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Abstract

The rapid growth in urban development and traffic congestion calls for adopting high standards of
traffic surveillance systems for monitoring. This paper reviews the current advancement and future
trends of real-time object detection and tracking technology and its implications for traffic surveillance.
Conventional approaches to traffic monitoring can provide more or less accurate data, but they are not
easily scalable and cannot cope with rapidly changing conditions typical within urban environments.
Technical deep learning techniques like YOLO (you only look once), SSD (single shot multi-box
detector), and faster R-CNN (region-based convolutional network) combined with tracking algorithms,
including Kalman filters and DeepSORT, have transformed traffic management by allowing efficient
real-time object detection and motion tracking. Apart from improving the identification of vehicles and
pedestrians, these systems also facilitate accurate identification of instances such as accidents and
congestion, facilitating quick response. This research uses hardware accelerators such as graphic
processing units, edge computing, and the fifth generation of mobile communications technology for
real-time processing and video resolution. Some issues, such as environmental fluctuation, obstruction,
and privacy, are resolved by merging both approaches and using intelligent models. Some of the use
cases include ANPR (automatic number plate recognition), pedestrian protection, and smart city, which
collectively show the changes undertaken by these systems. The paper discusses traffic surveillance
taking place in real-time to enhance self-driving cars and advanced technology in smart city planning
and analysis. However, this paper underscores the fact that these technologies remain viable and have
the potential to revolutionize mobility and transform the management of urban transport infrastructure
for enhanced safety and efficiency across the world.
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increased human error and the increasing complexity of urban traffic patterns resulted in the
establishment of intelligent traffic monitoring systems that employ computer vision, artificial
intelligence (Al), and machine learning (ML). Switching from manual operations of scanning the traffic
to automatic systems greatly enhances how cities deal with transportation systems. The technology of
the early system was sometimes based on raw or manual monitoring, which often led to inaccuracies
due to human interferences and was also restricted in size. In contrast, automated systems can track all
vehicles and pedestrians continuously and in real-time, offering more accurate, reliable, and real-time
information. They have been prompted by sensor technologies, cognitive sensor networks (CSNs), and
data analysis developments, which provide enhanced monitoring strategies. Present-day metropolitan
areas are integrating computerized traffic surveillance systems that can autonomously identify, assess,
and act on traffic events.

However, as shall be discussed below, traffic surveillance is hindered by several main issues. One
big challenge is classifying and integrating large volumes of real-time video footage and sensor data.
Many traffic cameras capture high-resolution videos, resulting in massive data volumes that must be
processed in real time to make prompt decisions. In addition, lighting conditions, weather, and occlusion
(such as when one car conceals another) also make object identification and tracking difficult. Real-
time monitoring systems must be viable to these complexities while providing high accuracy and as few
false positives or negatives as possible. The live observation of traffic patterns is very important in
increasing the efficiency of traffic circulation and reducing accidents. Since the systems can process the
data immediately, they can identify traffic congestion, accidents, and any other anomaly along the roads,
and the authorities can act on it immediately. For instance, in a traffic accident, real-time detection can
alert response teams, alter traffic flow, or cause warnings to other vehicular traffic to avoid subsequent
accidents. Furthermore, real-time systems can enhance the effectiveness of traffic lights and control the
flow of traffic to minimize jams and enhance the general performance of transport systems.

At the core of modern traffic surveillance systems are two key technologies. One of the subsectors
that fit into this category is object detection and object tracking. Object detection means identifying
and localizing strictly defined objects, for instance, vehicles or pedestrians, in a video stream. While
object recognition is used to identify such detected objects, object tracking is the process of following
the movement of such objects over a given period. Indeed, while object detection captures objects at
certain time instances, object tracking follows their motion, making it possible to track multiple
vehicles or pedestrians over a scene. The layout also importantly highlights that in real-time systems,
the fast detection and tracking of objects is important for swift action. For instance, real-time traffic
data ensures traffic regulation, pedestrians' safety, and vehicle autonomy in connection with smart
cities. Few other technologies are as relevant as object detection and tracking, particularly when
integrated with autonomous vehicles. Real-time interactions with vehicular traffic information,
including the positions of other vehicles on the roads and the traffic conditions on the road system,
will be crucial in self-driving cars once they penetrate the road system infrastructure. Likewise, these
technologies are beneficial in ensuring safety in cases of accidents, traffic congestion, or potentially
dangerous zones for pedestrians.

UNDERSTANDING THE BASICS OF REAL-TIME OBJECT DETECTION AND
TRACKING
What Is Real-Time Object Detection?

Real-time object detection involves identifying and positioning objects in digital images or videos
while the data is being fed into the system. This technology consists of an algorithmic approach
supported by computational hardware that recognizes the given and separates them into appropriate
categories like human vision. The working principle of real-time object detection is based on analyzing
each video stream frame, finding patterns that match a set of reference object categories, and outputting
results that are as close to the source as possible. Real-time detection of object technologies mainly
consists of deep learning and neural networks, which have recently developed significantly [1]. Among
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all types, convolutional neural networks (CNNs) are preferred for computational applications mainly
due to their efficiency in image data. CNNs use convolutional layers, which are used in extracting
features from images, thus making the detection of objects whose sizes may be different. Additionally,
frameworks, including TensorFlow and PyTorch, have allowed researchers to deploy these algorithms
on a large scale.

Real-time object detection has wide uses across most industries, and traffic monitoring is among the
most impactful. Real-time object detection helps traffic management and prevention of accidents since
the system detects objects, including vehicles, pedestrians, and obstacles. Some of these include retail
analytics, where object detection helps analyze behaviors, and the Healthcare sector detection assists in
imaging. Kumar (2019) [2] explains how big data operational analytics and predictive analytics have
merged modern-day operations and real-time data processing in traffic and DevOps areas.

What Is Real-Time Object Tracking?

Obiject tracking in real-time is more advanced than the object detection technique and helps identify
objects moving to the next frame in a sequence of videos. Tracking is a continuation of object detection
that enables tracking the object over time by assigning a unique number to each object and tracking its
movement across frames. The fundamental concepts within object tracking are motion estimation,
trajectory prediction, and data association. Motion estimation checks the speed and direction of moving
objects, while trajectory prediction estimates the probable motion path of an object in view. Data
association connects detected objects from one frame to another to ensure consistent identification.

While making the differentiation, it is necessary to stress the difference between detection and
tracking. Detection concerns itself with the isolation of objects, while tracking addresses itself with the
continuation of things over time. For instance, a traffic surveillance system will find a car in a frame
and then need to track this car in successive frames. This capability is essential in such tasks as
surveillance of vehicle speed, violation identification, and the study of pedestrians' behavior. In traffic
surveillance, object tracking assists in congestion studies, accidental identification, and even modeling
to augment smart city transportation systems (Figure 1) [3].

Video sequence

Frame differencing

Object detection

Optical flow

Object tracking Background subtraction

Figure 1. Real-time object detection and tracking using deep learning and OpenCV.
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Table 1. Key components of real-time object detection and tracking systems.

Component Description Examples Function
Cameras Devices capturing real-time High-resolution cameras, Capture visual data
video data for processing. thermal/infrared cameras essential for object
detection and tracking.
Processing Hardware responsible for Graphics Processing Process data and run deep
hardware computation and running Unit(GPU), Tensor Processing | learning algorithms for
algorithms. Units (TPUs), edge devices detection/tracking.
Algorithms Software responsible for CNNs, Kalman Filters, YOLO, | Identify and track objects
detecting and tracking objects in | DeepSORT, SORT across video frames.
real-time.
Video Systems responsible for CCTV systems, Traffic Ensure real-time
streaming streaming and transmitting video | monitoring cameras transmission of data for
systems data to processing units. processing.

Key Components of Real-Time Monitoring Systems

Real-time operation involves detecting an object and the subsequent tracking. Therefore, it consists
of a number of hardware and software interfaces. These elements include a camera, a processing unit,
and complicated algorithms (Table 1).

Cameras and Video Streaming Systems

Real-time monitoring systems utilize high-resolution cameras as their main data-collectors. These
cameras record real-time videos that go straight to other systems for processing. Object detection and
tracking are critically affected by factors like frame rate, resolution, or field of view.

Therefore, Modern surveillance systems involve thermal imaging and infrared cameras to work well
in low, lightweight environments, as Wang et al. (2012) [4] mentioned.

Processing Hardware

The part that conducts the video data computation is graphics processing units (GPUs), tensor
processing units (TPUs), and specific edge computing devices. GPUs are excellent at parallel computing
tasks and handling the computational needs of deep learning algorithms. TPUs, on the other hand, are
hardware accelerators for processing data mining (DM) machine learning-specific tasks. These devices
assist in real-time analysis by minimizing delay and making it possible to run more complex models
with constrained hardware [5].

Software Algorithms

The basic operational algorithms of real-time object detection and tracking are essential for these
systems. CNNSs, as described earlier, are at the heart of the object-detection techniques. However,
Kalman filters are also useful in object tracking to guess the next frame of a moving object, even with
low data quality. SORT (simple online and real-time tracking) and its improved version, DeepSORT,
are popular tracking algorithms based on motion modeling supplemented with appearance information
for MOTA (multi-object tracking accuracy) [6].

Demand for detection and tracking algorithms used in traffic surveillance motivated researchers to
employ hybrid techniques. These systems combine the best approaches, allowing for continuous and
timely tracking of state and change in various environments. For example, integrating the YOLO (you
only look once) detection algorithm with the DeepSORT tracking algorithm can provide a sound
approach for monitoring areas such as intersections or highways [7]. What practice provokes the use of
real-time object detection and tracking systems is the combination of these elements. Optimal
performance is achieved by using modern hardware, the necessary algorithms, and top-notch video data,
which would increase the capabilities of modern traffic surveillance systems to meet the current demand.
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Figure 2. Computer vision object detection.

ALGORITHMS USED FOR OBJECT DETECTION AND TRACKING IN TRAFFIC
SURVEILLANCE
Object Detection Algorithms

Object detection is a very important task in traffic monitoring, which helps detect the location and
presence of objects (vehicles and pedestrians) in video streams. Some of the widely used approaches
presented here to enhance the efficiency of object detection in real-time conditions are as follows.

YOLO (You Only Look Once)

YOLO is one of the most used object detection algorithms in computer vision and is widely used in
real-time applications such as traffic monitoring. YOLO works through image division and determines
the likelihood of bounding boxes and classes for each cell in a single pass through the network. This
approach is far less computationally intensive than most conventional methods that asymmetrically first
identify the object’s location in the frame and then classify it (Figure 2) [7].

Advantages of YOLO in Traffic Surveillance

Yolo’s primary advantage is its fast speed. As a single-pass image processing framework, it is well
suited to real-time applications such as traffic monitoring, where fast frame rates are crucial. In addition,
YOLO is also capable of driving simultaneously to multiple objects, making it more suitable for traffic-
congested areas. Also, due to its flexibility in the sizes and shapes of objects that it can process, it works
well in dynamic environments.

Weaknesses of YOLO

However, YOLO has had shortcomings. A main drawback is that it has lower reliability in identifying
small objects, which happens frequently when the object and camera distance is far under congested
traffic situations, including vehicles and pedestrians. The trade-off between speed and accuracy
sometimes impacts the level of detail at which the object will be detected; if the level of detail is high,
the image may be detected imperfectly [7].

Faster R-CNN (Region-Based Convolutional Neural Networks)

Faster R-CNN is a slightly more complicated object detection technique using region proposal and
CNNs. As opposed to YOLO, which detects items in one go, Faster R-CNN generates the region
proposals with an RPN (region proposal network) and then classifies them with the aid of a CNN [8].
This two-step workflow enables better localization and classification of objects because a singular
workflow occasionally produces inaccurate localization or classification of objects.

Application in Real-time Video Processing

A faster R-CNN model can be applied to traffic surveillance to detect vehicles, pedestrians, and other
objects with higher accuracy than YOLO in special situations in which an accurate location of the object
is fundamental. Nevertheless, creating region proposals puts a heavier computational load on Faster R-
CNN than YOLO making its usage in real-time constrained applications unless proper optimization
techniques are applied [9].
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SSD (Single Shot Multibox Detector)

Another object detection algorithm, SSD, was created to provide high speeds while maintaining
reasonable accuracy [10]. Like YOLO, SSD is another single-shot detector that does not use region
proposals but instead uses default boxes of different sizes and ratios placed directly on the feature maps
[11]. SSD can work in different scales and, therefore, more efficient in traffic environments are objects
of different sizes.

Differences from YOLO

For instance, while YOLO handles the entire image at the intersection of width and height, SSD
works at different scales of feature maps. This enables SSD to detect small objects with better
performance compared to YOLO, which is vital in traffic surveillance when detecting a car at a distant
location or people passing through a busy area [11].

Use Case in High-speed Traffic Environments

Due to its efficiency, SSD is most appropriate for high-speed traffic, where real-time processing is
needed. The impressive feature of the network is object detection across multiple scales, thereby making
damages more precise depending on the type of traffic condition. Nevertheless, as in the case of YOLO,
SSD might encounter a risk of detecting very small objects under some conditions.

Object Tracking Algorithms

After detecting objects in a video stream, the next process is tracking the same objects in the next
frames. Tracking objects is critical for generating and predicting traffic movement and automobile
deformation.

Kalman filter

The Kalman filter is an algorithm used in object tracking that is rather old but still very popular and
widely used. It works as a recursive filter for estimating the state of a dynamic system from
contaminated observations [12]. In traffic surveillance, the Kalman filters estimate the future positions
of moving objects from their previous states to achieve smooth tracking even if the recordings are noisy
(Figure 3).

Concept and Use in Predicting Vehicle Movement
Specifically for traffic surveillance, the Kalman filter continually estimates the vehicles' future
locations utilizing their present velocities and positions.
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Figure 3. Single-stage object detectors versus two-stage object detectors.
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This enables successive tracking, although objects might sometimes be hidden or obscured
temporally or even when some form of noise creeps in to disturb the object's position [12]. This makes
it especially ideal in areas of traffic density where occasional blinks are likely due to occlusions.

Benefits in Maintaining Object Identity

Another strength of the Kalman filter is that it can recognize an object as the same object across
developments over time. By updating predictions based on new sensor data, the filter is capable of
continuous tracking of objects in traffic scenes and minimizing the probability of error related to object
identification.

SORT (Simple Online and Realtime Tracking)

SORT is an algorithm developed for real-time tracking of multiple entities. It extends the Kalman
Filter and uses the Hungarian algorithm to associate generated object tracks with detected bounding
boxes [13]. SORT is particularly efficient for real-time operation due to its simplicity and ease of
implementation in such applications as traffic surveillance.

Tracking Multiple Objects

SORT is developed to track an object simultaneously in many scenes. This feature is useful in traffic
applications where many vehicles or pedestrians need to be monitored simultaneously. It has been cited
for its capability to work with limited computational power, which is desirable for real-time traffic
monitoring [13].

Suitability for Real-time Traffic Applications

Due to the high real-time performance of SORT, it may be used in real-time applications, including
real-time vehicle tracking in traffic surveillance systems. Nonetheless, using a simple association
strategy has a downside and fails when there are dense objects or occlusions [13].

DeepSORT (Deep Learning-Based SORT)

The DeepSORT algorithm improves the fundamental SORT algorithm by deep learning samples to re-
identify objects more effectively. In DeepSORT, a deep neural network is utilized to model the appearance
of tracked objects to plan for recognition of lost track when objects are out of sight for a while.

Enhanced Tracking with Deep Learning

DeepSORT can maintain better object identities in complex environments using deep learning. This
is especially crucial in traffic monitoring, as cars can momentarily disappear from the field of vision
due to occlusion by other objects. Object matching can be improved with the help of appearance-based
features; thus, the chances of tracking errors are minimized [6].

Why it is Better Suited for Complex Environments

DeepSORT incorporates deep learning, which enables it to operate in scenes that traditional methods
fail to handle. The features' embeddings help DeepSORT perform better in tracking than before in dense
traffic or highly dynamic environments.

Optical Flow Methods

Optical flow describes objects' movement in scenery due to relative motion between the camera and
the objects. Optical flow technique determines relative quantities of motion through pixel intensity
variations between two frames [14].

Working Principle

As with optical flow tracking, the process assumes that the intensity of an object in an image remains
relatively constant across the difference between two consecutive frames. Through the measurement of
pixel shifts, optical flow algorithms can identify objects’ movements and their likelihood of movement
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in future frames. This technique is especially applicable for identifying and monitoring vehicles on low-
resolution videos where other methods may not be implementable [14].

Applications in Traffic Monitoring

In traffic surveillance, optical flow can be used to track moving objects most effectively in cases of
low camera resolution or, for example, when Kalman filtering cannot work. Even if optical flow
methods are not as precise as other tracking algorithms, mainly due to their simplicity and low demand
for computational resources, they become an advantage when the program in question aims at real-time
performance [15].

Hybrid Approaches

Research has been directed at developing hybrid solutions that could merge object detection and
tracking algorithms to improve precision and speed [16]. Object detection algorithms employed in most
of these methods include YOLO and SSD to detect and locate objects, whereas tracking algorithms
employ methods like Kalman filter or SORT to maintain object identity. As will be observed soon,
those approaches that integrate detection and tracking are better tuned to handle the difficulty of actual
traffic surveillance in real-time.

Advantages of Hybrid Methods

A major strength of hybrid approaches lies, therefore, in the fact that they can hold superior
performance qualities under various circumstances, including occlusions, high-speed motion, and
luminance variations. It is possible to improve these approaches while combining the advantages of
detection and tracking algorithms, which can guarantee stable and effective monitoring in real-time
traffic conditions [17].

Challenges

The major weakness of hybrid methods is the computational aspect of the work. Although integrating
detection and tracking can enhance the accuracy of the result, the problem is the high computational
cost, which can be prohibitive, especially in low-end systems or when the application is real-time.

IMPLEMENTING REAL-TIME OBJECT DETECTION AND TRACKING FOR TRAFFIC
SURVEILLANCE

Real-time object recognition and tracking in a traffic surveillance system incorporate several
hardware, algorithms, and data processing to quickly and accurately identify traffic flow and incidents
[18]. This section examines the design of such systems, data processing methodologies, implementation
problems, especially in real-time monitoring, and ways to improve the precision and reliability of
the systems.

System Architecture Design
Front-end (Cameras, Sensors, and Video Feeds)

The front end of a traffic surveillance system includes units like cameras, sensors, and video feeds
that get real-time traffic data from the traffic environment. A car’s action is especially captured using
cameras placed at strategic points of probable car crashes. In order to overcome diverse illuminances
of the traffic environment, these cameras are pre-installed with complex characteristics such as infrared
and night vision. Other peripherals incorporate loop detectors and radar-based systems that gather
details on velocity, density and flow apart from sharing the video footage recorded by the cameras [19].
These sensors aid in detecting congestion and real traffic flow patterns, tracking vehicle motion and
ensuring that accurate quantitative data accompany the information obtained from video.

Back-end (Processing, Algorithms, Cloud Computing)
The back-end infrastructure deals with computationally intensive data processing gathered from
front-end devices. Video streams are captured at high definition, utilizing algorithms commonly known
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as deep learning [20]. The systems can identify and follow objects of interest. The CNNs are preferred
for this task because of their real-time image processing and classification nature [5]. Together with
CNNs, other sophisticated algorithms like the Kalman filters and SORT are used to track them as they
move across the traffic.

The computations are performed using specialized hardware computations like GPUs or TPUs to
expedite the work that deep learning models award [21]. Furthermore, cloud computing is used to
acquire precise computational services and storage for large databases so the system can efficiently
process and store a large amount of video data (Figure 4).

Integration with existing traffic management systems

Real-time object detection and tracking systems should be inextricably connected with the design of
already existing traffic control systems [22]. This makes it easy to share text and data. In addition to
this, it facilitates the response to incidents. Transmitted information from the surveillance system is fed
into the city-wide traffic management centers that control traffic signals and signals, providing
directions to drivers and calling emergency services when necessary [23]. The integration is mostly
done through application programming interfaces (APIs) and frequent data standards that facilitate
compatibility. This integration is also important for using past traffic data information for traffic
prediction and optimization.

Real-time processing and response times

Real-time surveillance systems should strive to get the shortest docket time to adapt to changes in
traffic quickly. This demands optimal and durable workstations to eliminate delays and generate
necessary information promptly. Edge computing, which deals with data analysis near the source, has
become widely adopted in traffic surveillance to curb transmission latency and data congestion [21].
Local processing of the video feed is done using edge computing systems. This means that image
decisions about vehicle movement or any traffic flow are made fast and close to the occurrence of an
event. A critical issue in developing such systems involves real-time constraints in algorithms and their
optimal functioning.

Data Processing and Analysis in Real-Time Systems
Handling large-scale video feeds and sensor data

One of the major issues is controlling the large amounts of data produced in traffic surveillance
systems [24]. In the high-resolution video feeds, multiple data from the various cameras and sensors
must be captured and analyzed simultaneously.

% % Request

Data end Data Cloud end

P
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@ Data processing

Data processing

Data processing

Figure 4. Big data—enabled computing.
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These approaches are important in enabling systems to develop efficient methods for managing large
data volumes without compromising efficiency. Popular distributed computing frameworks partition the
data so the load can be processed across more machines [25]. However, the system must ensure the data
is critically correct and in real-time to offer the right insights on current and changing traffic conditions.

Techniques for Fast Image Processing (Edge Computing, GPU Processing)

Real-time object detection and tracking involve image processing, hence the need for fast image
processing techniques. One of the solutions is coming up with edge computing, a method that allows
data processing without sending it to a remote server. Edge computing helps reduce the time taken for
data to be transmitted and helps to enhance the system’s real-time decision-making capability [21].
Edge computing reduces latency, meaning traffic surveillance systems that rely on quick decision-
making have minimal latency. Furthermore, applied GPU acceleration is crucial for accelerating the
image processing operation. GPUs were designed with parallel data processing and are applicable when
using large datasets such as CNNs in machine learning. By separating the computational tasks over
multiple cores, GPUs make it possible for the system to solve large-scale image processing problems
[25]. With new developments in traffic surveillance systems, both edge computing and GPU
acceleration will prove vital for high-speed performance.

Cloud Versus Edge Computing in Traffic Surveillance Systems

The decisions between implementing cloud and edge computing both present their possibilities and
risks in applying real-time traffic surveillance. Cloud computing is advantageous for expansibility since
the theoretical maximum of computation power and storage space is practically infinite, an advantage
of application when a program is to be implemented on a large scale. Nonetheless, they are characterized
by higher latency attributed to data transfer over the cloud networks [26]. For real-time surveillance,
which is important for timely traffic management during an emergency, this delay is counterproductive.

On the contrary, edge computing creates much lower latency as data processing happens closer to the
source of the data. This is especially important if the application monitors traffic in real-time, as there is
no doubt that rapid responses will be needed. However, edge computing systems have less computational
power and data storage capacity than the cloud. The best approach is usually a combination of edge and
cloud computing. Edge computing is good for handling issues with consistency and real-time
requirements that would not wait for information to go up to the cloud and back, while the cloud entails
large amounts of data storage and complex processing, where needed, are addressed (Figure 5).

Real-time Traffic Flow Analysis and Incident Detection

Real-time traffic analysis helps traffic management authorities observe and control particular traffic
density, accidents and many other related problems [27]. CNNs and recurrent neural networks (RNNS)
are applied to the traffic pattern analysis to make a decision based on the results obtained. Such
algorithms can be trained to distinguish traffic behaviors, including traffic congestion, changes of lanes,
and vehicle speed, and forecast future traffic conditions [28]. Detecting incidents involves identifying
events such as accidents or traffic congestion by evaluating the objects in motion and traffic congestion.

Using predictive analytics in traffic surveillance means that authorities will be able to foresee and
prevent incidents before they happen. Causal models use historical and current data to predict traffic
density and decide on signal synchronization or routing assignment [29]. Furthermore, these models
can be applied when dispatching emergency service crews so that the right service vehicles go to the
correct areas in an emergency.

Challenges in Real-Time Object Detection and Tracking
Real-time object detection and tracking face challenges such as computational complexity, handling
occlusions, varying lighting conditions, and maintaining accuracy at high processing speeds (Table 2).
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Table 2. Challenges in real-time object detection and tracking systems.

Challenge

Description

Impacts

Possible solutions

Environmental
factors (lighting,
weather,

Variations in lighting
(sunlight, artificial lights) and
weather conditions (rain, fog,

Impaired video quality and
object detection
performance, especially in

Use of infrared, night-
vision, and adaptive lighting
cameras; predictive tracking

occlusions) snow) affect sensor accuracy adverse weather or lighting | models; multi-camera
and video quality. conditions. setups.
Variability of Different vehicle types (cars, Incorrect counting and Development of advanced

traffic (vehicle
types, sizes, and
speeds)

trucks, motorcycles, buses)
and speeds require algorithms
that can handle diverse
characteristics.

tracking, difficulty in
distinguishing smaller
vehicles from larger ones.

vehicle classification
algorithms and deep
learning models.

Scalability issues
(large cities vs.
small areas)

Large cities with dense traffic
and complex road networks
require efficient data
processing and large-scale
systems.

Strain on system
performance, data
congestion, and delays in
large-scale deployments.

Distributed systems, cloud

computing integration, and
optimization for large-scale
environments.

Data privacy and
ethical concerns

Surveillance systems raise
privacy concerns about data
collection, facial recognition,
and vehicle tracking.

Public trust issues,
potential legal challenges,
and ethical concerns about
data misuse.

Privacy regulations, data
anonymization, and
transparency in data usage
and retention policies.

Environmental Challenges (Lighting, Weather, Occlusions)

The principal factors that define the possibilities of real-time object detection and tracking systems
include the following environmental impacts. One of the challenges is the light intensity, either from
the sun or artificial light at night, which affects video quality and object detection [19]. To avoid this,
cameras with better optical modules and adaptive lighting control are used. However, this method has
several limitations, including those occasioned by rain, fog, or snow, because these limit vehicle
visibility and reduce the sensors' efficiency [30]. In certain circumstances, the sensors used in traffic
surveillance systems may not be quite effective under such situations; the systems need to be fine-tuned
to ensure they run optimally.

Other issues in real-time object tracking include occlusion, where the object (vehicle or pedestrians)
may be occluded by another vehicle or any obstacle. Tracking algorithms and correct re-identification
of occluded objects when they are in the field of view again have to address these situations [26].
Predictive tracking models and multiple-view camera systems can be applied to reduce the impact of
the occlusion problem, but this remains an open issue.

Variability of Traffic (Vehicle Speed, Size, and Types)

Traffic surveillance systems, for instance, require tracking several vehicles, including cars, trucks,
motorcycles, and buses, all of which may possess different velocities and circumferential dimensions.
Due to this variability, the object detection algorithms cannot work uniformly on the different types of
traffic. For instance, larger objects may obscure smaller objects, and thus, the various object-counting
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algorithms may fail to count them appropriately [17]. Thus, it is necessary to develop algorithms that
meet the challenge of different varieties of vehicles, speed of use on the road, and traffic conditions. As
for the mentioned tasks, deep learning models aimed at the classification and prediction of various types
of vehicles are used most efficiently.

Scalability Issues: Handling Large Cities versus Small Areas

Another issue accompanying the setup of real-time object detection and tracking is scalability. While
a small area involves few roads, and traffic patterns can work with a few cameras and sensors, large
cities involving complex road networks and high traffic densities require efficient systems for handling
large data and structures. In these situations, distributed systems and the use of the cloud may be
prerequisites to meet massive processing demands [23]. This implies that efficiency is considerable in
arriving at a systems design that would not compound on itself to the point of degrading system
performance when expanded to cover even larger areas.

Data Privacy and Ethical Concerns in Surveillance Systems

Privacy and ethical considerations are an inalienable part of any form of monitoring, especially those
ongoing in public spaces. Due to the large capacity for collecting data on people, even running plate
numbers and faces of persons of interest, there are worries of invasion of privacy and excessive spying,
which traffic surveillance systems present. Privacy regulations and regulations for data anonymization
are essential for building public trust because they preserve people's specific rights not to have their
identity exposed by online businesses [31]. However, issues of data misuse collected under
surveillance for purposes other than traffic management require ethical consideration lest citizens'
rights be infringed.

Improving Accuracy and Performance
Fine-tuning models for specific traffic conditions

The object detection and tracking system can be trained for specific traffic scenarios to increase the
model's overall performance. Since traffic data is obtained and the models are trained with local data,
the system can better adapt to local configuration, traffic flow, and environmental conditions. A major
advantage of fine-tuning is that it enhances the model's capacity to identify and track, leading to higher
system performance [29].

Enhancing Object Tracking under Challenging Scenarios (e.g., Multiple Vehicles, Occlusions)

A high traffic density scenario with many objects on the road posing a challenging environment for
tracking devices is left with a difficult task. Specific non-linear tracking methods, including DeepSORT,
combine features of appearance descriptors based on deep learning with other tracking algorithms to
improve the results in real-world conditions [26]. These systems use further contextual information like
the passing behavior of the vehicle to guess future positions, which helps to retain the identity of an
object across the frames.

Real-time Updates and Continuous Learning Mechanisms

Real-time systems need to be able to learn from the traffic situation and adapt to changes in order to
achieve better results. The flexibility of online learning enables the models to be refined based on the
latest data to address evolving new situations. Autoregressive or incremental learning methodologies
allow the system to fine-tune for new traffic patterns, new behaviors, and unanticipated scenarios
without beginning training from scratch [32]. The recent changes demonstrate this flexibility, which is
highly important for the stability and efficiency of the system in the long run.

APPLICATIONS AND USE CASES IN TRAFFIC SURVEILLANCE

Real-time object detection and tracking enhance traffic surveillance systems' functionality.
Incorporating such technologies in today's traffic control systems has produced several important real-
world applications that significantly enhance traffic safety, fluency, and administration [33]. In this
section, the most important traffic surveillance use cases of real-time object detection and tracking are
going to be highlighted, such as traffic flow monitoring, automatic number plate recognition (ANPR),
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vehicle and pedestrian detection, incident detection and response, and integration into smart city
infrastructure (Table 3).

Traffic Flow Monitoring

Real-time object detection and tracking are beneficial for traffic surveillance in urban transportation
management systems. Through iterative assessment of the video streams from the surveillance cameras,
it is possible to recognize congestion, locate problem areas, and make current traffic estimations. Some
states include the identification of slow-moving vehicles or high traffic density compared to the
recommended limit. This helps traffic authorities take corrective measures as soon as possible, such as
relocation of traffic or adjustment of traffic signaling to reduce congestion [15].

Obiject tracking to make real-time traffic predictions can be applied to predict the traffic intensity and
time it takes to travel from one place to another, as well as traffic signal control. With the help of
machine learning models, these systems can learn traffic patterns of the past and modifications that
happen in real time and suit changes in traffic intensity. The usage of such systems makes it easier to
avoid traffic congestion and enhance general traffic. In addition, continuous real-time traffic
management means that cities can have an overview of major traffic congestion, decide on large-scale
layouts, and take targeted actions in road repair or construction.

Integration with other dynamic traffic management measures, such as adaptive traffic signal control
and variable message signs, improves the performance of real-time monitoring systems. The integration
is especially crucial for cities that deal with critical traffic problems because efficient decision-making
requires constant proactivity and the use of data [34].

Vehicle and Pedestrian Detection

Another very important use of real-time object detection and tracking is the detection and tracking of
vehicles and pedestrians. Therefore, it is important that detectors accurately identify vehicles to control
traffic congestion and speed and observe compliance with traffic laws. Real-time tracking facilitates
differentiation between various classes of vehicles, such as cars, trucks, and buses, which enhances road
traffic management [35].

Table 3. Key applications of real-time object detection and tracking in traffic surveillance.

Application Description Benefits Examples/use cases
Traffic flow Analyzing video streams to Reduces congestion, Adaptive traffic signal
monitoring identify congestion and monitor | optimizes traffic flow, control, variable message
traffic patterns. improves travel time signs, dynamic congestion
predictions. management.
Vehicle and Detecting and tracking vehicles | Enhances road safety, Pedestrian crossing
pedestrian and pedestrians to ensure safety | minimizes accidents, and management, vehicle
detection and compliance with traffic supports intelligent traffic classification, speed
laws. signal adjustments. monitoring.
Automatic Using optical character Enables automated toll Toll-free collection
number plate recognition (OCR) to capture collection, law enforcement, systems, parking
recognition vehicle registration plates for and traffic pattern analysis for | management, violation
(ANPR) tolling, law enforcement, and urban planning. ticketing.
planning.
Incident Identifying accidents, stalled Reduces incident response Real-time alerts, predictive
detection and vehicles, or road hazards in times, minimizes traffic accident hotspot
response real-time. disruptions, and aids in risk identification, emergency
prediction and prevention. response coordination.
Smart city Integrating traffic surveillance Improves urban transport Public transport
integration with smart city systems for efficiency, reduces pollution, | optimization, law
enhanced urban mobility. and supports informed enforcement integration,
decision-making in city urban mobility
planning. enhancement.

© STM Journals 2025. All Rights Reserved 30



Real-Time Object Detection and Tracking in Traffic Surveillance Vedant Singh

Pedestrian detection is just as important since cities are full of pedestrians who must cross the
road at various intersections. Surveillance systems can also track real-time pedestrian movements
using deep learning models. This capability is especially helpful for controlling pedestrian flows at
pedestrian crossings and adjusting traffic signals to lower the likelihood of collisions between
pedestrians and vehicles.

Traffic safety benefits the most from integrating vehicle and pedestrian detection. Integrating real-
time detection with intelligent traffic signal systems can greatly minimize the likelihood of an accident
at intersections, particularly in areas where the rate of pedestrians is high, as postulated by Chen et al.
[36]. It also increases the general ability to monitor possible risks in real-time, redistribute the flow of
vehicles, and safely guide pedestrians in certain deemed necessary areas (Figure 6).

Automatic Number Plate Recognition (ANPR)

Real-time object detection based on ANPR technology has revolted against ionized traffic surveillance.
This ANPR system employs optical character recognition (OCR) to read and capture vehicle registration
numbers for diverse traffic-related applications. The combination of ANPR with real-time object
recognition and tracking improves the effectiveness of monitoring and law enforcement.

They are applied in toll management, law enforcement, and the planning and development of towns
and cities. For instance, toll systems can collect charges by recognizing car license plates instead of
having physical tolls. This not only hastens the toll collection method but also reduces traffic at toll
plazas [37].

Other obvious applications of ANPR systems include traffic law enforcement. With real-time GPS
(global positioning system), one can capture vehicles breaking the law, such as speeding, breaking the
signal, or parking in restricted areas, and then have them given automatically. In addition, there will be
the ability to collect information that can be used for city planning and investigating the flow of traffic

and type of vehicles used, along with different hours of the day during which traffic levels are high.
Such information is invaluable for city planners to make proper infrastructure and transportation

legislation development decisions.
Vehicle Around view
detection monitoring
Traffic signs
detection
Blind spot
detection

Pedestrian
detection
Emergency
braking system
Lane departure
warning system
Adaptive cruise
control

Figure 6. Different features of advanced driver-assistance systems (ADASS).
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Incident Detection and Response

Another important component of traffic monitoring in the context of the given work focuses on the
real-time identification of incidents. With the help of object tracking and detection, traffic management
centers can easily detect accidents or any other event, such as a stalled vehicle or an obstacle on the
road. Real-time alerts can be issued to traffic authorities as soon as an incident has been identified,
allowing the authorities to address the situation to minimize the effect on traffic flow. Apart from
noticing occurrences, predictive analytics will also help to determine the places likely to be involved in
an accident and the traffic hazards. For instance, machine learning models can learn previous accident
occurrences and traffic conditions, such as weather or road conditions, to forecast where possible
accidents could occur. This predictive capacity allows traffic authorities to avert risks such as installing
traffic signs or signals, redesigning traffic signals, or deploying patrol cars in risky areas [29].

A real-time traffic incidence detection system is also connected with the required response systems,
meaning the response unit is notified in case of an incident. This further enforces timely responses and
faster access to incident scenes, lessening the severity of accidents and protecting lives. Besides,
integrating such systems with real-time traffic flow means that traffic is diverted when there is an
incident, and the area becomes clear as soon as possible.

Smart City Integration

The amalgamation of real-time traffic monitoring with other smart city features as part of advanced
public transportation systems is also a rapidly developing trend that improves urban mobility
infrastructure's overall efficiency and sustainability. These include traffic conditions through traffic
surveillance systems, sensors, and the geographic position of different devices, so smart cities use the
information to optimize the defined activities in real-time. Cities can now incorporate real-time object
detection and tracking technologies with intelligent city platforms, better control traffic flows and air
pollution levels, and enhance mobility within cities.

As an element of smart cities, traffic surveillance enables integrated communication with other city
systems, including public transport, law enforcement, and city planning systems for traffic data
exchange. For example, real-time traffic information can be provided by an application to transportation
organizations to enable the organization of transportation schedules to make buses more efficient [38].
Likewise, information collected from traffic surveillance systems may be applied by police to enhance
the enforcement of traffic laws and address crime-related issues.

Another benefit of smart city integration is the improved capacity to make informed decisions based
on collected data. Using traffic information, environmental conditions, and social aspects, a planner can
come up with better and more efficient plans that favor transportation. Real-time data help address
emerging features in planning that may occur in the city, making the urban planning system respond
quickly to emerging traffic patterns and ensuring the newly invested infrastructure meets future
requirements [28].

FUTURE OF REAL-TIME OBJECT DETECTION AND TRACKING IN TRAFFIC
SURVEILLANCE

The future of real-time object detection and tracking in traffic surveillance lies in leveraging advanced
Al models for enhanced accuracy, speed, and predictive traffic management (Table 4).

Advancements in Artificial Intelligence and Machine Learning

Al and machine learning will significantly define the future of real-time object detection and traffic
surveillance to track objects. These technologies are currently applicable in traffic monitoring systems
and have remained central in enhancing observation systems' precision, speed, and expansiveness.

Evolution of Artificial Intelligence in Traffic Surveillance
Machine vision has come a long way in traffic surveillance, and the latest development now uses
deep learning to detect and track objects in video streams. New features include moving objects such
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as vehicles, pedestrians, cyclists, and so on, which can be detected using newly developed Al
technologies, including CNNs. These developments prove viable for self-driving cars, intelligent traffic
signals, and city traffic control systems.

One of the major emerging areas is the use of Al in autonomous vehicles, where machine learning
models are trained to make decisions about movements based on traffic patterns and reactions to a
constantly changing environment. Al programs and software can predict traffic conditions, recognize
specific blocked areas, and organize traffic signal control without human operators. In smart cities, Al
is used to vary the duration of light to facilitate traffic lights and minimize congestion [39]. Moreover,
Al elements are being developed for predictive traffic systems, traffic control, and flow optimization.
Using records of traffic movement, such systems can predict density and recommend the most
appropriate paths to follow to minimize time and gas consumption. In some cases, predictive analytics
can be useful in better organizing city traffic, especially during rush hours and accident avoidance [40].

Table 4. Future of real-time object detection and tracking in traffic surveillance.

traffic systems

traffic systems rely

infrastructure with

between systems,

Aspect Description Key Developments Challenges Opportunities
Advancements | Al and ML will Use of convolutional Overcoming Enhanced self-
in artificial improve detection neural network (CNN) | environmental driving vehicle
intelligence accuracy and for object detection, factors (weather, support, smarter
(Al) and efficiency, aiding autonomous vehicle lighting), improving | traffic management,
machine traffic surveillance integration, predictive | accuracy in dynamic | and predictive traffic
learning (ML) | systems. traffic systems. scenarios. flow.
5G and high- 5G enables faster High-bandwidth, low- | Ensuring Real-time incident
speed data video processing, latency connections infrastructure detection, optimized
transmission low latency, and for quick data transfer | compatibility, traffic management,
improved real-time and video processing. | managing high- quicker emergency
decision-making. volume data streams. | response.
Integration Real-time object Integration of Interoperability Increased safety,
with detection will autonomous vehicles between autonomous | reduced congestion,
autonomous enhance autonomous | (AVs) with traffic and human-driven more efficient use of
vehicles vehicle navigation monitoring systems, vehicles, ensuring urban infrastructure.
and connected improved road safety, | real-time
systems. dynamic route coordination.
adjustments.
Connected Future connected Integration of smart Data synchronization | Seamless

coordination between

on data sharing real-time data, traffic securing vehicles and
between vehicles, light adjustments, and | communication infrastructure,
infrastructure, and congestion avoidance. | channels. reduced traffic-

traffic monitoring

ensuring privacy

data, preventing

surveillance. related accidents.
Technical Overcoming issues Development of multi- | Difficulty in Improved robustness
barriers related to detection sensor fusion (camera, | achieving high and reliability of
in realistic light detection and accuracy in adverse detection systems
environments such ranging [LiDAR], conditions. under various
as weather, radar) to improve environmental
occlusions, etc. object detection conditions.
accuracy.
Ethical and Balancing Strong data protection | Protecting personal Establishing ethical
privacy surveillance with policies, transparency | data, ensuring proper | guidelines for
concerns privacy protection in | in data usage, and use of surveillance surveillance,

transparent data

surveillance will
involve more hybrid

cameras, radar, and
LiDAR, Al-based

for new technologies,
ensuring their

systems. compliance. misuse. usage, and secure
privacy practices.
Future trends The future of traffic | Hybrid systems with Developing standards | Dominance of Al in

traffic management,
self-managing

systems, autonomous traffic practical application | systems, and
autonomous management. in real cities. seamless integration
systems, and Al- of autonomous
driven decisions. systems.
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Figure 7. Industry 4.0 technologies and their interdependence.

5G and High-speed Data Transmission
Since real-time object detection and tracking involve high computational tasks and are time-sensitive,
the coming of the 5G network is expected to define a new future for traffic surveillance.

Role of 5G in Enabling Faster Video Processing and Data Sharing

5G is much faster than its previous versions of mobile networks and has better latency capabilities.
This is especially important for video surveillance systems where obtained video streams have a high
resolution, and their processing has to be done in real-time. The availability of 5G makes it possible for
traffic surveillance systems to accommodate tremendous video streams from cameras placed in different
regions of cities where traffic control systems are established without experiencing the delay common
with traditional networks [34]. This speed provides the ability to respond promptly to traffic accidents
or congestion and optimize the reaction with surveillance systems and other authorities responsible for
traffic management.

Their high bandwidth and low latency are also critical for performing edge computing, where
computational tasks take place near the sources of data and not from remote cloud servers. This
decentralization minimizes the probability of data congestion and allows real-time object tracking and
detection algorithms to operate effectively throughout large metropolises (Figure 7).

Real-time Decision-making with Low Latency

Among the most essential uses of 5G is the decision-making process. For example, systems based on
5G can learn in real-time and adjust the traffic light if the number of vehicles is high, regulating traffic
efficiently. In addition, Verizon also pointed out that 5G networks will help provide faster interaction
with emergencies in case of accidents or dangerous states, which will help reduce response time and
prevent traffic congestion.

Integration With Autonomous Vehicles

With the increased popularity of self-driving vehicles on the road, real-time object detection and
tracking solutions will become essential for their proper functioning. When real-time surveillance
systems are incorporated, communication between autonomous vehicles and monitored environments
can be enhanced.

How Real-time Object Tracking can Enhance Autonomous Vehicle Navigation

Real-time object tracking is also expected to enhance the perception capabilities of self-driving cars
in terms of actual objects and individuals on the road to increase response precision. Intelligent tracking
systems will assist vehicles to remain aware of the environment and make the right decisions in traffic
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conditions. This is especially important when driving around traffic gates because city traffic is always
changing and always on the move. In addition, they found that incorporating these tracking systems
with traffic surveillance will help autonomous vehicles temporarily change their route decisions to avoid
congestion and accidents with real-time information (Figure 8) [25].

Future of Connected Traffic Systems

In the future, further development of connected traffic systems depends on the expansion of
autonomous cars. By detecting the objects authentically and in real-time, the vehicles and infrastructures
will be more efficient and secure in interacting with each other in a transportation system. Through the
interaction of connected systems, which will include traffic conditions, road hazards, and vehicle
position, the connected systems will assist vehicles in making the right decisions depending on the
traffic situation, minimizing accidents and traffic congestion [41]. Other connected systems also allow
for more accurate traffic optimization. For instance, with augmented intelligence, the traffic light will
be able to adapt to the movement of self-driving cars and other cars on the road to ensure that all the
cars, for instance, in an intersection, move smoothly (Figure 9).

Challenges and Opportunities Ahead
Despite the potential of real-time object detection and tracking for traffic surveillance, the following
challenges must be addressed for the system to be effective.

Overcoming Technical Barriers

An important limitation of the methods is the lack of highly accurate detection and tracking
algorithms capable of working in a realistic environment. Shadows, different lighting, weather
conditions, and occlusions, such as vehicles obscuring other vehicles or pedestrians, lower the
reliability. To overcome these problems, researchers are developing deep learning models and using
more innovative approaches, such as multi-sensor fusion, where the camera, LiDAR (light detection
and ranging), and radar data are used to make tracking models more robust [17].
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Figure 8. Autonomous vehicles attack surface.
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Ethical and Privacy Concerns

It is expected that the increased use of video surveillance systems in the observation of both human
and vehicle movement around the civilized world has raised many issues related to data privacy and
security. There must be ways in which traffic surveillance can help monitor traffic flow and also, at the
same time, consider the privacy of every individual. Government and organizational stakeholders have
to enforce concrete policies for data protection and proper usage of surveillance data. Furthermore, how
the data is being gathered, processed, and disseminated must be well-explained [42].

Future Trends in Traffic Surveillance Technology

Considering the further development of real-time object detection and tracking technology, several
trends can be predicted in traffic surveillance. The most obvious trend is the progressive use of hybrid
and multi-style systems equipped with video cameras, radar, and LiDAR to improve detection.
Furthermore, next-generation Al will contribute to developing self-managing traffic systems in which
computers make decisions without involving humans. Traffic surveillance and its future aspects of real-
time object detection and tracking can be considered in terms of the developments in artificial
intelligence and machine learning, as well as the integration of the 5G networks and diverse forms of
autonomous vehicles. Although there are obstacles that must be faced, like technical difficulties and
legal issues, the benefits that can be obtained from these technologies are enormous and can help
enhance traffic safety, organization, and flow. These technologies are likely to dominate the future
transport system significantly.

CONCLUSION

Modern traffic surveillance has benefited significantly from the availability of real-time object
detection and tracking systems since they form the basis of modern traffic management systems to
respond more efficiently, accurately, and timely to the challenges posed by current traffic management.
These systems, based on key elements of artificial intelligence and machine learning, untangle
important problems like traffic jams, the detection of accidents, and the safety of pedestrians. However,
with technologies like the CNNs, the Kalman Filters, and YOLO-Deep SORT, these systems can
identify the position and movements of vehicles, pedestrians, and other inhabited environments and
even under conditions such as low light or high occlusion. High-definition cameras, edge computing,
and real-time data analysis mean that massive video feeds and sensors are properly handled. This
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infrastructure enables traffic management authorities to view the traffic, model traffic patterns, and
reckon with traffic occurrences in real-time. However, these technologies are not limited to traffic flow
monitoring, where the systems can check the number plates of vehicles, detect pedestrians, and function
in smart city platforms. These use cases show how real-time object detection and the tracking system
can contribute to improving the flow of movement in cities, adjusting the timing of traffic signalization,
and increasing security.

When designing new safety mechanisms in rapidly developing cities and increasingly elaborated
traffic networks, developing new scalable surveillance systems is imperative. Issues like environment
change, privacy, and scalability in real-time systems are stiff due to the complex computation needed
to develop large real-time systems. Contrary to the current models, the newest ones, multi-sensor fusion,
and contextual learning, are expected to eliminate these challenges and provide effective alternatives
for various types of traffic.

Nowadays, real-time traffic surveillance is strongly connected to artificial intelligence, 5G networks,
and self-driving cars. Increasingly intelligent systems will enhance the self-optimizing transport
environment to analyze demanding traffic conditions and patterns and calculate traffic occurrences. The
implications of planning in the area of 5G networks will make data transfer quicker and achieve smaller
delays and prompt reactions irrespective of the density of the population, for example, in mega-cities.
In addition, its integration into the autonomous vehicle also creates a safer and smarter transport system
where the vehicles themselves and structures communicate effectively to enhance transport and
minimize on-road incidents. However, there are still ethical concerns and issues regarding data privacy
despite the promising future of these innovations. Through programs requiring surveillance, there is a
need to come up with full disclosure on how the programs will protect individual rights and ensure
safety. Achieving these objectives will, however, require striking a balance between the above priority
areas to enhance public acceptance of these new systems.

Real-time object detection and tracking is a technology and a core component of emerging smart
cities. With the current limitations in mind and by embracing emerging technologies, these systems can
transform the nature of traffic management in cities, improve traffic safety, and become a valuable
factor in shaping the sustainable development of cities. When researchers and engineers operate in the
field and design a better way forward, it is clear that the application of artificial intelligence, real-time
data analysis, and high-end surveillance systems will significantly define the ongoing advancement of
modern transport systems.
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