-
orsky 2021) and stock selection (Tan et al. 2019) using common technical indicators.



Page 3 of 25Htun et al. Financial Innovation            (2023) 9:26  

DL methods

Several recent studies have addressed stock market trend forecasting using DL neu-
ral networks to extract the essential characteristics of highly complex stock market 
data. In Guresen et al. (2011), Ruxanda and Badea (2014), Selvamuthu et al. (2019), 
the authors applied an artificial neural net- work (ANN) to predict the stock market 
index, stock price direction, and tick-by-tick data. A study (Selvin et al. 2017) applied 
three DL models to predict the prices of National Stock Exchange (NSE)-listed com-
panies in India and used a slid- ing window approach for short-term predictions. In 
Xu et al. (2018), a recurrent neural network (RNN) model was applied to predict the 
up or down direction of stocks on the basis of financial news and historical stock 
prices. Kumar et al. (2021a) and (2021b) deployed an RNN classifier for intraday stock 
market prediction, analyzed relevant technical indicators and identified a hidden pat-
tern of stock trends by using a recursive feature elimination (RFE) method.

With the increase in the number of different types of features in the stock market, 
feature selection techniques have been widely used in conjunction with predictive 
models in a variety of stock market applications. These features include daily stock 
information (open, high, low, close, volume (OHLCV) data), technical and economic 
indicators, and financial news. In Botunac et  al. (2020), Tsai and Hsiao (2010), Ni 
et al. (2011), the application of a feature selection method was found to produce more 
effective predictions than the use of prediction models alone. Therefore, various fea-
ture selection techniques that are applied in the stock market and their specific per-
formance must be reviewed to further improve predictions.

Importance of feature selection process

In stock market analysis, price changes are influenced by many factors, such as histor-
ical stock market data, fundamental factors, and investors’ psychological be- haviors. 
The diversity of features presents a challenge in achieving higher prediction accuracy. 
Thus, a feature selection process should be performed to select key fea- tures from 
the original feature set before applying an ML model to predict outcomes. The feature 
selection process also helps to reduce irrelevant variables, computational cost, and 
the overfitting problem and improves the performance of ML models (Cai et al. 2012). 
If we select only a small number of features as input for an ML model, the in- forma-
tion may not be enough to make predictions. A large number of features also increase 
the running time and causes the generalization performance to deterio- rate owing 
to the curse of dimensionality (Kim 2006). Therefore, only the most significant fea-
tures that affect the results should be selected to achieve successful predictions. The 
current survey article presents various types of feature selection techniques and their 
different criteria for the selection of the relevant features of stock data. Figure 1 illus-
trates the flow diagram of the feature selection process combined with ML methods 
for the prediction of stock market data.

Survey method

We collected research articles published in the last 12 years (2011–2022) through a 
keyword search performed on July 8, 2022. The following terms were used to search 
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article titles, abstracts, and keywords from two scientific databases, namely, Scopus 
and Web of Science:

((“stock market”) AND (“prediction” OR “forecasting”) AND (“feature selec- tion” OR 
“feature study” OR “feature extraction” OR “feature learning” OR “fea- ture generation” 
OR “feature engineering” OR “feature representation” OR “fea- ture fusion” OR “feature 
reduction” OR “feature weighted” OR “feature analysis”)).

The results were restricted to the following research areas: computer science, informa-
tion systems; computer science, theory and methods; economics; business economics; 
business management and accounting; mathematics; computer science; engineering; engi-
neering, electrical and electronic; computer science, interdisciplinary applications; com-
puter science, artificial intelligence; decision sciences; and social sciences. Moreover, this 
survey focused on studies that used structured-type inputs: OHLCV data, technical indi-
cators, and fundamental indicators in the stock market. Thus, articles that applied unstruc-
tured inputs, such as text from news, social net- works, and blogs, were not included. A 
total of 238 articles were selected from both databases, and 30 articles were found to be 
duplicates. After reading the titles and abstracts of the remaining 208 articles, we removed 
93 articles that used unstruc- tured inputs, leaving 115 articles. Subsequently, we excluded 
83 articles that did not mention the feature selection methods applied. Therefore, we 
obtained 32 relevant papers (27 in journals (Alsubaie et al. 2019; Aloraini 2015; Li et al. 
2022; Kumar et al. 2016, 2021b; Nabi et al. 2019; Yuan et al. 2020; Shen and Shafiq 2020; 
Haq et al. 2021; Sun et al. 2019; Chen and Hao 2017, 2020; Gunduz et al. 2017; Siddique 
and Panda 2019; Singh and Khushi 2021; Ampomah et al. 2020, 2021; Qolipour et al. 2021; 
Das et al. 2019; Tang et al. 2018; Chong et al. 2017; Bhanja and Das 2022; Xie and Yu 2021; 
Dami and Esterabi 2021; Gunduz 2021; Barak et al. 2017; Farahani and Hajiagha 2021), and 
5 in conference proceedings (Botunac et al. 2020; Cai et al. 2012; Labiad et al. 2016; Rana 
et al. 2019; Iacomin 2015). Figure 2 illustrates the article selection method.

This survey aimed to answer the following research questions:

1. Which types of feature selection and extraction techniques are applied in stock mar-
ket prediction?

2. Which structured inputs are widely used in prediction models?
3. How can a feature learning process improve prediction accuracy?

Fig. 1 Phases of the stock market prediction with feature selection and ML method combination
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Related work

This section describes existing survey articles related to stock market prediction. Most 
review papers discuss the applicability of various ML, ensemble learning, and DL 
methods.

Different types of prediction models (support vector regression (SVR), neural net-
work-based models) and clustering techniques (k-means, fuzzy, optimization) were 
analyzed in Gandhmal and Kumar (2019) on the basis of the types of methods, data-
sets, performance measures, and software tools. In Henrique et al. (2019), a bibliometric 
analysis was performed to re- view common ML techniques applied in financial markets 
from 1991 to 2017. Fore- casting methods such as ARIMA, SVM, decision trees, and 
neural networks were applied in Henrique et al. (2019) to predict the prices, directions, 
returns, and volatility of different stock markets. A recent survey (Bustos and Pomares-
Quimbaya 2020) covering 2014–2018 classified articles according to the type of input 
variables. Another extensive and comparative analysis of en- semble techniques was 
conducted in Nti et al. (2020c) to predict the 30-day-ahead closing prices of four market 
indices.

In Ican and Celik (2017), ANN models were reviewed for the directional predictions 
of the stock market, and different studies were compared in terms of the input features, 
time span of prediction, and forecasting performance. Kumar et al. (2021a) reviewed 30 
research papers and concluded that ANN models are the most widely used method in 
various stock market applications. In addition, they concluded that some hybrid models 
achieve better accuracy for financial time-series predictions.

In Sezer et al. (2020), the authors studied DL models, convolutional neural networks 
(CNNs), deep belief networks, RNNs, LSTM, and deep reinforcement learning and 
concluded that LSTM is the most frequently used model in stock market prediction 
because of its clear model creation and higher performance for time series data. Nine 
deep neural networks (DNNs) were presented in a survey of DL methods for stock price 
and trend prediction (Thakkar and Chaudhari 2021). The authors also provided com-
parative experiments of various DNN models based on a number of different features for 

Fig. 2 Flow diagram of the selected articles
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five-day-ahead trend predictions; a deep Q-network model obtained the highest aver-
age directional accuracy regardless of the number of features. In Kou et al. (2021), the 
authors applied four feature selection methods to identify the optimal subset of features 
to be used in bankruptcy predictions for small and medium-sized enterprises. They dis-
cussed the significance of the feature selection process for improving the performance of 
prediction models. A review study (Kou et al. 2020) evaluated several filter feature selec-
tion methods for the binary and multiclass classification of text datasets. On the basis of 
several evaluation criteria, including classification performance, stability, and efficiency, 
the authors presented the document frequency feature selection method as the most 
recommended approach. We observed that a limited number of feature selection meth-
ods are provided in existing empirical and survey papers and that not all types of feature 
selection and extraction techniques are addressed.

Data inputs and prediction outputs

We focused on structured-type inputs, which are mainly used as features in various 
stock market applications, because their information is systematic and the processing 
techniques are well-defined. Three main types of structured inputs are used in stock 
market prediction: basic features, technical indicators, and fundamental indicators.

 (i) Basic features are stock values such as OHLCV data; closing prices are the most 
commonly used information to predict the prices of the next trading day.

 (ii) Technical indicators are extracted from historical price series using mathe- matical 
formulae and are used to analyze the particular patterns of past prices and predict 
future movements. The most common technical indicators (Alsubaie et al. 2019) 
are the RSI, stochastic oscillator, and moving average convergence-divergence. 
Some studies such as Botunac et al. (2020) and Qolipour et al. (2021), used a com-
bination of basic features and technical indicators to forecast stock market direc-
tion.

 (iii) Fundamental indicators are economic indicators (Bustos and Pomares-Quimbaya 
2020) ranging from macroe- conomic factors, such as a country’s or government’s 
overall economic status, to microeconomic factors, such as the information of an 
individual company. Macroe- conomic factors, such as interest rates, consumer 
price index, and the overall state of the economy, are the most commonly used 
fundamental indicators. Forecasting based on fundamental indicators is less com-
mon in the literature because of the difficulty in building models that explain why a 
stock’s price fluctuates.

In terms of the outputs from learning models, the two target predictions are value/
return and the direction of the stock. Predicting value/return is a regression task while 
predicting direction (up or down) is a classification task.

The remainder of this paper is organized as follows. Section 2 describes the differ- ent 
feature selection methods, and Section 3 reviews the feature extraction methods com-
bined with various ML models for different target variables. Section  4 discusses the 
analyses based on different factors, and Section  5 provides the limitations and future 
directions. Finally, Section 6 presents the conclusions of the study.
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Feature selection methods
Under dimensionality reduction, two approaches can be used: feature selection and fea-
ture extraction. They are basically the same approach, but they differ in their approaches 
to selecting useful and reducing irrelevant features. Feature selection maintains a subset 
of the original features, whereas feature extraction creates new features from the original 
dataset.

The feature selection process delivers only unique features that contribute the most 
to the prediction outcomes by removing noise and irrelevant features. This section pre-
sents a review of different feature selection methods applied to stock market predictions. 
These methods are categorized into four types: filter, wrapper, embedded, and informa-
tion theory-based methods.

Filter methods

Filter methods rank variables according to their relevance to the underlying ML algo-
rithms. They act as a preprocessing step by selecting highly ranked features and applying 
them to ML methods (Urbanowicz et al. 2018). Therefore, they are computationally fast 
and robust to overfitting but ignore the dependency between features. Filter methods 
use statistical performance measures such as the correlation/distance between features 
and output variables.

Correlation and distance criteria

The correlation coefficient, such as the Pearson correlation coefficient (PCC) and Spear-
man rank correlation, is the simplest way to calculate the relevance score be- tween a 
feature and a target variable (f, t). Aloraini (2015) applied the Pearson and Spearman 
correlations as part of the ensemble feature selection process to rank 11 features, which 
are the daily open prices of 11 stocks. They combined univariate methods with other 
feature selection methods to identify hidden relationships be- tween predictors. Their 
empirical experiments revealed that the proposed ensemble feature selection method 
achieved better predictive results than single feature se- lection methods. In another 
study, Li et al. (2022) applied PCC to select features with a PCC value of 0.5 as input data 
to a broad learning system (BLS) model for one- day-ahead closing price prediction. On 
the basis of 11 years of experimental data for stocks from the Shanghai Stock Exchange, 
they stated that the proposed method, which combines PCC and BLS, outperformed 10 
previous single ML methods.

In Kumar et al. (2016), linear correlation (LC) and rank correlation (RC) methods were 
deployed together with a proximal support vector machine (PSVM) model as the LC-
PSVM and RC-PSVM to obtain the optimal feature subset from an original set of 55 
tech- nical indicators for 12 different stock indices. Two studies, (Alsubaie et al. 2019) 
and (Nabi et al. 2019), also used an LC method with different classifiers to predict the 
direction of stock markets.

The Euclidean and Manhattan methods calculate the distance between any two data 
points (f, t), where f is the examined feature and t is a target variable in the feature space. 
In (Aloraini 2015), distance-based measures were applied to solve the feature selection 
process and combined with an ML method for daily open price predictions.
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Relief algorithm

The relief algorithm (Kira and Rendell 1992) is used for feature selection in regression 
and classification problems. This algorithm calculates the importance score for each 
feature on the basis of how well the feature can distinguish between nearest-neighbor 
instances. It returns a ranked list of features or top-scoring features based on a given 
threshold. Kumar et al. (2016) proposed hybrid prediction models that combine feature 
se- lection techniques and an ML model (PSVM). They applied the regression relief (RR) 
algorithm as a feature selection method and compared it with other feature selection 
methods, including LC, and RC methods. The results of their study of the one-day-ahead 
direction of 12 stock indices revealed a negligible difference between the performance of 
the RR and correlation-based feature selection methods. Another study (Alsubaie et al. 
2019) applied a relief algorithm to select highly ranked features from 50 common tech-
nical indicators for large datasets, which included 99 stocks and 1 market index. They 
tested the performance of feature selection methods on the basis of two categories: 
accuracy- and cost-based criteria. The relief algorithm was the best-performing filter in 
the accuracy and cost-based evaluations. They concluded that selecting more than 30 
technical indicators is likely to reduce the classification performance for their datasets.

The relief method was also used in a study (Gunduz et al. 2017) that selected 25 indica-
tors of daily stock prices for the three most traded stocks in the Borsa Istanbul (BIST) 
stock market with the gradient boosting machine (GBM) classifier. The authors then 
evaluated the performance of the relief algorithm with a different gain ratio approach 
and concluded that the accuracy values for the applied stocks were similar for both fea-
ture selection techniques.

Wrapper methods

In wrapper methods, feature selection is wrapped within the learning process of an ML 
algorithm. Hence, these methods look for a subset of features that provide the highest 
prediction performance. They also rely on the performance of the predictor to obtain an 
optimal feature subset and use the accuracy of this predictor as the ob-jective function. 
Wrapper methods are known for being computationally expensive because of the large 
number of computations (multiple rounds of training) required to obtain the critical fea-
ture subset and address the overfitting problem.

Recursive feature elimination (RFE)

RFE (Guyon et al. 2002) is a well-known wrapper-type feature selection technique that 
involves an iterative procedure to train an ML model. RFE computes the ranking crite-
rion for all features in each training and removes the features with the lowest impor-
tance score; then, it trains the model again on the basis of the new feature set.

The RFE technique has been used in several studies for various stock market applica-
tions. Yuan et al. (2020) applied an RFE algorithm based on an SVM model to achieve a 
proper feature subset from 60 features of 10 different categories for predicting all stocks 
in the Chinese A-share stock market. The authors used the SVM-RFE method to retrieve 
the importance scores of all 60 features and then chose the top 80% of the features (i.e., 
48 features) as input features for the SVM, RF, and ANN models to predict the direc-
tion of monthly stock returns. In Botunac et al. (2020), RFE was proposed as a feature 
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selection method to find the effective features from five basic features and nine technical 
indicators of various stocks for the LSTM fore- casting model. As RFE generated unclear 
scores for all features in the preliminary experiments, the authors also applied other fea-
ture importance methods, such as linear regression, decision tree, and RF regression. 
Another study (Shen and Shafiq 2020) applied RFE to explore the most effective features 
in the feature space. The authors designed an RFE algorithm to remove one feature at 
each step and selected all relevant and effective features to build a good predictive model 
with an LSTM network.

Embedded methods

Embedded methods combine the qualities of filter and wrapper methods and form fea-
ture selection as part of the training process by simultaneously integrating al- gorithm 
modeling and feature selection (Urbanowicz et al. 2018). Therefore, they are more com-
puta- tionally efficient and suffer less from overfitting than wrapper methods. Embedded 
and wrapper methods are considered as subset evaluation techniques that can capture 
dependencies and interactions between features. This capability makes these methods 
superior to filter methods.

Random forest (RF)

RF (Breiman 2001) is an ensemble learning method used for both classification and 
regression problems. It uses a bootstrapped aggregation technique and a random selec-
tion of features to construct each decision tree in a forest. It combines the simplicity of 
individual decision trees and outputs the mode of the classes for classification and the 
mean prediction for regression based on multiple decision trees. It is widely ap- plied 
owing to its favourable characteristics, such as good generalization, simplicity, robust-
ness, and low variance.

Recently, RF has been increasingly exploited as a feature selection method because it 
has many advantageous qualities, such as internal estimates of error, correlations, and 
feature importance scores. RF provides two methods for calculating feature importance 
scores: mean decrease accuracy (MDA) and mean decrease impurity (MDI) (Labiad 
et al. 2016). MDA describes how much prediction accuracy the model loses after remov-
ing each feature, and MDI is a measure of how each feature contributes to the homo-
geneity of the nodes and leaves for each decision-tree model. Therefore, the larger the 
value, the higher the importance of the feature for the MDA and MDI methods.

RF is a feature selection method that has been applied in various stock market pre-
diction studies. Haq et al. (2021) deployed the MDA method to generate optimal fea-
ture subsets from a large set of 44 technical indicators. The authors also used two other 
feature selection methods, namely, logistic regression (LR) and SVM, and selected 20 
identical features by using the three feature selection techniques. Accord- ing to their 
evaluation measures, classification accuracy, and Matthews correlation coefficient, they 
indicated that combined features selected by multiple disjoint tech- niques provided 
higher accuracy for the prediction model than the features selected by a single feature 
selection technique.
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The authors of Kumar et al. (2016) applied RF to remove redundant and highly cor-
related vari- ables from 55 technical indicators and used the PSVM model to predict the 
one- day-ahead direction of 12 different indices from international markets. To evaluate 
the performance of the RF feature selection technique, they applied three other fea- ture 
selection methods and observed that RF-PSVM is the only hybrid model that achieves 
higher accuracy than the individual PSVM for all datasets. Furthermore, the results 
showed that the RF method can suggest a certain number of indicators that provide bet-
ter prediction results than other feature selection methods. In Botunac et al. (2020), RF 
was also utilized to determine the importance scores of 14 features to predict the closing 
prices of Apple, Microsoft, and Facebook. Another research (Yuan et al. 2020) proposed 
RF as a feature selection method and a prediction model (RF-RF) to perform stock price 
trend prediction; the proposed approach achieved the best performance among all the 
integrated models in the study. In Labiad et  al. (2016), RF was applied to assess the 
impor- tance of each input variable using MDI and MDA for feature selection to classify 
the direction of 10-min-ahead prediction. Therefore, existing research papers in- dicate 
that RF achieves satisfactory predictions as a feature selection technique and as a pre-
diction model and delivers superior performance over other types of feature selection 
methods.

In Rana et al. (2019), ensemble learning approaches such as the decision-Tree classifier 
and extra- trees classifier were deployed to select important predictors from basic fea-
tures (OHLCV data); the experiment results revealed that the closing price is the most 
significant feature.

Other embedded methods

In some studies, other embedded methods, such as SVM and LR models, have been 
applied as feature selection techniques to identify proper feature subsets as inputs to 
deep generative models (Haq et al. 2021). Another study (Aloraini 2015) used the lasso 
estimation for feature selection and regularization processes to select the best subset of 
predictors for each bank in the Saudi stock market. In Cai et al. (2012), a restricted Boltz-
mann machine (RBM) was applied as a feature extractor. The RBM (Smolensky 1987) is 
a type of energy-based model and a special case of general Boltzmann machines based 
on hidden units in the machine; the extracted features are determined by the expected 
value of the hidden units of a learned RBM.

Information theory‑based methods

Information theory-based methods utilize mutual information (MI) to obtain the impor-
tance score of each feature; examples of these methods include the forward selection 
minimal-redundancy-maximal-relevance (FSMRMR) (Peng et al. 2005) and conditional 
mutual information maximization (CMIM) (Nguyen et al. 2014) methods. In Sun et al. 
(2019), the authors applied the FSMRMR method, which considered the combination 
of two measures (relevance and redundancy of the features) using average bivariate MI, 
and the CMIM method, which considered the redundancy and interaction of the fea-
tures as a higher priority. The FSMRMR and CMIM methods were combined with the 
learning model ARMA-GARCH to prognosticate intraday patterns for market shock 
direction. The authors indicated that the FSMRMR method can lead to a consid- erably 
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higher performance in terms of accuracy rate and root mean squared error than the 
CMIM method.

Chen and Hao (2017) used the information gain method, which is an attribute se- lec-
tion approach based on the number and size of branches in a decision learning system, 
to estimate the relative importance of each attribute. Using the information gain method, 
the authors constructed a feature weighted matrix of nine technical in- dicators, which 
were inputs in the SVM and k-nearest neighbor (KNN) algorithms.

The performance of these models was evaluated for two Chinese stock market in- 
dices to predict 1-, 5-, 10-, 15-, 20-, and 30-day-ahead prices. The article cited in Chen 
and Hao (2020) also applied the information gain method to measure the importance 
of technical indicators used to predict buy and sell signals for 30 Chinese stocks. The 
authors reported that a prediction model using a feature weighted SVM and an informa- 
tion gain approach achieves higher accuracy than a prediction model without any fea-
ture selection.

A modification of the information gain method, the gain ratio approach, was applied 
in Alsubaie et  al. (2019) to rank 50 technical indicators for the application of invest-
ment return prediction and a trading strategy using nine different classifiers. The results 
showed that the best Sharpe ratios, which determine the balance between investment 
re- turn and risk, were achieved on the basis of only the top 5 or 10 technical indicators 
for most classifiers. Another study (Gunduz et al. 2017) used the gain ratio method to 
select tech- nical indicators for the GBM prediction model. On the basis of the results, 
the authors demonstrated how feature selection improved the daily return predictions 
for applied stocks from the BIST stock market.

Feature extraction techniques
Feature extraction methods reduce the number of features in a dataset by creating new 
features that summarize most of the information contained in the original set of fea-
tures. Two types of feature extraction techniques were identified in the reviewed studies: 
statistical and optimization-based techniques.

Principal component analysis

Principal component analysis (PCA) (Jolliffe 2002), which is a statistical-based feature 
ex- traction method, is the most popular technique for dimensionality reduction. It 
transforms a high-dimensional feature vector into a low-dimensional feature vec- tor 
with uncorrelated components by calculating the eigenvectors of the covariance matrix 
of the original features. Therefore, PCA is simple to implement and versatile. Among 
the 32 reviewed papers, 11 studies used PCA to identify the most relevant features for 
the learning models. The authors in Siddique and Panda (2019) applied a hybrid fore-
casting model, SVR-particle swarm optimization (PSO) combined with PCA, to remove 
the least influential features from the original 35 ones to predict the next-day closing 
prices of the Tata Motors stock index. Empirical experiments with and without PCA 
clearly showed that the PCA-SVR-PSO model with the 11 features extracted by PCA 
gives lower error values than the SVR-PSO model in all evaluation criteria: mean abso-
lute error (MAE), root mean square error (RMSE), and mean absolute percentage 
error. Singh and Khushi (2021) also applied the PCA method to identify a smaller set of 
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features that were the top contributors in the model from the original 28 features. They 
demonstrated that a reduced subset of six features produced accuracies similar to those 
of the original 28 features.

Some studies (Ampomah et al. 2020) and (Qolipour et al. 2021) used PCA to reduce 
the set of basic features and technical indicators and combined PCA with tree-based ML 
classifiers to predict the direction of stock returns and price movements. On the basis 
of confusion matrix evaluation criteria, the authors concluded that ensemble learning 
models with feature extraction perform better than single learning models. Iacomin 
(2015) applied the PCA method in combination with the SVM prediction model to fore-
cast the prices of 16 stocks from Bloomberg using 10 common technical indicators. The 
au- thors demonstrated that the PCA-SVM model outperformed the SVM model for the 
datasets used.

In (Shen and Shafiq 2020), Shen and Shafiq proposed a complete feature engineer-
ing procedure by combining max–min scaling, polarizing for feature extension, RFE 
for feature selection, and PCA for dimensionality reduction; they tested their approach 
on 3,558 stocks from the Chinese stock market for short-term prediction. The results 
revealed that the proposed solution achieved an overall accuracy score of 0.93 and preci-
sion and recall scores equal to 0.96 owing to the utilization of different feature engineer-
ing approaches combined with the LSTM model. The study in Ampomah et al. (2021) 
also applied PCA together with feature scaling techniques, namely, standardization and 
min–max scaling, to find the optimal feature set from 40 technical indicators to pre-
dict the direction of seven stocks from the NYSE, NASDAQ, and NSE markets. Another 
study (Nabi et  al. 2019) applied nine different feature selection algorithms combined 
with 15 different classifiers to predict the monthly direction of 10 companies from NAS- 
DAQ. As a simple and efficient algorithm, PCA was found to be the best feature extrac-
tion algorithm, providing the highest accuracy for all combinations with ML models and 
different stocks according to the experiments.

Different feature extraction methods were used in Das et al. (2019). The PCA method 
was com- bined with three neural network-based models: extreme learning machine 
(ELM), online sequential extreme learning machine (OSELM), and recurrent back 
propa- gation neural network (RBPNN). They reduced the input of 16 technical indica-
tors and predicted the 1-, 3-, 5-, 7-, 15-, and 30-day-ahead prices for four stock market 
indices. The empirical results indicated that PCA-ELM and PCA-RBPNN provide better 
performance in 1-day-ahead prediction than in other days-ahead prediction for all data-
sets. With respect to the BSE index, the PCA-ELM and PCA-OSELM models are better 
than the PCA-RBPNN model. PCA was used in the work cited in Kumar et al. (2021b) 
to extract the features of the ANN prediction model. According to the ex- perimental 
findings, PCA reduced the complexity and computational cost of the prediction model 
from the original 20 feature sets to 9 features to predict the clos- ing prices of the Nifty 
50, Sensex, and S&P 500 stock indices. The study in Tang et al. (2018) applied PCA for 
dimensionality reduction to provide information-rich features for a KNN model to fore-
cast the relative returns of 10 indices from the Chinese CSI 300 market. For the Telecom 
Svc index, the method achieved the highest hit rate of 79.60%.
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Autoencoder

A neural network-based unsupervised learning model called the autoencoder (AE) 
(Kramer 1991) reconstructs inputs to the neural network in the output layer. The encoder 
and decoder are its two components. The encoder reduces the input to a codeword-sized 
dimension, and the decoder uses that codeword to reassemble the original input data.

The study in Chong et  al. (2017) applied an AE method to transform raw returns 
before using them as input in a DNN method to predict the future returns of 38 stocks 
from the Korean stock market. They created a two-class classification problem based on 
the upward and downward movements of future returns. According to four evaluation 
measures, namely, normalized mean squared error (NMSE), RMSE, MAE, and MI, the 
DNN model with AE outperformed the linear autoregressive model, AR(10), in the test 
set for 14 stocks with NMSE values smaller than 1. Another study (Bhanja and Das 2022) 
deployed a CNN-based AE with a series of one-dimensional convolutional and deconvo-
lutional layers for the encoder and decoder. The authors demonstrated that the ML clas-
sifiers with the CNN-based AE approach achieved over 80% accuracy for the single-step 
and multi-step ahead predictions of the S&P BSE SENSEX and Nifty 50 stock market 
index datasets. Xie and Yu (2021) applied the convolution- based autoencoder (CAE) 
method to select distinct financial and economic features for the daily direction (up and 
down) prediction of different stock market indices. They concluded that the average 
accuracy of the CAE method was approximately 3% higher than that of other methods 
(i.e., DNN, LSTM, SVM, and PCA) for selected stock indices.

On the basic of the basic (OHLCV) features from the last 10 days, Dami et al. (2021) 
used an AE with an LSTM model to predict the stock returns of 10 companies from the 
Tehran Stock Exchange. They showed that in most cases, the performance of the LSTM 
model with the AE was better than that of the model without the AE. The authors in 
Gunduz (2021) applied variational autoencoders (VAEs), which are generative AE mod-
els, and used a different loss function with AE in network training to choose technical 
indicators. They used the VAE to forecast the hourly direction of eight banks listed in 
the BIST 30 index. The authors concluded that models trained with VAE-reduced fea-
tures had similar accuracy rates to those trained without dimensionality reduction for 
the selected stocks based on accuracy and F-measures.

Other feature extraction methods.
Linear discriminant analysis (LDA) (Mclachlan 2004) is another feature extraction 

technique that maximizes the significance of the distance between data points of different 
categories. The data points of the same class are more compact, and the groups are the 
most separated from each other. In (Ampomah et al. 2021), the LDA approach was com-
bined with the predictive Gaussian naive Bayes (GNB) model to select the best features 
from the original set of 40 technical indicators. The authors demonstrated that the pre-
dictive model based on the integration of GNB and LDA outperformed other models in 
their study in terms of accuracy, F1 score, and area under the curve evaluation measures.

The authors in Das et al. (2019) and Ampomah et al. (2021) used factor analysis, another 
statistical-based feature extraction approach, to achieve significant features for their pre-
dictive models. In Das et  al. (2019), they used three other optimization-based feature 
extraction methods: genetic algorithm (GA), firefly optimization (FO), and a combination 
of FO and GA. They concluded that all the studied feature extraction methods reduced 
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the number of features to obtain better results; the integrated FO and GA method, in par-
ticular, displayed outstanding performance with the OSELM prediction model relative 
to the other feature reduction and prediction methods. Another study (Barak et al. 2017) 
implemented a prediction model, ANN combined with GA, to extract the best indicators 
of five stock indices: DAX, S&P 500, FTSE100, DJI, and NDAQ. On the basis of the MAE 
criterion, the authors compared the performance of the hybrid GA-ANN model with the 
ARIMA time series model. The study in Farahani and Hajiagha (2021) also developed a 
GA to select representative features for three classifiers to forecast the returns of 400 com-
panies listed on the Tehran Stock Exchange. An overall accuracy of over 80% was achieved 
using the selected 15 features from the original 45 features defined by the GA, demonstrat-
ing the importance of the feature selection process in predicting stock returns.

Analysis and discussion
The reviewed articles studied diverse prediction models, feature selection tech- niques, 
types of features, target predictions, datasets, and evaluation criteria. Table 1 presents 
a summary of the reviewed papers, and Table 2 compares how well the reviewed stud-
ies were performed based on the target predictions and specified evaluation measures. 
Moreover, our review revealed that feature selection and ex- traction techniques helped 
obtain better predictions over periods of 10 min up to 1 month ahead in terms of abso-
lute price or direction. Therefore, ignoring fea- ture selection in stock market analysis 
can have negative effects, such as overfitting, which is likely to damage the overall pre-
diction results of a given learning model.

From Table  3, we can conclude that the correlation criteria, RF, PCA, and AE 
approaches are the most widely applied feature analysis techniques for various stock 
market predictions. For the datasets in Botunac et al. (2020); Kumar et al. 2016; Yuan 
et al. 2020; Labiad et al. 2016; Haq et al. 2021), RF provides good performance in terms 
of high accuracy and low error values. Meanwhile, PCA provides satisfactory results in 
Nabi et al. (2019); Shen and Shafiq 2020; Siddique and Panda 2019; Singh and Khushi 
2021; Ampomah et al. 2020; Qolipour et al. 2021; Iacomin 2015; Ampomah et al. 2021; 
Das et al. 2019; Kumar et al. 2021b; Tang et al. 2018). Neural network-based models, and 
AEs have also been successfully applied for feature extraction (Chong et al. 2017; Bhanja 
and Das 2022; Xie and Yu 2021; Dami and Esterabi 2021; Gunduz 2021). Table 4 presents 
the most commonly applied ML predictive models in stock market analysis. RF and 
SVM are the most popular learning meth- ods because of their flexibility in classification 
and regression problems; they were respectively applied in 6 and 11 studies reviewed 
herein. Table 5 presents the cita- tion counts and journal indices of the reviewed studies.

The analysis based on publication years is depicted in Fig.  3, which shows that the 
number of articles using feature selection/extraction methods became more popular in 
later years. In 2019 and 2021, six and nine articles on feature analysis for stock market 
prediction were published, and they covered all types of feature selection techniques: 
filter and wrapper methods (Alsubaie et al. 2019; Nabi et al. 2019), embedded methods 
(Haq et al. 2021; Rana et al. 2019), information theory-based methods (Sun et al. 2019), 
and feature extraction methods (Siddique and Panda 2019; Singh and Khushi 2021; 
Qolipour et al. 2021; Ampomah et al. 2021; Das et al. 2019; Kumar et al. 2021b; Xie and 
Yu 2021; Dami and Esterabi 2021; Gunduz 2021; Farahani and Hajiagha 2021).
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Table 1 Analysis based on types of features, feature selection/extraction techniques, predictive 
models, and datasets

Study Types of features Feature selection/
extraction 
techniques

Prediction methods Datasets

1. Haq et al. (2021) Basic features, Techni-
cal indicators

LR, SVM, RF Deep generative 
model

88 stocks from NASDAQ

2. Labiad et al. (2016) Technical indicators RF Gradient boosted 
trees (GBT), SVM, RF

Moroccan stock market

3. Rana et al. (2019) Basic features Decision tree clas-
sifier, Extra Tree 
classifier

LR, SVR, LSTM Spanish stock market

4. Aloraini (2015) Open prices Pearson correlation 
coefficient (PCC), 
Spearman correlation, 
Euclidean distance, 
Manhattan distance, 
Search AIC score

Lasso estimate 11 equities in Saudi 
stock market

5. Kumar et al. (2016) Basic features, Techni-
cal indicators

Pearson correlation, 
Spearman correlation, 
Relief algorithm, 
Random forest (RF)

PSVM 12 stock indices from 
different international 
markets

6. Alsubaie et al. 
(2019)

Technical indicators Gain ratio, Relief algo-
rithm, Correlation, 
Cost-based Naive 
Bayesian, Accuracy-
based Naive Bayesian

9 different classifiers 99 stocks and TASI 
market in-dex

7. Li et al. (2022) Technical indicators 
Fundamental indica- 
tors

PCC Broad learning 
system

4 stocks from Shanghai 
Stock Exchange

8. Nabi et al. (2019) Basic features 9 different methods 15 different classifiers 10 stocks from NASDAQ

9. Yuan et al. (2020) Technical indicators, 
Fundamental indica-
tors

RFE, RF SVM
RF
ANN

Chinese A-share stocks

10. Botunac et al. 
(2020)

Basic features, Techni-
cal indicators

RFE, Linear regression, 
Decision Tree, RF

LSTM Apple, Microsoft, 
Facebook

11. Shen et al. (2020) Technical indicators RFE
PCA

LSTM 3558 Chinese stocks

12. Chen et al. (2017) Technical indicators Information gain SVM Chinese stock market 
indices

13. Sun et al. (2019) Technical indicators FSMRMR, CMIM ARMA-GARCH-NN US stock market

14. Singh et al. (2021) Technical indicators, 
Fundamental indica-
tors

PCA 6 different classifiers 505 stocks from S& 
P 500

15. Ampomah et al. 
(2020)

Basic features, Techni-
cal indicators

PCA 6 tree-based Clas-
sifiers

8 stocks from NYSE, 
NASDAQ, NSE

16. Siddique et al. 
(2019)

Basic features PCA SVR TATA motors stock 
index

17. Iacomin (2015) Technical indicators PCA
GA

SVM 16 Forex stocks from 
Bloomberg

18. Cai et al. (2012) Basic features, Techni-
cal indicators

RBM SVM S& P 500 index

19. Das et al. (2019) Technical indicators PCA, Factor analysis 
(FA), Firefly optimiza-
tion (FO), Genetic 
algorithm (GA), FO 
with GA

ELM, OSELM, RBPNN 4 different stock market 
indices

20. Qolipour et al. 
(2021)

Basic features, Techni-
cal indicators

PCA Decision tree, RF, 
Gradient boosted 
tree (GBT)

2 stocks from Tehran 
stock exchange

21. Ampomah et al. 
(2021)

Technical indicators PCA, LDA, FA Gaussian Naïve Bayes 
(GNB)

7 stocks from NYSE, 
NASDAQ, NSE
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Table 1 (continued)

Study Types of features Feature selection/
extraction 
techniques

Prediction methods Datasets

22. Chen et al. (2020) Basic features, Techni-
cal indicators

Information gain FW-SVM 30 stocks

23. Gunduz etal. 
(2017)

Technical indicators Gain ratio Relief 
algorithm

Gradient boosting 
ma-chine (GBM)

3 stocks in BIST market 
index

24. Kumar et al. 
(2021b)

Basic features, Techni-
cal indicators

PCA ANN 3 stock indices

25. Tang et al. (2018) historical relative 
re-turns

PCA KNN CSI 300 index

26. Barak et al. (2017) Fundamental indica-
tors

GA Multiple classifiers 400 stocks

27. Farahani et al. 
(2021)

Technical indicators GA ANN 5 stock indices

28. Chong et al. (2017) 10 lagged returns Autoencoder DNN 38 stocks

29. Bhanja et al. (2022) Technical indicators Autoencoder 5 ML classifiers 2 market indices

30. Xie et al. (2021) Fundamental indica-
tors

Autoencoder SVM 5 market indices

31. Dami et al. (2021) Basic features Autoencoder LSTM 10 stocks

32. Gunduz (2021) Technical indicators Autoencoder SVM
LSTM

8 stocks

Table 2 Performance comparison based on target predictions, performance, and evaluation metrics

Study Prediction target Performance Evaluation metrics

1. Haq et al. (2021) Direction of daily stock prices 59.44
0.1030

Accuracy
Matthews correlation coef-
ficient (MCC)

2. Labiad et al. (2016) Direction of 10 min ahead 90% Accuracy

3. Rana et al. (2019) Daily stock price 0.0151 RMSE

4. Aloraini (2015) Daily open prices 0.15–0.63 predictive accuracy

5. Kumar et al. (2016) Direction of one-day ahead 44.22–62.72 Accuracy

44.64–100.00 Precision

1.74–96.32 Recall

6. Alsubaie et al. (2019) Direction of the stock returns 0.05–80.79 Accuracy,

1.22–7.34 Cost of misclassification,

0.00–0.16 Investment return percentage,

0.49–1 Hit rate,

1.04–1.93 Sharpe ratio,

0.03–37.63 Number of bets

7. Li et al. (2022) One-day ahead close price 
value

0.006 MSE,

0.054 MAE,

1.092 MAPE

0.982 R2

0.981 Adjusted R2

8. Nabi et al. (2019) Direction of monthly price 100% Accuracy

9. Yuan et al. (2020) Direction of excess returns 52% Accuracy, AUC 

53%

10. Botunac et al. (2020) Direction of close price 0.01606 MAE, MSE

0.00046

11. Shen et al. (2020) Direction of stock price 0.93 Accuracy, Precision, Recall

0.96

0.96
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Table 2 (continued)

Study Prediction target Performance Evaluation metrics

12. Chen et al. (2017) Direction of stock indices 
price

0.646–1.06 MAPE, RMSE

0.0143–0.0239

13. Sun et al. (2019) Direction of Intraday market 1.404–1.443 Random cross-validation, 
Nearest-k cross-validation1.385–1.419

14. Singh et al. (2021) Direction of 10 days ahead 83.62% Accuracy,

85% Precision,

100% Recall

15. Ampomah et al. (2020) Direction of stock price 82% Mean accuracy,

85% Precision,

79% Recall,

82% F1 score,

84% Specificity,

90% ROC curve

16. Siddique et al. (2019) Next day close price 2.76 MAE,

4.3 RMSE,

0.63 MAPE

17. Iacomin (2015) Direction of stock price 0.72 Accuracy

18. Cai et al. (2012) Direction of one-day ahead 
close price

0.002
90.31

NMSE, Direction accuracy

19. Das et al. (2019) Stock prices of 
1,3,5,7,15,30 days in ad- vance

143.1104
0.308
121.8011
0.0002543
0.0080

RMSE, MAPE, MAE, Theil’s U, ARV

20. Qolipour et al. (2021) Direction of stock return 0.947–1.0
0.993–1.0
0.880–1.0
0.993–1.0

Accuracy, Recall, Precision, 
AUC-ROC

21. Ampomah et al. (2021) Direction of stock price 0.7188–0.8815
0.7014–0.8843
0.7763–0.8921
0.7916–0.9563

Accuracy, F1 score, Specificity, 
AUC 

22. Chen et al. (2020) Buy and sell signals 38.78
73.80%–98.84%

Accuracy, profit

23. Gunduz et al. (2017) Daily returns 0.59
0.6

Accuracy F1 score

24. Kumar et al. (2021b) 1-day ahead close price 1.40E-03–9.34E-04
4.41E-05–3.07E-04
1.00E-04–7.44E-04
1.00E-04–7.44E-04

RMSE, MAPE, Theil’s inequality 
coefficient, ARV

25. Tang et al. (2018) Next day return 79.60% Hit rate

26. Barak et al. (2017) Return 83.6% Accuracy

27. Farahani et al. (2021) Close price 13.499 MAE

28. Chong et al. (2017) Direction of return 0.8224
0.9650
0.5931
0.0182

RMSE, NMSE, MAE, MI

29. Bhanja et al. (2022) Direction of return over 86% Accuracy

30. Xie et al. (2021) Direction prediction 53.3%–57.4% Accuracy

31. Dami et al. (2021) Returns prediction 0.022–0.039 MAE

32. Gunduz (2021) Hourly direction 0.649
0.562

Accuracy
F1 score
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Limitations and future directions
In this survey, we covered research on feature analysis techniques applied to stock mar-
ket analysis over the last 12 years. A significant number of studies have been conducted 
to prove the importance of feature reduction for stock datasets; however, we observed 
certain limitations. We noticed that only two papers (Aloraini 2015; Haq et  al. 2021) 
studied an ensemble feature selection approach, which is a combination of three feature 
selection methods, whereas most existing studies employ a single approach for selecting 
critical features. Therefore, more research is needed to focus on the ensemble feature 
selection approach to obtain all features that affect predictions.

Regarding the types of features, most studies considered either basic features or techni-
cal or fundamental indicators. The number of studies that applied both basic features and 
technical indicators was lower than the number of studies that applied one type of feature. 
Therefore, further research is required to employ multiple fea- ture types from different 
categories. In Rana et al. (2019), closing price was found to be the most significant feature 
among the basic features; therefore, future work should consider applying closing price 
and technical indicators as input features to the model. In addition, three studies (Li et al. 
2022; Yuan et al. 2020; Singh and Khushi 2021) that combined technical and fundamental 
in- dicators obtained accurate predictions. An interesting undertaking is to explore a com-
bination of technical and fundamental features in the feature fusion process.

Table 3 Feature selection/extraction techniques applied in the reviewed articles

Technique Number 
of articles

Research articles

1. Correlation criteria 5 Alsubaie et al. (2019); Aloraini (2015); Li et al. (2022); Kumar et al. (2016); Nabi et al. 
(2019)

2. Distance criteria 1 Aloraini (2015)

3. Relief algorithm 3 Alsubaie et al. (2019); Kumar et al. (2016); Gunduz et al. (2017)

4. RFE 3 Botunac et al. (2020); Yuan et al. (2020); Shen and Shafiq (2020)

5. RF 5 Botunac et al. (2020); Kumar et al. (2016); Yuan et al. 2020; Labiad et al. (2016); Haq 
et al. (2021)

6. SVM 1 Haq et al. (2021)

7. Logistic regression 1 Haq et al. (2021)

8. Lasso estimate 1 Aloraini (2015)

9. RBM 1 Cai et al. (2012)

10. FSMRMR 1 Sun et al. (2019)

11. CMIM 1 Sun et al. (2019)

12. Information gain 2 Chen and Hao (2017); Chen and Hao (2020)

13. Gain ratio 2 Alsubaie et al. (2019); Gunduz et al. (2017)

14. PCA 11 Nabi et al. (2019), Shen and Shafiq (2020), Siddique and Panda (2019), Singh and 
Khushi (2021)

Ampomah et al. (2020), Qolipour et al. (2021), Iacomin (2015), Ampomah et al. 
(2021)

Das et al. (2019); Kumar et al. (2021b); Tang et al. (2018)

15. Autoencoder 5 Chong et al. (2017); Bhanja and Das (2022); Xie and Yu (2021); Dami and Esterabi 
(2021); Gunduz (2021)

16. LDA 1 Ampomah et al. (2021)

17. Factor analysis 2 Ampomah et al. (2021); Das et al. (2019)

18. Firefly optimization 1 Das et al. (2019)

19. Genetic algorithm 3 Das et al. (2019; Barak et al. (2017); Farahani and Hajiagha (2021)

20. FO with GA 1 Das et al. (2019)



Page 19 of 25Htun et al. Financial Innovation            (2023) 9:26  

Table 4 ML methods applied in the reviewed papers

ML methods Number 
of articles

Research articles

1. Linear regression 1 Rana et al. (2019)

2. Naive bayes 3 Alsubaie et al. (2019); Nabi et al. (2019; Singh and Khushi (2021)

3. Gaussian Naive bayes 1 Ampomah et al. (2021)

(GNB)

4. K-nearest neighbors 2 Chen and Hao (2017); Singh and Khushi (2021)

5. Lasso estimate 1 Aloraini (2015)

6. Broad learning system 1 Li et al. (2022)

(BLS)

7. SVM 11 Cai et al. (2012; Alsubaie et al. (2019); Kumar et al. (2016); Nabi et al. 
(2019); Yuan et al. (2020); Labiad et al. (2016),

Rana et al. (2019); Chen and Hao (2017); Siddique and Panda (2019); 
Singh and Khushi (2021); Iacomin (2015)

Tree-based ML methods - -

8. Decision tree 3 Nabi et al. (2019); Singh and Khushi (2021); Qolipour et al. (2021)

9. RF 6 Nabi et al. (2019); Yuan et al. (2020); Labiad et al. (2016); Singh and 
Khushi (2021); Ampomah et al. (2020); Qolipour et al. (2021)

10. Gradient boosted tree 2 Labiad et al. (2016); Qolipour et al. (2021)

Neural network methods – –

11. ELM 1 Das et al. (2019)

12. OSELM 1 Das et al. (2019)

13. RBPNN 1 Das et al. (2019)

14. Deep generative model 1 Haq et al. (2021)

15. ANN 2 Alsubaie et al. (2019); Yuan et al. (2020)

16. LSTM 3 Botunac et al. (2020); Shen and Shafiq (2020); Rana et al. (2019)

Table 5 Analysis of reviewed studies based on the number of citations and index of the journal

Study Journal/Conference name Number 
of 
citations

Index of the journal

1. Haq et al. (2021) Expert Systems with Applications 11 Web of science

2. Labiad et al. (2016) SITA 7 –

3. Rana et al., (2019) CSAI 1 –

4. Aloraini (2015) Evolving Systems 1 Web of science

2 Scopus

5. Kumar et al. (2016) Journal of Computational Science 27 Web of Science

34 Scopus

6. Alsubaie et al. (2019) IEEE Access 5 Web of science

10 Scopus

7. Li et al. (2022) IEEE Transactions on Circuits and Sys-tems 0 Web of science

0 Scopus

8. Nabi et al. (2019) Journal of Computer Science 0 Scopus

9. Yuan et al. (2020) IEEE Access 15 Web of science

27 Scopus

10. Botunac et al. (2020) DAAAM proceedings 0 Scopus

11. Shen et al. (2020) Journal of Big Data 15 Web of science

36 Scopus

12. Chen et al. (2017) Expert Systems with Applications 110 Web of science

142 Scopus
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Another observation was that no study compared RF (feature selection) and PCA 
(feature extraction) methods that obtained the highest accuracy in the reviewed arti-
cles. Therefore, investigations into their performance differentiation on the same dataset 
need to be conducted.

Table 5 (continued)

Study Journal/Conference name Number 
of 
citations

Index of the journal

13. Sun et al. (2019) Expert Systems with Applications 12 Web of science

16 Scopus

14. Singh et al. (2021) Applied System Innovation 4 Web of science

8 Scopus

15. Ampomah et al. (2020) Information 29 Web of science

28 Scopus

16. Siddique et al. (2019) International Journal of Engineering and 
Advanced Technology

0 Scopus

17. Iacomin (2015) ICSTCC 51 -

18. Cai et al. (2012) CSAE 34 Scopus

19. Das et al. (2019) Expert Systems with Applications 24 Scopus

20. Qolipour et al. (2021) International Journal of Engineering 1 Web of science

1 Scopus

21. Ampomah et al. (2021) International Journal of Computing and Infor-
matics

4 Web of science

3 Scopus

22. Gunduz et al. (2020) Turkish Journal of Electrical Engineering and 
Computer Sciences

8 Web of science

13 Scopus

23. Chen et al. (2017) Soft Computing 3 Web of science

4 Scopus

24. Kumar et al. (2021b) International Journal of Intelligent Sys-tems 2 Web of science

4 Scopus

25. Tang et al. (2018) International Journal of Computers Com-muni-
cations and Control

2 Web of science

2 Scopus

26. Barak et al. (2017) Information Fusion 30 Web of science

38 Scopus

27. Farahani et al. (2021) Soft Computing 6 Web of science

7 Scopus

28. Chong et al. (2017) Expert Systems with Applications 271 Web of science

372 Scopus

29. Bhanja et al. (2022) Innovations in Systems and Software En-
gineering

1 Web of science

1 Scopus

30. Xie et al. (2021) Concurrency and Computation Practice and 
Experience

3 Web of science

2 Scopus

31. Dami et al. (2021) Multimedia Tools and Applications 5 Web of science

4 Scopus

32. Gunduz (2021) Financial Innovation 10 Web of science

8 Scopus
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We also noticed that most studies divided the experimental datasets into 70% training 
and 30% testing datasets to evaluate the performance of the predictive models. To consider 
a more practical problem of stock market forecasting, future research should us the slid-
ing window method in splitting the sample into different groups of training and testing 
periods. The primary reason for using this method is that investors are always interested 
in the most recent stock trends but not in long-term historical data. Therefore, the predic-
tive models should be updated periodically throughout the process. Future studies should 
examine the performance of the results based on different widths of the sliding window 
(one month, three months, six months, and one year) for the training and testing data 
because the movement of stock prices displays periodic behavior over various time scales.

Conclusion
On the basis of our findings, we arrive to the following conclusions:

• The most frequently used feature selection and extraction approaches for vari- ous 
stock market applications were identified as correlation criteria, RF, PCA, and AE 
methods. In the last decade, the most popular ML methods have been RF and SVM.

• Most studies used individual types of features as inputs (basic features, technical 
indicators, or fundamental indicators) among structured-type inputs.

• Several of the reviewed studies demonstrated that feature selection and ex- traction 
improved the performance of the applied prediction methods.

We reviewed research papers that used a combination of feature analysis and ML 
models. Feature selection is an important aspect of the stock market forecasting, and 
accurate stock market predictions strongly depend on the selection of appropriate fea-
tures. Therefore, researchers should focus on the use of various inputs and the applica-
tion of feature reduction techniques to provide better feature sets for learning models.

Fig. 3 Analysis based on publication years



Page 22 of 25Htun et al. Financial Innovation            (2023) 9:26 

Abbreviations
ML  Machine learning
DL  Deep learning
EMH  Efficient market hypothesis
ARIMA  Autoregressive integrated moving average
LSTM  Long short term memory
SVM  Support vector machine
ANN  Artificial neural network
NSE  National stock exchange
RNN  Recurrent neural network
RFE  Recursive feature elimination
SVR  Support vector regression
OHLCV  Open, high, low, close, volume
CNN  Convolutional neural network
DBN  Deep belief network
DRL  Deep reinforcement learning
DNN  Deep neural network
DQN  Deep Q-network
RSI  Relative strength index
MACD  Moving average convergence divergence
PCC  Pearson correlation coefficient
PSVM  Proximal support vector machine
RR  Regression relief
RFE  Recursive feature elimination
RF  Random forest
MDA  Mean decrease accuracy
MDI  Mean decrease impurity
BLS  Broad learning system
RBM  Restricted Boltzmann machine
FSMRMR  Forward selection minimal redundancy maximal relevance
CMIM  Conditional mutual information maximization
PCA  Principal component analysis
MAE  Mean absolute error
RMSE  Root mean square error
MAPE  Mean absolute percentage error
LDA  Linear discriminant analysis
GNB  Gaussian Naive Bayes

Acknowledgements
The authors would like to thank the University of Groningen and Prospect Burma organization for their supports.

Author contributions
HH collected the articles, analyzed and investigated the data, designed and conceptualized the framework, wrote 
the original draft of the work. NP and MB reviewed and edited the manuscript, validated the analysis, supervised the 
research work. NP also acquired funding for HH, provided an initial survey methodology example and clarified the scope 
of the survey. All authors read and approved the final manuscript.

Funding
This research work is funded by The University of Groningen and Prospect Burma organization.

Availability of data and materials
Not applicable.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 19 April 2022   Accepted: 13 December 2022

References
AIhamery E, Ahamery AA (2018) Enhancing prediction of NASDAQ stock market based on technical indicators. J Eng 

Appl Sci 13:4630–4636
Aloraini A (2015) Penalized ensemble feature selection methods for hidden associations in time series environments case 

study: equities companies in Saudi stock exchange market. Evol Syst 6:93–100
Alsubaie Y, Hindi KE, Alsalman H (2019) Cost-sensitive prediction of stock price direction: selection of technical indicators. 

IEEE Access 7:146876–146892



Page 23 of 25Htun et al. Financial Innovation            (2023) 9:26  

Ampomah EK, Qin Z, Nyame G (2020) Evaluation of tree-based ensemble machine learning models in predicting stock 
price direction of movement. Information 11:332

Ampomah EK, Nyame G, Qin Z et al (2021) Stock market prediction with Gaussian Naive Bayes machine learning algo-
rithm. Informatica 45:243–256

Barak S, Arjmand A, Ortobelli S (2017) Fusion of multiple diverse predictors in stock market. Inf Fusion 36:90–102
Basak S, Kar S, Saha S, Khaidem L (2019) Predicting the direction of stock market prices using tree-based classifiers. North 

Am J Econ Financ. 47:552–567
Bhanja S, Das A (2022) black swan event-based hybrid model for indian stock markets’ trends prediction. Innov Syst Softw 

Eng. https:// doi. org/ 10. 1007/ s11334- 021- 00428-0
Botunac I, Panjkota A, Matetic M (2020) The effect of feature selection on the performance of long short-term memory 

neural network in stock market predictions, In 31st DAAAM ISIMA, Vienna, Austria, pp 0592-0598
Breiman L (2001) Random forests. Mach Learn 45:5–32
Bustos O, Pomares-Quimbaya A (2020) Stock market movement forecast: a systematic review. Expert Syst Appl 

156:113464
Cai X, Hu S, Lin X (2012) Feature extraction using restricted Boltzmann machine for stock price prediction, IEEE CSAE, 

Zhangjiajie, China, pp 80–83
Chen Y, Hao Y (2017) A feature weighted support vector machine and K-nearest neighbor algorithm for stock market 

indices prediction. Expert Syst Appl 80:340–355
Chen Y, Hao Y (2020) A novel framework for stock trading signals forecasting. Soft Comput 24:12111–12130
Chen YJ, Chen YM, Lu CL (2017) Enhancement of stock market forecasting using an improved fundamental analysis-

based approach. Soft Comput 21:3735–3757
Chong E, Han C, Park FC (2017) Deep learning networks for stock market analysis and prediction: methodology, data 

representations, and case studies. Expert Syst Appl 83:187–205
Dami S, Esterabi M (2021) Predicting stock returns of Tehran exchange using LSTM neural network and feature engineer-

ing technique. Multimed Tools Appl 80:19947–19970
Das SR, Mishra D, Rout M (2019) Stock market prediction using firefly algorithm with evolutionary framework optimized 

feature reduction for OSELM method”. Expert Syst Appl X 4:100016
Fama EF (1995) Random walks in stock market prices. Financ Anal J 51(1):75–80
Farahani MS, Hajiagha SHR (2021) Forecasting stock price using integrated artificial neural network and metaheuristic 

algorithms compared to time series models. Soft Comput 25:8483–8513
Gandhmal DP, Kumar K (2019) Systematic analysis and review of stock market prediction techniques. Comput Sci Rev. 

https:// doi. org/ 10. 1016/j. cosrev. 2019. 08. 001
Gunduz H, Cataltepe Z, Yaslan Y (2017) Stock daily return prediction using expanded features and feature selection. Turk-

ish J Electri Eng Com Sci 25:4829–4840
Gunduz H (2021) An efficient stock market prediction model using hybrid feature reduction method based on variational 

autoencoders and recursive feature elimination, In: Financial innovation, vol 7
Guresen E, Kayakutlu G, Daim TU (2011) Using artificial neural network models in stock market index prediction. Expert 

Syst Appl 38:10389–10397
Guyon I, Weston J, Barnhill S, Vapnik V (2002) Gene selection for cancer classification using support vector machines. 

Mach Learn 46:389–422
Haq AU, Zeb A, Lei Z, Zhang D (2021) Forecasting daily stock trend using multi-filter feature selection and deep learning. 

Expert Syst Appl 168:114444
Henrique BM, Sobreiro VA, Kimura H (2018) Stock price prediction using support vector regression on daily and up to the 

minute prices. J Financ Data Sci 4:183–201
Henrique BM, Sobreiro VA, Kimura H (2019) Literature review: machine learning techniques applied to financial market 

prediction. Expert Syst Appl 124:226–251
Ho MK, Darman H, Musa S (2021) Stock price prediction using ARIMA, neural network and LSTM models, J Phys Conf Ser, 

1988
Hu Z, Zhu J, Tse K (2013) Stocks market prediction using support vector machine, ICIMIMIE, Xi’an, China, pp 115–118
Iacomin R (2015) Stock Market Prediction, In 19th ICSTCC, Romania, pp 200–205
Ican O, Celik TB (2017) Stock market prediction performance of neural networks: a literature review. J Econ Fin 

9(11):100–108
Jarrett JE, Schilling J (2008) Daily variation and predicting stock market returns for the frankfurter borse (stock market). J 

Bus Manag 9:189–198
Jolliffe IT (2022) Principal component analysis, In: Springer Series in Statistics, 2nd ed. New York
Khan S, Alghulaiakh H (2020) ARIMA model for accurate time series stocks forecasting. J Adv Com Sci App 11:524–528
Kim Y (2006) Toward a successful CRM: variable selection, sampling, and ensemble. Decis Support Syst 41:542–553
Kira K, Rendell LA (1992) The feature selection problem: traditional methods and a new algorithm, In AAAI’92, San Jose, 

California, pp 129-134
Kohli PPS, Zargar S, Arora S, Gupta P (2019) ”Stock prediction using machine learning algorithms”, applications of artificial 

intelligence techniques in engineering. Adv Intell Syst Comput 698:405–414
Kou G, Yang P, Peng Y, Xiao F, Chen Y, Alsaadi FE (2020) Evaluation of feature selection methods for text classification with 

small datasets using multiple criteria decision-making methods. Appl Soft Comput 86:105836
Kou G, Xu Y, Peng Y, Shen F, Chen Y, Chang K, Kou S (2021) Bankruptcy prediction for SMEs using transactional data and 

two-stage multiobjective feature selection. Decis Supp Syst 140:113429
Kramer MA (1991) Nonlinear principal component analysis using autoassociative neural networks. AIChE J 37:233–243
Kumar K, Haider MTU (2021a) ”Blended computation of machine learning with the recurrent neural network for intra-day 

stock market movement prediction using a multi-level classifier. J Comput Appl 43:733–749
Kumar K, Haider MdTU (2021b) Enhanced prediction of intra-day stock market using metaheuristic optimization on RNN-

LSTM network. New Gener Comput 39:231–272

https://doi.org/10.1007/s11334-021-00428-0
https://doi.org/10.1016/j.cosrev.2019.08.001


Page 24 of 25Htun et al. Financial Innovation            (2023) 9:26 

Kumar D, Meghwani SS, Thakur M (2016) Proximal support vector machine based hybrid prediction models for trend 
forecasting in financial markets. J Comput Sci 17:1–13

Kumar D, Sarangi PK, Verma R (2021a) A systematic review of stock market prediction using machine learning and statisti-
cal techniques. Mater Today Proc 49:3187–3191

Kumar G, Singh UP, Jain S (2021b) Hybrid evolutionary intelligent system and hybrid time series econometric model for 
stock price forecasting. Int J Intell Syst 36:4902–4935

Labiad B, Berrado A, Benabbou L (2016) Machine learning techniques for short term stock movements classification for 
moroccan stock exchange, In 11th SITA, Mohammedia, Morocco

Lahmiri S (2014) Entropy-based technical analysis indicators selection for international stock markets fluctuations predic-
tion using support vector machines. Fluct Noise Lett 13(2):1450013

Lahmiri S (2018) A technical analysis information fusion approach for stock price analysis and modeling. Fluct Noise Lett. 
https:// doi. org/ 10. 1142/ S0219 47751 85000 74

Li G, Zhang A, Zhang Q, Wu D, Zhan C (2022)Pearson correlation coefficient-based performance enhancement of Broad 
Learning System for stock price prediction, IEEE Trans Circuits Syst II, (Early Access)

Lin Q (2018) Technical analysis and stock return predictability: an aligned approach. J Financ Mark 38:103–123
Lin Y, Liu S, Yang H, Wu H (2021) Stock trend prediction using candlestick charting and ensemble machine learning 

techniques with a novelty feature engineering scheme. IEEE Access 9:101433–101446
Malkiel BG (2003) The efficient market hypothesis and its critics. J Econ Perspect 17(1):59–82
Mclachlan GJ (2004) Discriminant analysis and statistical pattern recognition. In: Applied probability and statistics
Nabi RM, Saeed SAM, Harron HB, Fujita H (2019) Ultimate prediction of stock market price movement. J Comput Sci 

15(12):1795–1808
Nazario RTF, Silva JL, Sobreiro VA, Kimura H (2017) A literature review of technical analysis on stock markets. Quart Rev 

Econ Fin 66:115–126
Nguyen XV, Chan J, Romano S, Bailey J (2014) Effective global approaches for mutual information based feature selection, 

KDD’14, pp 512–521
Ni L, Ni Z, Gao Y (2011) Stock trend prediction based on fractal feature selection and support vector machine. Expert Syst 

Appl 38:5569–5576
Nti IK, Adekoya AF, Weyori BA (2020a) A systematic review of fundamental and technical analysis of stock market predic-

tions. Artif Intell Rev 53:3007–3057
Nti IK, Adekoya AF, Weyori BA (2020b) Efficient stock-market prediction using ensemble support vector machine. Open 

Comput Sci 10(1):153–163
Nti IK, Adekoya AF, Weyori BA (2020c) A comprehensive evaluation of ensemble learning for stock-market prediction. J 

Big Data 7:1–40
Peng H, Long F, Ding C (2005) Feature selection based on mutual information criteria of max-dependency, max-rele-

vance, and min-redundancy. IEEE Trans Pattern Anal Mach Intell 27(8):1226–1238
Picasso A, Merello S, Ma Y, Oneto L, Cambria E (2019) Technical analysis and sentiment embeddings for market trend 

prediction. Expert Syst Appl 135:60–70
Qolipour F, Ghasemzadeh M, Mohammad-Karimi N (2021) The predictability of tree-based machine learning algorithms 

in the big data context. Inter J Eng 34(01):82–89
Rana M, Uddin MM, Hoque MM (2019) Effects of activation functions and optimizers on stock price prediction using 

LSTM recurrent networks, CSAI, Beijing, China, pp 354–358
Ruxanda G, Badea LM (2014) Configuring artificial neural networks for stock market predictions. Technol Econ Dev Econ 

20:116–132
Sadorsky P (2021) A random forests approach to predicting clean energy stock prices. J Risk Financ Manag 14:48
Selvamuthu D, Kumar V, Mishra A (2019) Indian stock market prediction using artificial neural networks on tick data. 

Financ Innov 5(1):1–2
Selvin S, Vinayakumar R, Gopalakrishnan EA, Menon VK, Soman KP (2017) Stock price prediction using LSTM, RNN and 

CNN-sliding window model, ICACCI, Udupi, India, pp 1643–1647
Sezer OB, Gudelek MU, Ozbayoglu AM (2020) Financial time series forecasting with deep learning: a systematic literature 

review: 2005–2019. Appl Soft Comput 90:106181
Shah D, Isah H, Zulkernine F (2019) Stock market analysis: a review and taxonomy of prediction techniques. Int J Financ 

Stud. https:// doi. org/ 10. 3390/ ijfs7 020026
Shan R, Dai H, Zhao J, Liu W (2015) Forecasting study of Shanghai’s and Shenzhen’s stock markets using a hybrid forecast 

method. Commun Stat Simul Comput 44:1066–1077
Shen J, Shafiq MO (2020) Short-term stock market price trend prediction using a comprehensive deep learning system, J 

Big Data, 766
Siddique M, Panda D (2019) A hybrid forecasting model for prediction of stock index of tata motors using principal com-

ponent analysis, support vector regression and particle swarm optimization. I J Eng Adv Tech 9:3032–3037
Singh J, Khushi M (2021) Feature learning for stock price prediction shows a significant role of analyst rating. Appl Syst 

Innov. https:// doi. org/ 10. 3390/ asi40 10017
Smolensky P (1987) Information processing in dynamical systems: foundations of harmony theory, In: Parallel distributed 

processing: explorations in the microstructure of cognition: foundations, MIT Press, pp 194–281
Sugumar R (2014) A technique to stock market prediction using fuzzy clustering and artificial neural networks. Comput 

Inform 33:992–1024
Sun J, Xiao K, Liu C, Zhou W, Xiong H (2019) Exploiting intra-day patterns for market shock prediction: a machine learning 

approach. Expert Syst Appl 127:272–281
Tan Z, Yan Z, Zhu G (2019) Stock selection with random forest: an exploitation of excess return in the Chinese stock 

market, Heliyon, 5
Tang L, Pan H, Yao Y (2018) EPAK: a computational intelligence model for 2-level prediction of stock indices. Int J Com 

Comm Con 13:268–279

https://doi.org/10.1142/S0219477518500074
https://doi.org/10.3390/ijfs7020026
https://doi.org/10.3390/asi4010017


Page 25 of 25Htun et al. Financial Innovation            (2023) 9:26  

Thakkar A, Chaudhari K (2021) Fusion in stock market prediction: a decade survey on the necessity, recent developments, 
and potential future directions. Inf Fusion 65:95–107

Thakkar A, Chaudhari K (2021) A comprehensive survey on deep neural networks for stock market: the need, challenges, 
and future directions. Expert Syst Appl 177:114800

Tsai C, Hsiao Y (2010) Combining multiple feature selection methods for stock prediction: union, intersection, and multi-
intersection approaches. Decis Support Syst 50:258–269

Urbanowicz RJ, Meeker M, Cava WL et al (2018) Relief-based feature selection: introduction and review. J Biomed Inform 
85:189–203

Wang Y, Guo Y (2020) Forecasting method of stock market volatility in time series data based on mixed model of ARIMA 
and XGBoost. China Commun 17(3):205–221

Weng B, Lu L, Wang X, Megahed FM, Martinez W (2018) Predicting short-term stock prices using ensemble methods and 
online data sources. Expert Syst Appl 112:258–273

Xie L, Yu S (2021) Unsupervised feature extraction with convolutional autoencoder with application to daily stock market 
prediction. Concurr Computat Pract Exper. 33(16):6282

Xu B, Zhang D, Zhang S, Li H, Lin H (2018) Stock market trend prediction using recurrent convolutional neural networks, 
NLPCC

Yu H, Liu H (2012) Improved stock market prediction by combining support vector machine and empirical mode decom-
position, ISCID, Hangzhou, China, pp 531–534

Yuan X, Yuan J, Jiang T, Ain QU (2020) Integrated long-term stock selection models based on feature selection and 
machine learning algorithms for china stock market. IEEE Access 8:22672–22685

Zhang J, Cui S, Xu Y, Li Q, Li T (2018) A novel data-driven stock price trend prediction system. Expert Syst Appl 97:60–69

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	Survey of feature selection and extraction techniques for stock market prediction
	Abstract 
	Introduction
	Statistical methods
	ML methods
	DL methods
	Importance of feature selection process
	Survey method
	Related work
	Data inputs and prediction outputs

	Feature selection methods
	Filter methods
	Correlation and distance criteria
	Relief algorithm

	Wrapper methods
	Recursive feature elimination (RFE)

	Embedded methods
	Random forest (RF)
	Other embedded methods

	Information theory-based methods

	Feature extraction techniques
	Principal component analysis
	Autoencoder

	Analysis and discussion
	Limitations and future directions
	Conclusion
	Acknowledgements
	References


