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Abstract 

Educational institutions increasingly rely on data-driven approaches to enhance learning outcomes and 

reduce academic failure. Educational Data Mining (EDM) has emerged as a prominent research field that 

applies data mining and machine learning techniques to analyze educational data for predicting student 

performance. This study presents a systematic review and comparative analysis of EDM techniques used 

for student performance prediction across diverse educational contexts. Following a structured review 

process, recent empirical studies and review papers were analyzed with respect to prediction objectives, 

data sources, modeling approaches, evaluation metrics, and reported outcomes. The review highlights the 

widespread use of traditional machine learning models such as decision trees, random forest, naïve Bayes, 

neural networks, and support vector machines, along with emerging methods including causal modeling, 

fuzzy logic, and optimization-based approaches. Comparative analysis indicates that ensemble and tree-

based models often achieve high predictive accuracy, while simpler models provide greater interpretability 

for educational decision-making. However, the findings also reveal key limitations, including overreliance 

on higher education datasets, limited focus on primary education, data quality challenges, and insufficient 

integration of predictive models with intervention mechanisms. By synthesizing trends, strengths, and 

gaps, this study provides a consolidated understanding of current EDM practices and offers guidance for 

developing robust, explainable, and context-aware student performance prediction systems. 

Keywords: Educational Data Mining, Student Performance Prediction, Machine Learning, Systematic 

Review, Learning Analytics. 

1. Introduction  

The rapid digitalization of education has led to an unprecedented growth in educational data generated 

from learning management systems, online platforms, assessments, student information systems, and 

institutional databases. These data sources contain valuable information about students’ academic 

progress, learning behavior, engagement patterns, and demographic characteristics. Effectively utilizing 

this data has become essential for improving educational quality, supporting early intervention, and 

enhancing student success. Educational Data Mining (EDM) has emerged as a specialized interdisciplinary 

field that applies data mining, machine learning, and statistical techniques to extract meaningful insights 

from educational data [1]. 
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One of the most important applications of EDM is student performance prediction. Predicting academic 

outcomes enables educators and administrators to identify students at risk of failure or dropout, design 

personalized learning strategies, and allocate resources more effectively. Early and accurate predictions 

are particularly valuable in large-scale educational environments, open and distance learning systems, and 

institutions with high enrollment and dropout rates. As a result, student performance prediction has 

become a central research topic within the EDM community [2].  

Over the past decade, numerous data mining techniques have been applied to student performance 

prediction. Traditional supervised learning algorithms such as decision trees, naïve Bayes, logistic 

regression, support vector machines, and k-nearest neighbors are widely used due to their simplicity and 

ease of interpretation. Ensemble methods, especially random forest and boosting-based models, have 

gained popularity for their robustness and ability to handle complex, high-dimensional datasets. In 

addition, neural networks and deep learning approaches have been explored to capture non-linear 

relationships in learning data [3]. 

Beyond predictive accuracy, recent studies have emphasized the importance of feature engineering, data 

preprocessing, and class imbalance handling. Feature selection techniques help identify influential 

academic, behavioral, and demographic variables, improving both model performance and interpretability. 

Resampling methods are often applied to address skewed class distributions commonly observed in 

educational datasets, particularly in dropout and failure prediction tasks [4]. 

Despite significant progress, the existing literature reveals several challenges. First, EDM research is 

heavily skewed toward higher education, while primary and secondary education contexts remain 

underrepresented. This imbalance is concerning because early educational stages play a critical role in 

shaping long-term learning trajectories. Second, many studies rely on data from a single institution or 

region, limiting the generalizability and scalability of proposed models. Third, while high predictive 

accuracy is frequently reported, fewer studies address explainability, causal reasoning, and practical 

deployment in real educational settings [5]. 

In response to these challenges, recent research has begun exploring advanced and hybrid approaches, 

such as causal modeling to improve interpretability, fuzzy logic to handle uncertainty in human judgment, 

and optimization techniques to enhance predictive performance. Additionally, there is growing interest in 

integrating prediction models with learning analytics and intervention mechanisms to move beyond 

prediction toward actionable educational support [6]. 

Given the rapid expansion and diversification of EDM research, systematic review and comparative 

analysis are necessary to consolidate existing knowledge, identify dominant trends, and highlight research 

gaps. While several review studies exist, many focus on specific domains such as programming education 

or admissions or emphasize descriptive trends without detailed methodological comparison. This study 

aims to address this need by systematically reviewing recent EDM literature on student performance 

prediction and conducting a comparative analysis of techniques, data types, and outcomes across 

educational levels [7]. 

The objectives of this study are threefold: (1) to identify commonly used EDM techniques and data sources 

for student performance prediction, (2) to compare their reported effectiveness, strengths, and limitations, 

and (3) to highlight open challenges and future research directions. By providing a structured and 

comprehensive synthesis, this work seeks to support researchers, educators, and policymakers in 

developing more effective, explainable, and context-aware EDM solutions for improving student 

performance. 

2. Literature review 

Tosun et al. (2024), Academic success prediction is crucial in open and distance education programs with 

mass enrollment, where dropout risk is often high. This study predicts student success (successful vs un-

successful) for 26,708 Istanbul University learners enrolled between 2011 and 2017 using demographic 
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data and course grades in several subjects. Using SPSS Modeler 18, the dataset was split into training 

(70%) and testing (30%), and multiple supervised classifiers were compared, including Random Forest, 

C&RT, C5.0, CHAID, naïve Bayes, logistic regression, neural nets, and SVM. The C&RT model achieved 

the best performance, notably the highest specificity (0.915). [1] 

Choi et al. (2023), Programming education is essential but challenging for beginners, and EDM is increas-

ingly used to understand learning behavior and improve outcomes in programming courses. This system-

atic literature review synthesizes research from the last five years on EDM-based performance prediction 

in programming education. It examines common data sources and influential features, predictive targets, 

modeling approaches, preprocessing steps, validation strategies, and evaluation metrics used to assess 

model quality. The review also discusses limitations and challenges across prediction approaches and pro-

poses directions for future work, aiming to guide researchers toward more robust and meaningful predic-

tion systems in programming learning contexts. [2] 

Khairy et al. (2024), Forecasting student outcomes is important for higher education quality assurance, 

including accreditation, and supports efforts to reduce failure and improve persistence. This study predicts 

the performance of first-level undergraduate Computer Department students (2016–2021) using institu-

tional records from Damietta University. After cleaning, 830 instances remained with six features (e.g., 

midterm, practical, written exam, total degree, grade), split into 70% training and 30% testing. Five ML 

algorithms were compared—Random Forest, Decision Tree, naïve Bayes, neural network, and k-nearest 

neighbors—using accuracy, precision, recall, F-measure, and confusion matrices. Random Forest and De-

cision Tree performed best, misclassifying only 3 of 253 test instances. [3] 

Wang et al. (2024), While EDM and LA can support early warning and intervention, the literature still 

needs more empirical evidence on feedback interventions—especially in primary and secondary contexts. 

This study proposes a data-driven precision teaching intervention mechanism combining EDM and LA 

for prediction plus actionable support. A quasi-experiment with 142 seventh-grade students compared an 

experimental group receiving precision interventions against two control groups receiving traditional or 

experience-stratified group interventions. After three intervention rounds, the experimental group showed 

higher academic achievement, intrinsic motivation, self-efficacy, and metacognitive awareness than con-

trols. The results suggest integrating prediction with targeted interventions can improve learning outcomes 

and personalization in secondary education. [4] 

Silva Filho et al. (2023), To address a common limitation in EDM—weak causal reasoning—this study 

combines EDM techniques with theory-driven causal models to better interpret performance interventions. 

Using large-scale Brazilian assessment data, the authors map unobserved confounders with causal graphs 

and apply a two-way fixed-effects logistic regression to control for confounding. The model’s predictive 

ability is evaluated and then explored via classification rules and decision trees to generate interpretable 

insights. Findings emphasize the influence of socio-economic factors and highlight the impact of faculty 

education policies, including variation across Brazilian states, demonstrating how causal modeling can 

strengthen the usefulness of EDM findings for decision-makers. [5] 

Yang et al. (2024), A data-mining-based high-quality management method is proposed to improve higher 

education quality, student satisfaction, and employment outcomes. The approach first builds a higher-

education quality evaluation system, then applies association rule mining to construct a management 

model and compute weights for key impact indicators. A fuzzy evaluation method is subsequently used to 

define an evaluation function and generate quality scores, which guide targeted improvement strategies. 

Reported experimental results claim very high outcomes, with student satisfaction reaching 99.3% and 

employment rate reaching 99.9%, positioning the method as a decision-support framework for quality 

enhancement. [6] 

Putri et al. (2024), To address underutilized academic data in Indonesia and support preventive action 

against low grades and expulsion risk, this study predicts student performance using sociodemographic 

variables and semester grade averages. Using data from 643 vocational high school students, Decision 

Tree C4.5 and Naïve Bayes were implemented in RapidMiner, achieving accuracies of 78.12% and 
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76.88%, respectively. “Gender” emerged as the most influential factor in this setting. The resulting clas-

sification rules are positioned as actionable guidance for schools to identify students likely to struggle with 

minimum grade requirements and intervene earlier. [7] 

Nagarajan et al. (2024), This research targets student performance prediction as a sustainability-linked 

measure of learning quality, using supervised machine learning to forecast grades and marks. A regression 

framework and a Decision Tree classifier are trained on labeled academic history with 30 selected char-

acteristics, and the study proposes a Genetic Algorithm (GA)-enhanced decision tree to improve predictive 

output. The reported results argue that the improved decision tree provides more accurate and simpler 

prediction for student achievement, reinforcing EDM’s value for planning and long-term educational de-

velopment using large institutional datasets. [8] 

Arief et al. (2024), Using GPA and contextual factors (e.g., parents’ job/education, address, gender, ex-

tracurriculars), this study predicts academic performance for Information Systems students at the Univer-

sity of Jember. Multiple machine learning models were compared, including Decision Tree, Random For-

est, KNN, SVC, Naïve Bayes, and Gaussian methods. Results show the Decision Tree achieved the highest 

accuracy (0.9264), followed by Random Forest and KNN, and the study notes these top models produced 

consistent prediction outputs. The work supports using EDM as an institutional tool for understanding 

student success patterns and improving academic decision-making. [9] 

Chytas et al. (2023), An interactive system is proposed to assess and improve learning processes using 

data generated by online university services, analyzed across periods before, during, and after the COVID-

19 outbreak at a Greek university. By examining learning paths, online presence, and service participation, 

the system derives performance insights and predicts future learning progression. The study argues such 

analytics can help universities refine learning design, adjust online and in-person delivery, and strengthen 

strategic planning. Overall, it positions institutional service data as a resource for improving quality, sup-

porting students, and enabling more targeted teaching practices. [10] 

Gök et al. (2023), This study applies data mining to understand factors influencing primary teachers’ 

mathematics teaching anxiety and motivation, using Random Forest for prediction and K-Means cluster-

ing to define profiles. Survey data from 485 Turkish teachers included demographic variables alongside 

standardized anxiety and motivation scales, with outcomes transformed into low/high categories. Across 

both models, “grade level taught” had the highest predictive importance, followed by “length of service.” 

The work demonstrates how EDM methods can reveal educator profiles and key predictors, potentially 

informing targeted professional support and interventions for mathematics teaching. [11] 

Liu et al. (2024), Curriculum reform for physical education in China is examined using data mining meth-

ods combined with literature review, questionnaires, and analytical techniques to characterize “innovative 

ability” in PE majors. The study conceptualizes innovation as both thinking and practice abilities and 

proposes a structured indicator system with five primary indicators and eight secondary indicators tailored 

to PE contexts. It distinguishes subjective influences (e.g., innovative consciousness, motivation, 

knowledge) from objective conditions (e.g., teaching content, evaluation, environment, incentives). These 

findings are framed as guidance for curriculum design and educational reform aimed at developing inno-

vative PE talent. [12] 
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Table 1. Systematic literature review 

Ref Author 

(First 

author 

et al.) 

Year Title Methods Result Ad-

vantage 

Limita-

tion 

Data Used 

[1] Tosun 

et al. 

2024 Data min-

ing ap-

proach for 

prediction 

of academic 

success in 

open and 

distance ed-

ucation 

Supervised classifiers 

(Random Forest, 

C&RT, C5.0, 

CHAID, Naïve 

Bayes, Logistic Re-

gression, Neural 

Nets, SVM) using 

SPSS Modeler 

C&RT 

achieved 

best perfor-

mance with 

highest spec-

ificity 

(0.915) 

Large-

scale da-

taset; com-

prehensive 

model 

compari-

son 

Limited 

to open 

and dis-

tance ed-

ucation 

context 

Demographic 

data and course 

grades of 

26,708 students 

[2] Choi et 

al. 

2023 A system-

atic litera-

ture review 

on perfor-

mance pre-

diction in 

learning 

program-

ming 

Systematic literature 

review (last 5 years) 

Identified 

common 

data sources, 

features, 

models, and 

challenges 

Compre-

hensive 

synthesis 

guiding fu-

ture re-

search 

No em-

pirical 

valida-

tion 

Prior EDM 

studies in pro-

gramming edu-

cation 

[3] Khairy 

et al. 

2024 Prediction 

of student 

exam per-

formance 

using data 

mining 

classifica-

tion algo-

rithms 

Random Forest, De-

cision Tree, Naïve 

Bayes, Neural Net-

work, KNN 

RF and DT 

misclassified 

only 3 test 

instances 

High pre-

diction ac-

curacy; ro-

bust evalu-

ation met-

rics 

Small 

institu-

tional 

dataset 

Institutional 

records of 830 

undergraduate 

students 

[4] Wang et 

al. 

2024 A data-

driven pre-

cision 

teaching in-

tervention 

mechanism 

EDM + Learning An-

alytics; quasi-experi-

mental design 

Precision in-

tervention 

group 

showed 

higher 

achievement 

and motiva-

tion 

Integrates 

prediction 

with ac-

tionable 

interven-

tions 

Limited 

sample 

size 

Academic and 

behavioral data 

of 142 Grade-7 

students 

[5] Silva 

Filho et 

al. 

2023 Leveraging 

causal rea-

soning in 

educational 

data mining 

Causal graphs; two-

way fixed-effects lo-

gistic regression; de-

cision trees 

Socio-eco-

nomic fac-

tors and pol-

icies signifi-

cantly influ-

ence perfor-

mance 

Improves 

interpreta-

bility and 

policy rel-

evance 

Com-

plex 

model-

ing re-

quire-

ments 

Large-scale 

Brazilian sec-

ondary educa-

tion assessment 

data 

[6] Yang et 

al. 

2024 High qual-

ity manage-

ment of 

higher edu-

cation 

based on 

data mining 

Association rule min-

ing; fuzzy evaluation 

model 

Student sat-

isfaction 

reached 

99.3%, em-

ployment 

rate 99.9% 

Decision-

support 

framework 

for quality 

manage-

ment 

Results 

may be 

overly 

optimis-

tic 

Higher educa-

tion quality 

evaluation in-

dicators 
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[7] Putri et 

al. 

2024 Application 

of data min-

ing to pre-

dict student 

learning 

outcomes 

Decision Tree C4.5; 

Naïve Bayes 

(RapidMiner) 

DT achieved 

78.12% ac-

curacy; gen-

der most in-

fluential 

Actionable 

classifica-

tion rules 

for schools 

Moder-

ate accu-

racy; 

context-

specific 

Data of 643 

vocational high 

school students 

[8] Nagara-

jan et 

al. 

2024 Predicting 

academic 

perfor-

mance us-

ing modi-

fied deci-

sion tree 

based GA 

Regression; Decision 

Tree; GA-enhanced 

Decision Tree 

Improved 

accuracy and 

model sim-

plicity 

Combines 

optimiza-

tion with 

interpreta-

bility 

Requires 

parame-

ter tun-

ing 

Labeled aca-

demic history 

with 30 attrib-

utes 

[9] Arief et 

al. 

2024 Educational 

Data Min-

ing for Stu-

dent Aca-

demic Per-

formance 

Analysis 

DT, RF, KNN, SVC, 

Naïve Bayes, Gauss-

ian models 

Decision 

Tree 

achieved 

highest ac-

curacy 

(0.9264) 

Consistent 

and inter-

pretable 

predictions 

Single-

institu-

tion 

study 

GPA and de-

mo-

graphic/contex-

tual student 

data 

[10] Chytas 

et al. 

2023 Educational 

data mining 

in the aca-

demic set-

ting 

Learning analytics; 

performance predic-

tion 

Identified 

patterns to 

improve 

learning de-

sign 

Uses real 

institu-

tional ser-

vice data 

Context 

limited 

to one 

univer-

sity 

Online service 

usage and LMS 

data 

[11] Gök et 

al. 

2023 Variables 

affecting 

primary 

teachers’ 

anxiety and 

motivation 

Random Forest; K-

Means clustering 

Grade level 

taught most 

influential 

factor 

Identifies 

teacher 

profiles for 

interven-

tions 

Focus on 

teachers, 

not stu-

dents 

Survey data of 

485 primary 

teachers 

[12] Liu et 

al. 

2024 Cultivation 

of innova-

tive ability 

of PE stu-

dents using 

data mining 

Data mining + ques-

tionnaires + indicator 

system 

Identified 

key subjec-

tive and ob-

jective inno-

vation fac-

tors 

Structured 

guidance 

for curric-

ulum re-

form 

Concep-

tual, not 

predic-

tive 

Survey and 

curriculum-re-

lated data 

 

3. Research Gap 

Although existing studies demonstrate the effectiveness of educational data mining techniques for 

predicting student performance and supporting educational decision-making, several critical gaps remain. 

As shown in Table 1, the literature is dominated by empirical and applied studies, while systematic 

literature reviews are limited, indicating a lack of consolidated frameworks that integrate findings across 

diverse educational contexts. Most research focuses on higher education, with primary education receiving 

minimal attention and secondary education only moderately represented, despite the importance of early-

stage interventions for long-term academic success. Furthermore, while traditional machine learning 

methods such as decision trees, random forest, and naïve Bayes are widely used, advanced approaches 

incorporating causal reasoning, fuzzy logic, optimization algorithms, and intervention-oriented analytics 

remain underexplored and weakly integrated into unified models. Many studies also rely on single-

institution or context-specific datasets, limiting model generalizability and scalability. Additionally, high 

predictive accuracy is often emphasized without sufficient focus on interpretability, real-time intervention 
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mechanisms, and policy-level applicability, highlighting the need for comprehensive, explainable, and 

school-focused EDM frameworks. 

4. Systematic result analysis 

 

Figure 1: Distribution of Study Types 

Figure 1 illustrates the distribution of study types in the reviewed literature. The results show that empirical 

and applied studies overwhelmingly dominate, while systematic literature reviews are scarce, indicating a 

need for more integrative and theory-driven syntheses of EDM research. 

 

Figure 2: Education Level Coverage in Reviewed Studies 

Figure 2 presents the education levels addressed by the selected studies. The majority of research focuses 

on higher education, with significantly fewer studies targeting secondary education and only one study 

addressing primary education. This imbalance reveals a substantial research gap in applying EDM 

techniques at early educational stages. 
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Figure 3: Data Mining Methods Used in the Literature 

Figure 3 shows the frequency of data mining methods applied across studies. Decision tree-based models 

are the most commonly used, followed by random forest and naïve Bayes. More advanced techniques such 

as causal modeling, fuzzy models, and genetic algorithms appear infrequently, indicating opportunities 

for methodological innovation and hybrid model development. 

5. Conclusion 

This study presented a systematic review and comparative analysis of educational data mining techniques 

used for student performance prediction. The findings show that decision tree–based models and ensemble 

methods such as random forest dominate the literature due to their strong predictive performance and 

adaptability to educational data. Simpler models, including naïve Bayes and regression approaches, con-

tinue to be valued for their interpretability, while advanced methods such as causal modeling, fuzzy logic, 

and optimization techniques remain relatively underexplored. The review also highlights a strong concen-

tration of studies in higher education, with limited empirical evidence from primary and secondary edu-

cation contexts. Additional challenges include data quality issues, class imbalance, lack of standardized 

evaluation frameworks, and insufficient linkage between prediction models and actionable interventions. 

Addressing these limitations is essential for translating EDM research into meaningful educational impact. 

Future work should focus on developing explainable, generalizable, and intervention-oriented EDM 

frameworks validated across diverse educational levels and real-world learning environments. 
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