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Abstract. This research explores the utilization of Artificial Intelligence (Al) techniques for
enhancing traffic safety at road intersections. By integrating advanced deep learning models,
physical analysis of vehicle motion, and real-time sensor data, we propose a methodology that not
only predicts collision probabilities but also reduces the likelihood of severe accidents at critical
Jjunctions. We develop a comprehensive mathematical and machine learning framework that accounts
for kinematic equations, traffic flow dynamics, Bayesian inference, and deep neural network
optimization. Empirical evaluations, using an extensive dataset of intersection recordings,
demonstrate the efficacy of the proposed approach in mitigating traffic incidents. Furthermore, a
Python-based experimental module is presented for generating illustrative charts and results,
reinforcing the theoretical discussion.
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Introduction.

Road intersections remain one of the most critical areas in modern traffic
networks due to the confluence of multiple vehicle flows, pedestrians, and varying
traffic signal patterns. The potential for accidents at these junctions is significantly
higher compared to straight road segments, necessitating advanced predictive
measures. Current traffic monitoring systems primarily focus on reactive methods,
such as traffic lights and signboards. However, recent progress in Artificial Intelligence
(Al) offers transformative predictive and preventive capabilities for mitigating
collisions at intersections [1]. Moreover, the physical analysis of vehicle trajectories,
deceleration rates, and real-time traffic flow has become feasible through the
integration of sensors and Internet-of-Things (IoT) devices.

Understanding the fundamentals of artificial intelligence (Al) is essential to
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appreciating its transformative role in traffic management. Al technologies enhance
road safety by monitoring and controlling traffic flow, preventing congestion and
accidents, supporting vehicle diagnostics, and optimizing emergency response times.
A primary objective is to reduce fatal road crashes through the integration of Al with
autonomous vehicle technology, ultimately striving for zero road fatalities [2].

The rapid evolution of digital technologies in the 21st century has profoundly
influenced smart transportation systems. Innovations like big data, Al, the Internet of
Things (IoT), and blockchain have enabled advanced traffic management models with
wide-ranging applications. Governments globally are implementing policies to boost
transportation capacity, improve infrastructure, and drive digital transformation, all
aimed at building high-quality smart transport systems.

According to the World Health Organization (WHO), global road accident
fatalities decreased to 1.19 million in 2021, marking a 5% reduction since 2010, despite
the increasing number of motor vehicles, expanding road networks, and growing
populations [3]. While these statistics highlight progress in road safety, additional
measures are necessary to achieve the United Nations Decade of Action for Road
Safety's ambitious goal of halving traffic-related deaths by 2030.

The growth of urban areas, particularly in emerging smart cities, necessitates
investments in integrated and sustainable transportation systems. Traffic congestion
and accidents not only lead to tragic loss of life but also hinder economic productivity
and inflate healthcare costs. As urbanization continues, congestion will likely escalate,
disrupting socio-economic activities. Integrating advanced technology into
transportation management is vital for achieving the objectives of smart cities. The
WHO predicts that leveraging Al in traffic management could reduce road fatalities by
50% by 2030 [4].

The European Union (EU) aligns with this vision. The European Commission’s
Strategic Road Safety Action Plan and the EU Road Safety Policy Framework (2021-
2030) set ambitious targets to cut road deaths and serious injuries by 50%, with a long-
term goal of zero fatalities on European roads by 2050 [5]. In March 2023, the

Commission introduced proposals to update driving license regulations and enhance

ISSN 2567-5273 92 www.moderntechino.de



Modern engineering and innovative technologies Issue 37 / Part 2

cross-border enforcement of traffic laws [6].

Main text.

1.Mathematical Foundations in Traffic Dynamics. A wide array of physical and
mathematical models can represent the fluid-like movement of vehicles and predict
collision patterns. One commonly employed system of partial differential equations is
derived from the Lighthill-Whitham-Richards (LWR) model, which treats traffic

density p(x,¢) as a function of position x and time ¢. Formally:

ap d .

> T30 v(p)) =0 (1)
where v(p) is the velocity of vehicles as a function of density. For intersection
modeling, this must be adapted to multi-dimensional space. Let p,(x,y,?) be the density

of vehicles in lane i approaching the intersection at coordinates (x,y) and time . We

can generalize the continuity equation to:

dp;

2¢ HV (pirvilp) =0 @
where vi(p;) is the vector velocity field for lane i. While continuous approaches are
valuable for broader system analysis, practical Al-driven systems leverage discrete
sensor data from cameras, LIDAR, and in-road sensors [7].

Additionally, from a kinematic perspective, vehicle positions around an

intersection can be updated via:
1
Xey1 = Xp + Atv, + EAtzat (3)

where x;1s the position vector at time ¢, v,1s the velocity vector, and a;,1s the acceleration
vector (potentially including deceleration or turning maneuvers).

2.Probabilistic Collision Estimation. To further quantify the probability of
collision, we consider two vehicles 4 and B with positions x'* and x(® at time 7. A
collision event C is defined by the condition that the distance ds(¢) between them is

less than a threshold dyqp:
dap(t) =l qu - xéi’ 1< dsafe (4)
Let O represent the collection of parameters (vehicle speeds, accelerations, angles,

and traffic signal phases). We assume a Bayesian framework for collision probability:
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P(C|®) = [(C|0,t)P(t|©)dt

where P(¢ | ®) can be derived from traffic flow distributions and driver behavior
patterns.
3.Machine Learning in Collision Prediction. One of the central tenets of modern
Al approaches is leveraging deep neural networks for traffic safety predictions [8].
Specifically, we can construct a neural architecture that ingests multi-modal data:
e Image data from overhead cameras.
« Sensor data such as vehicle speed, lane occupancy, and GPS signals.
o Traffic light data for signal phase and timing (SPaT) information.
The neural network architecture might be designed as a convolutional neural
network (CNN) integrated with an attention mechanism, inspired by recent advances
in image classification tasks [9]. A high-level representation of the CNN with an

attention module can be described by the forward pass:

z;= Conv2D (X, W), (6)
7, = Attention (z;, Way), (7)

73 = Pooling (z»), (8)
V=0 (W z3+ bg), 9)

where X is the input feature map (images plus sensor signals transformed into suitable
2D or multi-channel format), ; are trainable parameters, Wy is the attention parameter
set, and o is a suitable activation function (e.g., sigmoid for collision probability). The
attention mechanism selectively emphasizes critical zones in the intersection images.
This approach can highlight potential collision-prone trajectories, significantly
boosting the system’s predictive performance [8, 9].
4.Physics-Informed Neural Network Framework. To incorporate real-world
physical constraints - such as vehicle acceleration limits and maximum turn angles—
into a neural network, we introduce a Physics-Informed Loss Function (PILF). Let X,
be the predicted vehicle position by the neural network, and X, ; be the position derived
from the kinematic equation. A combined loss function can be formulated as:
Liotar = Lprea@ ¥) + & -l Reyq — X1 I1? (10)

where £,),.4 (9, ) is a standard cross-entropy or mean squared error term for collision
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prediction, and the second term penalizes significant deviations from basic physical
constraints. The coefficient a balances between data-driven and physics-informed
objectives.

5.Experimental Evaluation and System Implementation. For this study, we
collected intersection data across multiple locations, including large urban centers and
suburban areas. Each intersection has embedded sensors capturing:

« Vehicle speed, acceleration, and braking signals at 0.1-second intervals.
« High-resolution video frames for real-time motion analysis and lane detection.
« Traffic light states to label periods of green, yellow, or red.

The total dataset spans approximately 4,000 hours of intersection recordings,
incorporating over 500,000 unique vehicle trajectories. Following standard procedures,
we split the data into training (70%), validation (15%), and test (15%). We then trained
a deep neural network (DNN) using the described physics-informed loss. Our model
converged within 25 epochs, leveraging an Adam optimizer with a learning rate of 107,
Evaluation on the test set indicates a 93% accuracy in collision event detection and an
87% precision for near-collision scenarios.

6.1llustrative Figures from Data Analysis. Figures 1 and 2 are examples of the
visual outputs generated by our Python-based data exploration module. These figures
provide insights into how speed, traffic light states, and collision probability evolve
over time. Furthermore, the distribution of collision probability across a typical
observation window reflects various driving behaviors encountered at intersections.

7. Adaptive Traffic Signal Control. Beyond predicting collisions, Al algorithms
can proactively adjust traffic signals to reduce accidents. Traditional signal control uses
fixed cycles optimized for average demand. Instead, we propose a reinforcement
learning (RL) approach that takes the predicted collision probability as part of its
reward function:

max E[¥;-y* (=P(C|0;) — B - AvgDelay,)] (11)

where 7 represents a policy mapping sensor states to actions (phase changes), y is a
discount factor, and £ is a weight controlling the trade-off between collision reduction

and vehicle delay. We observed that such an RL-based approach can yield a 15%
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reduction in near-collision events while only slightly increasing average delays.

Speed and Collision Probability Over Time
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Figure 1. Speed and collision probability over time for a sample intersection
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Figure 2. Distribution of collision probability across various traffic phases

8.Potential Limitations and Future Work. While the presented framework shows

significant improvements, a few key considerations remain:
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o Generalization: The model must handle diverse conditions such as extreme
weather or sudden driver maneuvers (e.g., abrupt lane changes).

o Sensor Accuracy: Misaligned cameras or faulty sensors can degrade performance.
More robust sensor fusion techniques may be required.

o Computational Constraints: Real-time collision prediction requires significant
computation. Efficient model compression or edge-based neural computing may
become critical.

Future research may integrate causal inference to distinguish genuine collision
probabilities from spurious correlations. Moreover, multi-intersection coordination
could be explored to optimize an entire city-wide grid.

Conclusion.

In summary, this research provides an advanced interdisciplinary methodology
that merges Al algorithms, physics-based models, and probabilistic collision analysis
to enhance traffic safety at road intersections. By focusing on predictive modeling, real-
time sensor fusion, and adaptive traffic control, our system outperforms traditional
methods in mitigating crash probabilities. This work lays the foundation for further
integration of attention-based deep learning, multi-agent reinforcement learning, and

large-scale real-time deployment in smart city infrastructures.
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