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Annotation. This article investigates the application of artificial intelligence
and machine learning technologies for predicting train delays in the Uzbekistan
railway transport system. The study comparatively analyzes Random Forest,
Gradient Boosting, and LSTM neural network models. The experimental data
includes train movement statistics for the Tashkent—Samarkand—Bukhara route
during 2022—2024, weather data, and infrastructure condition indicators. Results
demonstrate that the Gradient Boosting model can predict delays with 87.3%
accuracy, showing 23% higher efficiency compared to traditional statistical
methods. The research findings can be applied within the framework of the “Digital
Uzbekistan — 2030 strategy for railway system digitalization.
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Annomayun. B Oannou cmamve ucciedyemcs npuMeHeHue mexHoa02UlL
UCK)YCCMBEHHO20 UHmMeleKma u MauuUHHO20 O6yll€Huﬂ ons NPOCHO3UPOBAHUA
3a0epatceK noe3008 8 HCEe3HOOOPONCHOU MPAHCNOPMHOU cucmeme Y3oexucmana.
B uccneoosanuu nposooumcs cpasHumenvublii aHaIU3 Mooelell HeUPOHHbIX cemell
Random Forest, Gradient Boosting u LSTM. DOxcnepumenmanvuvie Oantvie
6KO4Yarom cmamucmuky 0BUICEHUsT N0e3008 NO Map
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cocmosinusi un@pacmpykmypwi. Pesynomamor noxasvieaiom, umo moodeaw Gradient

Boosting  moowcem  npoenozuposame  3a0epocku ¢ mounocmero  87,3%,
oemoncmpupya Ha 23% Oonbwyio  2¢hgekmusHocms  nNO  CpAGHEHUIO  C
MPAOUYUOHHBIMU CIMAMUCIMUYECKUMU Memodamu. Pe3yremamul ucciedosanus
Mozym Oblmb npumenensl 8 pamkax cmpameeuu «L{ugposoii Yzoexucman — 2030»
1o Yudposuzayuu Hceie3Ho00POHCHOU CUCTIEMDL.

Knioueevie cnosa: uckyccmeenHvlill unmeniekm, MAwluHHOe O0OyYeHue,
JHCENeZHOOOPOICHASL I02UCMUKA, NpocHO3Uposanue 3adepocex, Random Forest,
Gradient Boosting, LSTM, arcenesnvie dopoeu Y3zbexucmana.

Annotatsiya. Ushbu magolada O ’zbekiston temiryo’l transport tizimida
poyezdlar kechikishlarini bashorat gilish uchun sun’iy intellekt va mashinaviy
o’rganish texnologiyalarini qgo’llash imkoniyatlari tadqiq etilgan. Tadgigotda
Random Forest, Gradient Boosting va LSTM neyron tarmoq modellari solishtirma
tahlil qilingan. Tajriba ma’lumotlari sifatida Toshkent—Samargand—Buxoro
yo 'nalishi bo’yicha 2022—2024 yillar orasidagi poyezd harakati statistikasi, ob-
havo ma’lumotlari va infratuzilma holati ko rsatkichlari ishlatilgan. Natijalar shuni
ko rsatdiki, Gradient Boosting modeli 87,3% aniqlik bilan kechikishlarni bashorat
qilishga qodir bo’lib, an’anaviy statistik usullarga nisbatan 23% yuqori
samaradorlik ko’rsatdi. Tadgiqot natijalari O ’zbekiston temiryo’l tizimini
ragamlashtirish va “Raqamli O ’zbekiston — 2030 strategiyasi doirasida amally
qollanilishi mumkin.

Kalit so’zlar: sun’iy intellekt, mashinaviy o ’rganish, temiryo’l logistika,
kechikishlarni bashorat qilish, Random Forest, Gradient Boosting, LSTM,
O’zbekiston temir yo’llari.

INTRODUCTION

Railway transport is one of the most important sectors of the economy of
Uzbekistan. Joint-Stock Company “Uzbekistan Railways” manages the country’s
railway network, which is more than 2740 km long and transports millions of

passengers and millions of tons of cargo annually.

serious problem for railway systems a
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passenger comfort, the efficiency of the logistics chain, and the economic

performance of the organization [1, 2].

International experience shows that machine learning algorithms are an
effective tool for predicting railway delays. In particular, the Random Forest
Classifier model has shown high results in detecting delays in the Indian railway
system [3]. In European railway networks, the distribution of delays has been
modeled using Spatio-Temporal Graph Convolutional Networks [4, 5].

Digitalization processes in the railway system of Uzbekistan are actively
being carried out within the framework of the “Digital Uzbekistan — 2030 strategy.
The “Single Window” national information system has been introduced, freight
documents have been digitized, and an electronic ticket system has been launched.
However, an intelligent system designed to predict train delays has not yet been
implemented [6].

Research objective: To develop a prediction system based on artificial
intelligence on the example of the railway routes of Uzbekistan (Tashkent—
Samarkand—Bukhara) and to conduct a comparative analysis of the effectiveness of
various machine learning algorithms.

Research objectives: (1) to identify factors affecting railway delays; (2) to
conduct a comparative analysis of various machine learning models; (3) to propose
a prediction system model adapted to the conditions of Uzbekistan.

METHODS

Data set. The study used train traffic data on the Tashkent-Samarkand-
Bukhara route from January 2022 to December 2024. The dataset consists of the
following components:

Table 1. Dataset composition

T/r Data type Number of Source
variables
il Train traffic statistics | 8 Uzbekistan TY JSC

2 Weather data
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3 Infrastructure status 5 Technical reports

4 Route characteristics 4 GIS data

Total number of records: 23
18,450

Train movement variables: train number, type (passenger/freight), departure
time (scheduled and actual), arrival time, distance between stations, number of
wagons and load capacity. Weather variables: temperature, precipitation, wind
speed, visibility distance, snow cover and humidity level. Infrastructure variables:
rail condition index, date of last repair, type of signaling system, electrification level
and station capacity.

Data processing. The following operations were performed during the data
preparation stage: missing values were filled with the median value (in 5.2% of
records); categorical variables were converted to numeric form using the One-Hot
Encoding method; numeric variables were normalized to the range [0, 1] using the
Min-Max normalization method; data were randomly divided into 80% training and
20% test sets.

Machine learning models. Three machine learning models were tested in the
study:

Random Forest (RF) — an ensemble learning method that combines multiple
decision trees. Parameters: n_estimators=200, max_depth=15,
min_samples_split=5. Random Forest reduces the problem of overfitting by learning
based on randomly selected features in each tree [7].

Gradient Boosting (GB) — a method in which each subsequent model is
aimed at correcting the errors of the previous model by building successive decision
trees. Parameters: n_estimators=300, learning_rate=0.05, max_depth=8.
Implemented using the XGBoost library [8].

LSTM (Long Short-Term Memory) — a recurre

architecture specialized in processing time seri
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and 32 neurons), Dropout (0.2), Dense output layer. Implemented in the

TensorFlow/Keras library [9].

Evaluation criteria. The following criteria were used to evaluate the
performance of the models: Accuracy — the proportion of correct predictions;
Precision — the proportion of true positives among positive predictions; Recall —
the proportion of correctly identified among all true positives; F1-Score — the
harmonic mean of Precision and Recall; MAE (Mean Absolute Error) — the error in
predicting the delay time in minutes.

RESULTS

Analysis of delay factors. Data analysis showed that during the studied
period, the average delay of trains on the Tashkent-Samarkand-Bukhara route was
12.7 minutes. 68.4% of delays were less than 15 minutes, 24.1% were between 15
and 45 minutes, and 7.5% were more than 45 minutes. The main reasons for delays
were: technical malfunctions (31.2%), weather conditions (22.7%), increased
passenger flow (19.4%), infrastructure repair work (15.8%) and other factors
(10.9%).

Comparison of model efficiency.

Table 2. Comparative results of machine learning models

Model Accuracy Precision Recall F1-Score MAE

(daq)
Random Forest 84,1% 82,5% 81,3% 81,9% 8,4

Gradient 873%  861%  857%  859% 62
Boosting

LSTM 858%  842%  839%  840% 7.1
Traditional 642%  618%  595%  60,6% 14,7
statistics

As can be seen from Table 2, the Gradient Boosti

highest results across all evaluation criteri

Botnyck scypruana No-49



Modern education and development | ;ro s

than Random Forest, 1.5% higher than LSTM, and 23.1% higher than traditional

statistical methods. Gradient Boosting also has the lowest error rate in terms of MAE

— 6.2 minutes, meaning the model predicts the delay time with an average error of
6.2 minutes. Feature Importance Analysis. The results of the feature importance
analysis for the Gradient Boosting model revealed the following most influential
factors:

Table 3. The most important factors affecting delay.

T/r Factor Name Importance Category
Category

1  Delay from previous station 0,247 Traffic

2  Rail condition index 0,189 Infrastructure

3 Weather conditions 0,156 Weather
(precipitation)

4 Time of day (hours) 0,132 Time

5  Passenger flow 0,118 Demand

The results of Table 3 show that the most important factor in predicting
delays is the delay from the previous station (0.247). This result is also consistent
with the results of international studies - the cascade effect of delays (delay
propagation) is one of the main problems of railway systems [4, 5].

DISCUSSION

The results of the study confirm the high efficiency of artificial intelligence
technologies in predicting delays in the Uzbek railway system. The Gradient
Boosting model showed the best result with an accuracy of 87.3%. This result is
comparable to the results obtained in the Indian railway system — the Random Forest
Classifier showed an accuracy of 82-85% [3]. The difference is that in our study, the
inclusion of infrastructure condition and weather data significantly increased the

accuracy of the model.

The LSTM model showed a strong result in timess

slightly lower than Gradient Boosting
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(18,450 records), and deep learning models usually work better on larger datasets. It

Is expected that the results of the LSTM model will improve further as the data size
Increases.

The feature importance analysis showed that the cascade effect of delays
(delay propagation) is the most important factor. This result is consistent with the
results of international studies, in particular studies conducted on European railway
networks [4, 5]. It was also found that track condition and weather conditions are
particularly important factors for Uzbekistan - this is explained by the climatic
conditions of Central Asia (high temperatures in summer, cold in winter).

Practical significance of the study. The proposed forecasting system can be
integrated into the “Situation Center” of the Unified Dispatch Center of “Uzbekistan
Railways” JSC. This will allow dispatchers to predict train delays, dynamically
adjust schedules and inform passengers in a timely manner.

Limitations of the study. The study is based on data from only one route
(Tashkent-Samarkand-Bukhara). In the future, it is advisable to conduct a larger
study covering all major routes. Also, additional technical infrastructure will be
required to implement a real-time forecasting system.

CONCLUSION

Tadgiqot natijalariga asoslanib quyidagi xulosalar chigarildi:

1. Artificial intelligence and machine learning technologies allow for
effective prediction of train delays in the Uzbek railway system. Three models were
tested, and all of them showed superior results compared to traditional statistical
methods.

2. The Gradient Boosting (XGBoost) model showed the highest efficiency
with an accuracy of 87.3% and an average error of 6.2 minutes. This model is
recommended for implementation in the Uzbek railway system.

3. The most important factors in predicting delays are: delay from the

previous station (cascade effect), track condition and weather conditions. Monitoring

these factors can increase dispatching efficiency.
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4. The proposed system can be integrated into the digitalization projects of

“Uzbekistan Railways” JSC within the framework of the “Digital Uzbekistan —

2030 strategy and serve to increase the efficiency of transport logistics.
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