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Abstract. Public transportation systems are vital for sustainable urban development, 
addressing critical challenges such as traffic congestion, environmental impact, and urban 
mobility. However, the dynamic and unpredictable nature of passenger demand complicates 
resource allocation and operational efficiency. Traditional forecasting methods, including 
ARIMA, fail to account for the non-linear and spatio-temporal complexities inherent in 
modern transit systems, necessitating the adoption of more advanced methodologies. This 
study introduces an innovative real-time passenger flow prediction framework tailored 
for Astana’s public transport network. The framework leverages state-of-the-art machine 
learning models, including LightGBM, Random Forest, and conceptual Spatio-Temporal 
Graph Neural Networks (ST-GNNs) proposed for future implementation. While the ST-
GNN component is outlined conceptually, the experimental evaluation in this study focuses 
on ensemble and boosting models such as LightGBM and Gradient Boosting Regressor. A 
comprehensive data preprocessing pipeline was developed to address common issues such 
as missing values, outliers, and temporal inconsistencies, ensuring high-quality input data 
for predictive modeling. The proposed framework achieved a Mean Absolute Error (MAE) 
of 1.06, a Root Mean Squared Error (RMSE) of 1.70, and a Mean Absolute Percentage 
Error (MAPE) of 34.8%, demonstrating superior predictive performance compared 
to traditional methods. This accuracy enables precise demand forecasting, optimized 
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resource allocation, and enhanced passenger experiences. Unlike traditional approaches, 
the framework integrates advanced spatio-temporal modeling techniques, bridging the 
gap between theoretical advancements and practical applications. This research offers 
actionable insights for the development of intelligent transportation systems, providing a 
scalable and adaptive solution to the challenges of urban mobility in rapidly growing cities.

Keywords: passenger flow, machine learning, transportation systems, optimization, 
prediction algorithms
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Аннотация. Қоғамдық көлік жүйелері тұрақты қалалық дамуды қамтамасыз 
етуде маңызды рөл атқарады және көлік кептелісі, қоршаған ортаға әсер ету және 
қалалық мобильділік сияқты өзекті мәселелерді шешуге мүмкіндік береді. Алайда 
жолаушылар сұранысының динамикалық және алдын ала болжануы қиын сипаты 
ресурстарды бөлуді және операциялық тиімділікті қамтамасыз етуді күрделендіреді. 
ARIMA сияқты дәстүрлі болжау әдістері заманауи көлік жүйелеріне тән сызықтық 
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емес және кеңістіктік-уақыттық күрделіліктерді ескере алмайды. Бұл анағұрлым 
жетілдірілген әдістемелерді қолдану қажеттілігін туындатады. Осы зерттеуде Астана 
қаласының қоғамдық көлік желісіне бейімделген жолаушылар ағынын нақты уақыт 
режимінде болжаудың инновациялық құрылымы ұсынылады. Ұсынылған құрылым 
заманауи машиналық оқыту модельдерін, соның ішінде LightGBM, Random Forest 
және болашақта іске асыруға ұсынылған кеңістіктік-уақыттық графтық нейрондық 
желілерді (ST-GNN) пайдаланады. ST-GNN компоненті тұжырымдамалық деңгей-
де сипатталғандықтан, осы зерттеудегі эксперименттік бағалау LightGBM және 
Gradient Boosting Regressor сияқты ансамбльдік және бустинг модельдеріне бағыт-
талған. Болжамдық модельдерді құру үшін жоғары сапалы бастапқы деректерді 
қамтамасыз ету мақсатында бос мәндер, шектен тыс мәндер және уақыттық сәй-
кессіздіктер сияқты кең таралған мәселелерді шешуге арналған деректерді алдын 
ала өңдеудің кешенді конвейері әзірленді. Ұсынылған құрылым орташа абсолюттік 
қателік (MAE) — 1,06, түбірлік орташа квадраттық қателік (RMSE) — 1,70 және ор-
таша абсолюттік пайыздық қателік (MAPE) — 34,8 % көрсеткіштеріне қол жеткізді. 
Бұл нәтижелер дәстүрлі әдістермен салыстырғанда болжау тиімділігінің жоғары 
екенін көрсетті. Алынған дәлдік сұранысты неғұрлым нақты болжауға, ресурстар-
ды бөлуді оңтайландыруға және жолаушыларға көрсетілетін қызмет сапасын артты-
руға мүмкіндік береді. Дәстүрлі тәсілдерден айырмашылығы, ұсынылған құрылым 
заманауи кеңістіктік-уақыттық модельдеу әдістерін біріктіріп, теориялық жетістік-
тер мен практикалық қолдану арасындағы алшақтықты азайтады. Зерттеу нәтиже-
лері интеллектуалды көлік жүйелерін дамытуға арналған практикалық ұсынымдар 
береді және қарқынды дамып келе жатқан қалалардағы қалалық мобильділік мәсе-
лелерін шешуге арналған масштабталатын әрі бейімделгіш шешімді ұсынады.

Түйінді сөздер: жолаушылар ағыны, машиналық оқыту, көлік жүйелері, 
оңтайландыру, болжау алгоритмдері
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ПРОГНОЗИРОВАНИЕ ПАССАЖИРОПОТОКА В РЕАЛЬНОМ ВРЕМЕНИ 
С ИСПОЛЬЗОВАНИЕМ АВТОМАТИЗИРОВАННОЙ ПОДГОТОВКИ 
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Аннотация. Системы общественного транспорта имеют важнейшее зна-
чение для устойчивого развития городов, позволяя решать такие актуальные про-
блемы, как транспортные заторы, воздействие на окружающую среду и городская 
мобильность. Однако динамичный и непредсказуемый характер пассажирского 
спроса усложняет распределение ресурсов и обеспечение эффективности транс-
портных операций. Традиционные методы прогнозирования, включая ARIMA, не 
учитывают нелинейные и пространственно-временные особенности, характерные 
для современных транспортных систем, что обусловливает необходимость приме-
нения более совершенных методологий. В настоящем исследовании представлена 
инновационная система прогнозирования пассажиропотока в реальном времени, 
адаптированная к сети общественного транспорта Астаны. Предлагаемая система 
использует современные модели машинного обучения, включая LightGBM, Random 
Forest, а также концептуальную пространственно-временную графовую нейронную 
сеть (ST-GNN), предложенную для последующей реализации. Поскольку компонент 
ST-GNN представлен на концептуальном уровне, экспериментальная оценка в дан-
ном исследовании сосредоточена на ансамблевых моделях и моделях бустинга, та-
ких как LightGBM и Gradient Boosting Regressor. Для устранения распространенных 
проблем, включая пропущенные значения, выбросы и временные несоответствия, 
был разработан комплексный конвейер предварительной обработки данных, обе-
спечивающий высокое качество входных данных для построения прогнозных мо-
делей. Предложенная система продемонстрировала следующие показатели: средняя 
абсолютная ошибка (MAE) — 1,06, среднеквадратичная ошибка (RMSE) — 1,70 и 
средняя абсолютная процентная ошибка (MAPE) — 34,8 %, что свидетельствует 
о более высокой эффективности прогнозирования по сравнению с традиционны-
ми методами. Полученная точность обеспечивает возможность более точного про-
гнозирования спроса, оптимизации распределения ресурсов и повышения качества 
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обслуживания пассажиров. В отличие от традиционных подходов, предложенная 
система интегрирует современные методы пространственно-временного моделиро-
вания, обеспечивая взаимосвязь между теоретическими достижениями и их прак-
тическим применением. Результаты исследования предоставляют практические 
рекомендации для разработки интеллектуальных транспортных систем, предлагая 
масштабируемое и адаптивное решение задач городской мобильности в условиях 
стремительно растущих городов.

Ключевые слова: пассажиропоток, машинное обучение, транспортные си-
стемы, оптимизация, алгоритмы прогнозирования
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Introduction.
Efficient public transportation is vital for sustainable urban development, reducing 

congestion, emissions, and energy use. In the U.S., transit cuts CO₂ by 37 million tons 
annually, using nearly half the fuel per passenger mile compared to cars. However, 
managing transit systems in dynamic cities like Astana is challenging due to overcrowding, 
inefficient routes, and fluctuating demand.

Traditional forecasting methods (e.g., ARIMA) and static ML models (e.g., Random 
Forest) struggle with non-linear and spatio-temporal patterns. Advanced approaches, such 
as Transformers (Informer, Autoformer) and graph neural networks, offer superior long-
term and spatial forecasting, optimizing operations through balanced loads, shorter waits, 
and better commuter experiences.

Astana’s growing network highlights the need for such predictive systems. This 
study develops a real-time passenger flow forecasting framework using advanced ML, 
integrating automated preprocessing, feature engineering, and robust evaluation. The 
results will support intelligent transport systems and enhance urban mobility management.

Unlike previous studies that primarily emphasize model accuracy or isolated 
forecasting techniques, this research introduces a unified and deployment-ready 
framework that integrates automated data preprocessing, adaptive ensemble learning, 
and continuous retraining mechanisms. This approach bridges methodological rigor and 
practical implementation, ensuring real-time scalability within urban transit management 
systems.

Passenger flow prediction is central to transportation research, with methods 
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ranging from traditional statistics to deep learning. ARIMA models are simple and 
interpretable (Li et al., 2023; Zhang et al., 2021; Maazouzi et al., 2022; Halyal et al., 
2022), suitable for short-term, stationary data, but limited by linearity. Machine learning 
methods like Random Forest integrate diverse features (e.g., weather, history) yet fail to 
capture sequential dependencies (Ye et al., 2022; Liyanage et al., 2022; Fu et al., 2023).

Advanced models address these gaps. Transformer architectures (Informer, 
Autoformer) improve long-sequence forecasting through probabilistic attention and 
trend-season decomposition (Chawla et al., 2024; Zeng et al., 2022). Temporal Fusion 
Transformer (TFT) further incorporates static/dynamic covariates, offering interpretable 
forecasts in dynamic settings (Baghbani et al., 2023; Zhao et al., 2022; Zhai et al., 2023; 
Tao et al., 2021; Liu et al., 2021). Spatio-Temporal Graph Neural Networks (ST-GCNs) 
extend analysis into spatial domains, effectively modeling complex passenger flows. 
Neural networks (RNN, LSTM) also show high accuracy in spatio-temporal forecasting, 
including environmental processes (Kolesnikova et al., 2024). Hybrid methods (clustering 
+ LSTM, ensemble boosting) improve adaptability. Smart technologies similarly enhance 
efficiency in urban systems, e.g., IoT-based smart office concepts (Neftissov et al., 2023)

Despite progress, gaps remain: reliance on static datasets, lack of real-time 
integration, scalability issues, noisy data, and limited multimodal focus (Zhang et al., 
2022; McCarthy et al., 2023; Garriga et al., 2021; Wu et al., 2023; Chen et al., 2023; Jain 
et al., 2023; Ou, 2022; Cheng et al., 2022).

This study proposes a unified framework combining Informer, Autoformer, TFT, 
and ST-GCNs to capture long-term, contextual, and spatio-temporal dependencies, 
optimizing urban mobility.

Materials and methods. 
The success of predictive modeling largely depends on the quality and 

comprehensiveness of the dataset used. In this study, raw data from Astana’s public 
transportation system were analyzed and refined to address challenges such as missing 
values, inconsistencies, and noise. Effective preprocessing steps were employed to 
transform the dataset into a structured and reliable form, ensuring the integrity and accuracy 
of the predictive models. The inclusion of domain-specific features, derived through 
feature engineering, further enriched the dataset, allowing the models to better capture 
spatio-temporal patterns in passenger flow. This systematic approach to data preparation 
laid a strong foundation for model training and evaluation, making the dataset suitable for 
addressing complex urban transit challenges.

The dataset, provided by Innoforce domestic company, consists of transactional 
records from Astana’s public transportation network. To ensure data quality, preprocessing 
steps were applied to address issues such as missing values and inconsistencies. Feature 
engineering was utilized to extract key patterns relevant to passenger flow, enabling the 
development of robust and reliable predictive models for urban transit optimization.

Although the primary data source is payment transactions, integrating additional 
sources such as automated passenger counters or computer vision-based systems could 
enhance future studies. Collaboration with Innoforce domestic company to clarify 
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the availability of such data would be valuable for improving dataset reliability and 
completeness.

Table 1. Data features with details
Field Description Data Type Example
id Unique identifier for each record. Integer 1943536686
bus_stop_id Unique identifier for each bus stop. Integer 3351
bus_id Unique identifier for each bus. Integer 1130
enter_sum Number of passengers entering the bus at the given 

bus stop.
Integer 0

exit_sum Number of passengers exiting the bus at the given 
bus stop.

Integer 13

created_time A timestamp indicates when the record was created 
in the system.

String (Converted to 
DateTime)

2024-12-
07T12:23:55.523

route_number The route number of the bus. Integer 50
tickets_count Number of tickets purchased for the corresponding 

bus stop and bus.
Integer 0

An initial assessment of the dataset revealed several quality issues, summarized in 
Table 2. These challenges highlight areas requiring resolution to ensure accurate modeling 
and analysis.

Table 2. Data Quality Assessment by Issue

The unresolved consistency issues in 706 records highlight a limitation of this 
study. Addressing these anomalies in future iterations, either through data augmentation 
or additional validation, will improve overall data quality.

The dataset was preprocessed to ensure suitability for predictive modeling. 
Timestamps (bus_board_computer_sent_time, created_time) were converted to datetime 
using pd.to_datetime, enabling extraction of hour, weekday, and date features. A key 
variable, net_passenger_change (enter_sum − exit_sum), was created to capture demand 
dynamics (Ghaziamin et al., 2024; Yan et al., 2023). Lagged features of enter_sum, exit_
sum, and tickets_count modeled temporal dependencies, while three-day rolling averages 
smoothed short-term fluctuations. Continuous variables were normalized with Min-Max 
scaling. Finally, data was split 70:30 into training and testing sets, preserving chronology 
to prevent leakage.

Exploratory data dnalysis (EDA)
The exploratory data analysis (EDA) provides critical insights into the dataset’s 
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distribution, variability, and underlying patterns, which form the foundation for effective 
feature engineering and model development.

Descriptive Statistics of Key Variables. Table 3 presents the descriptive statistics 
for key variables related to passenger flow. The dataset exhibits relatively low mean values 
for enter_sum, exit_sum, and tickets_count, indicating that, on average, a small number of 
passengers interact with the transportation system at any given stop. The negative mean 
value of net_passenger_change suggests a tendency for more passengers to exit buses than 
enter them. The standard deviations highlight moderate variability in the data, reflecting 
the dynamic nature of passenger flow.

Table 3. Descriptive Statistics of Key Variables

These statistics provide valuable information about the dataset’s central tendencies 
and variability, guiding the choice of features and models. Hourly Net Passenger Flow:

Fig. 1. Average Net Passenger Flow by Hour.

Figure 1 illustrates the average net passenger flow by hour of the day. A significant 
peak in net flow is observed at 06:00 hours, suggesting high utilisation of early morning 
routes. This peak is likely to correspond to commuters travelling to work or other early 
morning activities. Conversely, a negative net flow is observed during evening hours 
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(22:00–23:00 hours), indicating a higher volume of passengers exiting than entering buses, 
which is consistent with end-of-day commutes.

Fig. 2. Correlation Heatmap of Key Variables.

Figure 2 presents a heatmap of correlations between the dataset’s key variables. 
A strong positive correlation of 0.81 between enter_sum and tickets_count underscores 
the reliability of ticket purchase data as a proxy for passenger inflow (Figure 2). This 
relationship validates the inclusion of tickets_count as a critical feature for modeling 
passenger entries. The moderate negative correlation (-0.64) between exit_sum and net_
passenger_change highlights the expected relationship where higher exit volumes reduce 
the net passenger flow. Additionally, weaker correlations between other variables, such as 
exit_sum and tickets_count, suggest that different factors may influence exits compared 
to entries. This differentiation reinforces the need for feature-specific analysis during 
preprocessing and model training. Net Passenger Flow by Route:

Fig. 3. Average Net Passenger Flow by Route.
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Figure 3 presents the average net passenger flow for different bus routes. Notably, all 
analysed routes exhibit a negative average net flow, suggesting that these routes primarily 
serve as destinations or final stops for passengers (Figure 3). Route 50 demonstrates 
the least negative net flow, suggesting a more balanced inflow and outflow compared 
to other routes. In contrast, routes 12 and 46 show more substantial negative net flows, 
potentially indicating that these routes serve areas with high passenger drop-off rates, such 
as residential areas or transport hubs. By analyzing net passenger flow on a per-route basis, 
transit planners can better allocate resources, ensuring sufficient capacity on high-demand 
routes and adjusting service frequency where necessary. Hourly Passenger Inflow and 
Outflow Trends:

Fig. 4. Hourly Passenger Inflow and Outflow Trends.

Figure 4 depicts the hourly trends of passenger inflow and outflow. A distinct 
spike in inflow is observed at 05:00 hours, coinciding with minimal outflow. This further 
supports the hypothesis of early morning commuting patterns (Figure 4). Between 06:00 
and 20:00 hours, inflow and outflow are relatively balanced, indicating consistent passenger 
movement throughout the working day. After 21:00 hours, the outflow consistently exceeds 
inflow, confirming the trend of passengers returning home or exiting at terminal stops 
during the evening. These trends highlight the temporal complexity of passenger behavior, 
emphasizing the need for time-sensitive adjustments to transit schedules and predictive 
models capable of capturing these variations. Net Passenger Flow by Day of the Week:

Figure 5 shows average net passenger flow by weekday. Tuesday–Friday remain 
stable with near-zero net changes, reflecting consistent commuting. Monday is slightly 
more variable as routines resume. Weekends, especially Saturday, show strong fluctuations 
and negative net flow, suggesting fewer return trips and greater reliance on alternative 
transport. Variability is quantified via the coefficient of variation (CoV): low on weekdays 
(predictable demand), high on weekends (irregular, leisure-driven). These findings imply 
stable weekday scheduling but adaptive weekend strategies.

This section outlines the proposed methodology for developing a passenger flow 
prediction model, including the rationale for model selection, feature engineering strategies, 



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 2 (26).

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License

INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 2 (26).

48

training and evaluation procedures, and considerations for addressing data limitations.

Fig. 5. Average Net Passenger Flow by Day of the Week.

The prediction of passenger flow, given its time-series nature, necessitates the 
careful selection of models capable of capturing temporal patterns, seasonality, and 
complex dependencies within the data. To this end, both traditional statistical models and 
modern machine learning and deep learning approaches were considered. Each approach 
was chosen based on its theoretical and practical capabilities to address the problem at 
hand.

The AutoRegressive Integrated Moving Average (ARIMA) model was selected 
as a baseline method due to its well-established utility in time series forecasting. The 
ARIMA model represents the time series yt using the following equation:

                                                                   (1)

where B is the backshift operator,  and  are polynomials of 
order p and q representing autoregressive and moving average components, respectively, 
and d is the order of differencing used to account for non-stationarity. This method 
captures temporal dependencies and seasonal variations but may struggle with non-linear 
relationships or complex dynamics present in the data.

To address the limitations of ARIMA, a machine-learning approach using 
Random Forests was implemented. Random Forests are ensemble models that aggregate 
the predictions of multiple decision trees to produce a final output, given by:

                                                                            (2)
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where  represents the prediction of the k-th tree for input x, and K is the total 
number of trees. This method is particularly suitable for capturing non-linear relationships 
and interactions between features. Additionally, its inherent feature importance metrics 
provide valuable insights into the factors influencing passenger flow. However, Random 
Forests may require tuning of hyperparameters such as tree depth and the number of 
estimators to prevent overfitting or underfitting.

To explore the potential of advanced techniques, deep learning models such as 
Long Short-Term Memory (LSTM) networks and spatio-temporal graph neural networks 
(e.g., DCRNN, Graph WaveNet) were considered. These models are designed to handle 
long-range temporal dependencies and spatial relationships inherent in complex systems 
like urban transportation. For instance, LSTM networks employ gates to control the flow 
of information through time, enabling the model to retain relevant past information while 
discarding irrelevant details. This makes them particularly effective for forecasting tasks 
involving high-dimensional temporal data. Spatio-temporal graph neural networks extend 
this capability by incorporating the spatial relationships between bus routes and stopping 
into the prediction process, further enhancing the model’s ability to generalize across the 
transport network.

Effective feature engineering is critical to improving the performance and 
interpretability of machine learning models for passenger flow prediction. In this study, 
several features were meticulously engineered to enhance the models’ ability to capture 
temporal, spatial, and contextual patterns in the dataset.

Temporal patterns were extracted by deriving time-based features, such as hour 
and day_of_week, from the timestamp fields. These features provide insights into daily 
and weekly variations in passenger behavior, such as rush hour peaks or weekend dips.

Effective feature engineering improves model performance and interpretability 
in passenger flow prediction. Temporal features (hour, day_of_week) capture daily and 
weekly variations, while net_passenger_change (enter_sum − exit_sum) reflects localized 
density shifts. Lagged features of enter_sum, exit_sum, and tickets_count provide historical 
context, and rolling averages smooth short-term fluctuations. Categorical features (route_
number, bus_stop_id, bus_id) differentiate route- and stop-specific behavior. Future work 
will integrate external factors such as weather and traffic to enhance adaptability and 
accuracy.

The dataset was divided into training and testing subsets using a chronological 
70/30 split to preserve the temporal sequence of data and prevent information leakage. 
This approach ensures that the models are trained on past data and evaluated on future 
observations, simulating real-world forecasting scenarios. Three key metrics were used to 
assess model performance:

● Mean Absolute Error (MAE): Measures the average magnitude of errors in the
predictions, providing a straightforward evaluation of model accuracy.

● Root Mean Squared Error (RMSE): Penalizes larger errors more heavily, offering
a metric sensitive to significant deviations in predictions.

● Mean Absolute Percentage Error (MAPE): Expresses prediction accuracy as
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a percentage, allowing for a normalized comparison of errors across varying scales. 
Mathematical formulations for these metrics are given as follows:

                                                                     (3)

This formula computes the average magnitude of the absolute differences 
between the predicted  and actual  values over N observations.

                                                                                (4)

RMSE calculates the square root of the mean of squared differences between 
predicted and actual values. By squaring the errors, RMSE penalizes larger deviations 
more than MAE, making it particularly sensitive to outliers. It is useful in scenarios where 
larger errors have a more significant impact on decision-making, such as predicting peak 
passenger loads.

                                                         (5)

MAPE expresses the error as a percentage of the actual values. It normalizes 
prediction errors relative to the size of the true value. However, MAPE can become 
undefined or unstable if actual values  approach zero, which requires careful 
preprocessing to handle such cases.

Hyperparameter Optimization and Model Selection. To optimize model 
performance, a randomized search strategy was employed to tune key parameters for 
each algorithm. For ARIMA, the hyperparameters p,d,qp, d, qp,d,q were fine-tuned to 
handle time-series stationarity. In Random Forest, parameters such as the number of 
trees and maximum depth were adjusted to balance bias and variance. LightGBM and 
Gradient Boosting Regressor (GBR) underwent further tuning, refining learning rates, 
feature sampling, and tree depth constraints to enhance predictive accuracy.

Hyperparameters were optimized using a randomized search strategy with the 
following parameter ranges: number of estimators (100–500), maximum depth (5–20), 
and learning rate (0.01–0.1). The search process employed five-fold time-series cross-
validation to ensure model robustness and mitigate overfitting across temporal segments. 
This approach improved generalization and reproducibility across all ensemble methods.

After multiple iterations, GBR emerged as the most effective model, outperforming 
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all other approaches in terms of accuracy and stability. The model performance comparison 
is summarized in Table 4.

Hyperparameter tuning was conducted using a randomized search strategy with 
the following parameter ranges: number of estimators (100–500), maximum depth (5–20), 
and learning rate (0.01–0.1). The search process employed five-fold time-series cross-
validation to ensure model robustness and mitigate overfitting across temporal segments. 
This approach improved generalization and reproducibility across all ensemble methods.

Table 4. Model Performance Outputs

Fig. 6. Predictive Framework Pipeline.

Figure 6 presents the end-to-end pipeline of the proposed predictive framework 
for real-time passenger flow forecasting. It illustrates the sequential process from data 
ingestion (including APIs, ticketing systems, and GPS sensors) through preprocessing and 
feature engineering to model training, drift detection, adaptive retraining, and deployment. 
The framework integrates automated data preparation, continuous model monitoring, and 
dynamic retraining to ensure adaptability to evolving passenger behavior.

To implement real-time integration for predicting passenger flow on Astana’s bus 
routes, the methodology integrates a continuous data pipeline for ingestion, preprocessing, 
and model adaptation. Data is acquired in real-time from multiple sources, including 
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automatic passenger counters, GPS systems, weather APIs, and contextual information 
from calendar events. This data is processed through a high-throughput, low-latency 
streaming architecture, utilizing Apache Kafka for seamless data flow. Preprocessing 
ensures the consistency and suitability of input features through normalisation, represented 
as:

                                                                                   (6)          

where X is the feature value, denotes the mean of the feature, and represents the 
standard deviation. This normalisation step ensures uniform scaling and improves the 
efficiency of the prediction model.

The training process is structured around a sliding time window mechanism, 
which dynamically updates the training dataset based on recent data. The sliding window 
considers data from the most recent interval Tw typically covering the last 24 hours. The 
training dataset is thus defined as:

                                                                                     (7)

where  represents the data at time t. This approach allows the model to 
incorporate recent trends while discarding outdated patterns, ensuring relevance and 
accuracy in real-time predictions.

Validation of the model is conducted continuously using incoming real-time data 
 The model’s accuracy is evaluated using the formula

                                                   (8)

where  is the predicted value,  is the observed value, and n denotes the 
number of predictions. This metric provides a clear assessment of the model’s performance 
and ensures it consistently meets the target accuracy threshold.

To maintain responsiveness to data distribution changes, a drift detection 
mechanism is implemented using the Kullback-Leibler (KL) divergence. This measure 
quantifies differences between the distributions of historical and real-time data features, 
expressed as:
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                                                                            (9)

where P and Q represent the probability distribution of historical and current data, 
respectively. The KL divergence enables the system to detect significant shifts in data 
patterns, allowing for timely retraining or adjustments to the model.

To support continuous model adaptation, an Adaptive Random Forest (ARF) is 
applied. Unlike batch-trained RF, ARF uses mini-batch updates (15-min windows) with 
warm_start to incrementally update trees while avoiding catastrophic forgetting. Concept 
drift is addressed by replacing weak trees (via KL divergence) with new ones trained on 
recent data. Hyperparameters balance stability and adaptability: 200 initial trees, +10% 
growth per update, max depth 15. Retraining is triggered hourly or when data distribution 
shifts by 15%, ensuring timely adaptation.

Fig. 7. Scatter plot showing predicted vs. actual net passenger change for the test set.

Figure 7 presents the scatter plot of Linear Regression’s predicted vs. actual values, 
illustrating the model’s performance across different levels of passenger flow. While the 
model shows reasonable alignment for lower values, significant deviations are observed 
during peak demand periods, particularly for higher passenger flow values. The results 
indicate that Linear Regression struggled with capturing the non-linearity in transit demand 
patterns, leading to frequent underpredictions when passenger flow sharply increased. This 
suggests that a simple linear relationship is insufficient for modeling the complexities of 
real-world transit data, particularly during peak congestion hours when external factors 
such as bus capacity limitations and route-specific variations become more pronounced.

Figure 8 presents the scatter plot for GBR’s predicted vs. actual values, 
demonstrating a much stronger alignment with observed data. Unlike Linear Regression, 
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GBR effectively models both peak and off-peak fluctuations, reducing systematic 
underprediction and capturing variations in passenger demand more accurately. The 
model’s ability to adjust for non-linear dependencies and temporal trends allows it to 
generalize well across different passenger flow levels, making it more suitable for real-
time forecasting applications. While minor deviations are still present in extreme cases, 
GBR shows consistent performance across the entire range of observed values, validating 
its superiority in handling transit demand forecasting.

Fig. 8. Scatter plot showing predicted vs. actual net passenger change for the test set.

The Gradient Boosting Regressor (GBR) was deployed for its high accuracy and 
adaptability, integrated into a dual-layer pipeline: REST API for historical data and Kafka 
streaming for real-time updates. Automated retraining handles concept drift, keeping the 
model robust across seasons, holidays, and disruptions. GBR achieved strong performance 
(MAE = 0.17, RMSE = 0.78, MAPE = 2.21 %) and proved ideal for large-scale transit 
forecasting. Future improvements include adding contextual factors (weather, traffic, 
events) and hybridizing with deep learning models. For deployment, GBR is the primary 
model, with LightGBM and RandomForest as alternatives; continuous retraining ensures 
long-term stability.

In subsequent iterations, the system will incorporate contextual variables such 
as weather conditions, public event calendars, and traffic congestion levels through 
API-based data fusion. These features will serve as exogenous predictors, enhancing 
the model’s responsiveness to irregular demand fluctuations caused by external urban 
dynamics. Integrating these data sources will further align the predictive framework with 
real-world smart city infrastructures.

Results and discussion. 
Table 4 summarizes the lowest observed MAE, RMSE, and MAPE values for each 

model across the final set of experiments. These metrics provide a quantitative comparison 
of absolute and proportional errors, enabling the identification of the most effective model 
for real-time passenger flow prediction (Table 4).
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Table 4. Model Performance Outputs

Ensemble models outperformed ARIMA and LSTM. LightGBMRegressor showed 
the best results (MAE = 1.06, MAPE = 34.8 %), followed by RandomForestRegressor 
(MAE = 1.09, MAPE = 35–44 %) and XGBRegressor (MAE = 1.08, MAPE = 37.2 %). 
In contrast, LSTM (MAE = 2.79, MAPE = 111 %) and ARIMA (MAE = 128, RMSE = 
211, MAPE = 72 %) performed poorly due to data complexity and non-stationarity. Thus, 
only ensemble models were included in Figure 1 to provide a meaningful comparison.

Fig. 9. Model Performance Bar Chart.

This analysis highlights the potential of ensemble-based methods, as it shown in 
Figure 8 particularly LightGBMRegressor, for robust and accurate real-time passenger 
flow prediction (Figure 9). By focusing on the models with meaningful results, we avoid 
overemphasizing suboptimal approaches like ARIMA and LSTM, ensuring a clear and 
practical assessment for real-world deployment.

The results highlight LightGBMRegressor as the most effective model, achieving 
the lowest MAE (1.06) and MAPE (34.8%), making it suitable for real-time passenger 
flow prediction. Its consistent performance demonstrates robustness across various 
scenarios, particularly for operational contexts requiring accurate and stable forecasting. 
RandomForestRegressor also performed well, with a slightly higher MAE (1.09) and 
MAPE (35 %). However, it exhibited variability in proportional errors during off-peak 
periods, suggesting that additional feature engineering, such as context-specific factors, 
could enhance its accuracy. XGBRegressor, while slightly behind in performance, showed 
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potential for further improvement through hyperparameter optimization and tailored feature 
engineering, particularly for imbalanced data scenarios.

The LSTM model and ARIMA were unsuitable for this application. LSTM struggled 
with the dataset’s size and complexity, producing an MAE of 2.79 and MAPE exceeding 
100%, indicating the need for larger datasets or advanced architectures to handle complex 
temporal dynamics. ARIMA’s performance (MAE = 128, MAPE = 72 %) reflected its 
inability to manage non-stationary and non-linear patterns, making it impractical for real-
time transit forecasting.

Among all models tested, Gradient Boosting Regressor (GBR) consistently achieved 
the lowest error rates, with MAE (0.17), RMSE (0.78), and MAPE (2.21 %), highlighting 
its ability to capture complex, non-linear dependencies in passenger flow dynamics. Unlike 
ARIMA and LSTM, which struggled with non-stationary trends and high variance, GBR’s 
boosting-based ensemble approach effectively minimized deviations, providing stable and 
precise forecasting results.

Fig. 10. Model Accuracy Comparison

Figure 10 compares model accuracy (100 − MAPE). Gradient Boosting Regressor 
(GBR) achieved the highest accuracy (97.79 %), far surpassing other models. Linear 
Regression performed moderately (73.41 %), while RandomForestRegressor and 
LightGBMRegressor showed lower accuracy (65–65.2 %) with higher variability. 
LSTM and ARIMA performed worst, confirming their unsuitability for complex, multi-
dimensional transit data. Results highlight GBR as the most effective model, combining 
accuracy, efficiency, and adaptability.

To evaluate the real-time adaptability of the proposed system, the impact of retraining 
after drift detection was quantitatively assessed. Prior to adaptation, the model achieved 
a Mean Absolute Error (MAE) of 0.24 and Root Mean Squared Error (RMSE) of 1.02. 
Following KL divergence–based drift detection and incremental retraining, these metrics 
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improved to MAE = 0.17 and RMSE = 0.78. This improvement confirms the framework’s 
ability to dynamically adjust to evolving passenger flow patterns, maintaining predictive 
stability under real-time conditions.

Future improvements include integrating contextual features (weather, events, 
congestion), enabling real-time adaptation via incremental learning, and exploring hybrid 
ensemble–deep learning models. Overall, ensemble methods outperform traditional and 
deep learning models, with GBR recommended for deployment in real-world transit 
forecasting.

Conclusion. 
This study presents a framework for real-time passenger flow prediction using 

advanced models such as LightGBM, Random Forest, and ST-GCNs. Results show 
LightGBM as the most effective, enabling accurate forecasting to optimize resources, 
improve scheduling, and enhance passenger experience. The framework bridges theory 
and practice, supporting sustainable urban mobility through predictive analytics. Beyond 
technical performance, the proposed system contributes to data-driven policy development 
for sustainable transport planning. By providing timely and accurate passenger flow 
insights, it enables policymakers and transit authorities to optimize routes, allocate 
resources efficiently, and reduce environmental impacts through informed operational 
decisions. This aligns the framework with the broader objectives of smart city governance 
and sustainable urban development.

Limitations include a short dataset and lack of external factors (weather, traffic). 
A limitation of the current framework is the exclusion of external contextual factors such 
as weather anomalies, road closures, and major public events, which can significantly 
influence passenger flow dynamics. These factors will be integrated in future work using 
multimodal data fusion to enhance prediction stability and adaptability during irregular 
conditions. Future work should expand data, integrate contextual variables, and test 
advanced architectures (e.g., transformers, hybrids) in live environments to improve 
scalability and adaptability. This establishes a foundation for intelligent, efficient, and 
sustainable transit systems.
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