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Abstract— The fast development of autonomous vehicles re-
quires advanced technologies for precise object localization,
which play a key role for the safety and efficiency of these sys-
tems. In this work, we present a novel Artificial Intelligence (AI)
based algorithm for object detection and localization, specifi-
cally developed for use in autonomous vehicles. By integrating
modern machine-learning methods and an innovative architec-
ture, we were able to significantly increase the accuracy and
processing speed of object localization. The algorithm was vali-
dated using a holistic model-based methodology with Model-in-
the-Loop (MiL), Software-in-the-Loop (SiL), and Hardware-in-
the-Loop (HiL) simulations, demonstrating its robustness and
reliability. The results show that the approach pursued im-
proves detection accuracy and minimizes response times, mak-
ing it ideal for real-time application in interconnected cyber-
physical traffic systems. This paper discusses both the theoreti-
cal foundations and the measurement results of the presented
localization method, and underlines the potential of Al for the
further development of autonomous mobility.

Keywords—autonomous vehicles; artificial intelligence; 0b-
Jject localization; machine learning; validation of Al algorithms;
real-time systems.

I. INTRODUCTION

The revolution in the field of mobility, particularly
through the introduction of Autonomous Vehicles (AVs), is
on the cusp of significant technological breakthroughs. At the
heart of this transformation are modern control engineering
techniques extended with Artificial Intelligence (Al), which
plays a key role in the development and optimization of au-
tonomous vehicle systems. A critical aspect for the function-
ality and safety of these vehicles is the ability to precisely lo-
calize surrounding objects, such as other road users, pedestri-
ans, or traffic signs. Al based technologies are becoming in-
creasingly important in the area of object localization.

This article focuses on the methodological development of
an innovative object detection and localization algorithm
based on Al and designed specifically for use in autonomous
vehicles. A central challenge here is the complex machine
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learning for each new object type to be localized. However,
this effort can be significantly reduced by using a new type of
architecture. The developed Al approach is able to process and
interpret complex environmental information in order to en-
sure precise object localization. This combines extensive
knowledge from various successful research projects, such as
the Lower Saxony Future Mobility Lab.

The aim of this paper is to discuss the theoretical and prac-
tical aspects of Al-assisted object localization and to contrib-
ute to the further development of intelligent autonomous ve-
hicles. By combining theoretical research and practical exper-
iments, the aim is to gain a deeper understanding of the poten-
tial of Al in the domain of autonomous vehicles and to provide
a solid starting point for future innovations.

The structure of this article is as follows: Section II is de-
voted to the discussion of the current state of knowledge, in-
cluding aspects of object detection and localization. Section
IIT deals with the model-based development methodology for
interconnected cyber-physical systems. In Section 1V, the
concept of an innovative intelligent function for object locali-
zation is developed. This begins with the definition of require-
ments and evaluation metrics, followed by a discussion of the
architecture and the concepts of self-localization and object
detection. Finally, the machine learning method used is ex-
plained. Section V briefly summarizes the results of the vari-
ous investigations to assess the new object localization. The
article ends in Section VI with a summary and an outlook.

II.  STATE OF KNOWLEDGE

The following section discusses the state of knowledge on
localization and object detection methods.

A. Localization methods

Localization plays a central role in the navigation of AVs.
Numerous methods have already been proposed and imple-
mented. Effective navigation and safe driving are based on
precise self-localization, which requires a real-time sampling
rate at the millisecond level and accuracy down to the
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centimeter [1]. This self-localization forms the basis for accu-
rate position estimation of other detected objects.

Recently, sensor technologies for vehicle localization
have developed significantly [2]. A sensor data fusion of
Global Navigation Satellite Systems (GNSS), Light Detection
and Ranging (LiDAR) systems and cameras contributes to
highly effective localization. In addition, the movement of the
vehicle can be tracked and estimated through the use of Iner-
tial Measurement Units (IMU) and odometry. This approach
to active localization offers both flexibility and increased pre-
cision.

Furthermore, localization techniques can be roughly di-
vided into map-based and non-map-based methods. Map-
based positioning, which uses common map-matching algo-
rithms, integrates LiDAR [3], camera [4] and wireless com-
munication [5]. It proves to be more accurate and more suita-
ble for determining the position of a vehicle in a global coor-
dinate system. In contrast, non-map-based localization, usu-
ally realized by Simultaneous Localization and Mapping
(SLAM), provides accurate mapping of the environment inde-
pendent of existing maps, especially for indoor applications.
A detailed investigation of existing map-based localization al-
gorithms and their most important mechanisms is given in [6].

B. Object detection approaches

Numerous approaches have been developed in object de-
tection research, which can be roughly divided into traditional
methods and modern techniques based on machine learning
[7].

Early techniques, such as edge detection and segmentation
use simple features to detect object boundaries and similar vis-
ual features in images. These approaches are fast and less
computationally intensive, but often offer lower accuracy and
robustness in complex or variably lit scenarios [8].

The introduction of deep learning, in particular Convolu-
tional Neural Networks (CNNs), has revolutionized object de-
tection. Architectures, such as R-CNN, YOLO and SSD
achieve a high level of accuracy by learning from large
amounts of data automatically [9]. These functions are able to
recognize objects nearly in real time, making them ideal for
applications in AV. Current research focuses on improving ac-
curacy under different conditions and reducing false alarms to
further optimize the technologies [10].

In summary, it can be said that, despite the numerous re-
search efforts, there is currently no seamless object detection
and localization approach with sufficient accuracy and real-
time capability for use in autonomous vehicles.

I1II. METHODOLOGY

A structured, systematic approach is required to develop
Al-based functions for complex cyber-physical systems. The
complexity of autonomous vehicles in particular poses a spe-
cial challenge due to the high degree of internal and external
networking and the growing number of intelligent and power-
ful hardware and software components. For this reason, the
holistic, verification-oriented, model-based design methodol-
ogy based on Rapid Control Prototyping (RCP) with Model-
in-the-Loop (MiL), Software-in-the-Loop (SiL) and

Hardware-in-the-Loop (HiL) simulations has been established
[11].

The core of the methodology is the iterative mechatronic
development cycle according to [11] as shown in Figure 1.
Starting with the requirements and specifications, the system
is first modeled and analyzed. The function is initially de-
signed and optimized offline using a data management sys-
tem. Once a sufficient level of functionality has been
achieved, the function is transformed into C code via auto-
matic code generation and tested and further optimized using
SiL. The function is then automatically implemented on real-
time hardware and further optimized and tested under real-
time conditions using HiL simulations.

evaluation
management

requirements
management

evaluation
management

requirements
management

i and
specifications system specifications fulfilled

modeling testing

_::l physical modeling I I field test |

modeling

testing
Senson

T -
A A

. mathematic modeling

RCP
fullpassing

* D/A
analysis (MiL) I amplifiers
analysis/synthesis analysis of K
system behaviour - hierarchic control
/| automated code \'tructure / Al system

generation

synthesis and analysis of the
control design controlled system

control design (MiL)
data \

Figure 1. Mechatronic development cycle according to [11].
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By using this structured, seamless model-based develop-
ment process, Al-based functions can be developed in a fo-
cused and efficient manner.

IV. CONCEPT OF THE INTELLIGENT OBJECT LOCALIZATION

As shown in section 11, there is currently no seamless real-
time-capable function for object localization. The following
section therefore deals with the detailed conception of the Al-
based object localization algorithm for AV. Based on the re-
quirements specified, evaluation metrics are established for
the machine learning methods that will be used later. The cen-
tral aspect is the architecture of the new function. Finally, the
approaches of the specific localization algorithms and the ma-
chine learning used are discussed.

A. Requirements and evaluation metrics

In the development of an Al function for object localiza-
tion for AV, specific requirements manifest themselves that
affect both the precision and reliability of localization as well
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as the integration capability and scalability of the Al systems.
Firstly, the Al function must be highly accurate in order to
reliably determine the position and movement of surrounding
objects even under varying and potentially challenging envi-
ronmental conditions. Secondly, the dynamic nature of the
traffic environment requires a high reaction speed and real-
time capability to support time-critical decisions. Third, the
Al localization function must demonstrate robust performance
against sensor data inconsistencies and failures, which implies
advanced error handling and tolerance. Finally, the architec-
ture of the Al function must be modular and flexible to allow
easy integration into different vehicle platforms and to adapt
to future technological developments. Compliance with these
requirements is crucial to ensure the safety and effectiveness
of autonomous vehicles in complex and unpredictable envi-
ronments and to ensure their acceptance and trustworthiness
by end users.

Given these diverse and demanding requirements, it is
clear that a precise and comprehensive evaluation of Al func-
tions is essential. This need leads to the development and ap-
plication of specific metrics that are able to measure and vali-
date the effectiveness and reliability of Al-driven localization
systems in detail. Key metrics include localization accuracy,
which is usually measured as the mean square error between
the estimated and actual positions of objects. In addition, ro-
bustness to sensory interference and environmental variability
is critical, assessing the consistency of localization results un-
der different operating conditions.

The response time of the Al function, defined as the time
between data acquisition and the provision of localization in-
formation, is also critical, especially in dynamic traffic envi-
ronments where quick decisions are required. Finally, the abil-
ity to integrate into existing vehicle systems plays a role in the
evaluation, taking into account compatibility and the impact
of the Al function on system resources. The careful selection
and application of these evaluation metrics enables a sound
assessment of Al object localization capabilities and supports
the continuous optimization of these essential systems in au-
tonomous vehicles.

In particular, the metrics Average Precision (AP) and
mean Average Precision (mAP) are used to evaluate the per-
formance of the developed algorithms for object detection and
localization. The AP measures the quality of an Al model in
terms of its ability to correctly detect and localize objects
within a predefined class (e.g., cars, trucks, etc.). It is deter-
mined by integrating the precision-recall curve p(r) accord-
ing to equation (1). This curve represents the relationship be-
tween the accuracy of recognition (precision) and the propor-
tion of correctly identified positive cases (recall). A higher AP
value indicates better performance in relation to the class un-
der consideration.

The mAP value, calculated according to equation (2), ag-
gregates the AP values across N predefined detection classes
and thus provides a comprehensive measure of the overall per-
formance of the detection and localization system. The mAP
value is particularly meaningful for applications where multi-
ple object classes need to be detected simultaneously. This
metric shows the average performance of the system across all
classes, which enables a holistic evaluation of the algorithms.

1

AP = | p(r)dr (1)
/
1 N
mAP = N; AP, (2)

B. Architecture of the novel Al function

The architecture of the new Al function is characterized
by its modularity and flexibility, which enable efficient inte-
gration and processing of various sensor data. It implements a
multi-layered modularized approach with data collection and
sensor data fusion, self-localization of the vehicle, object de-
tection and external localization (see Figure 2).
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Figure 2. Architecture of the new Al based localization function.

This ensures high cohesion within the modules and low
coupling between them. Core of the architecture is the use of
advanced machine learning and Al algorithms, which enable
precise and robust localization information to be extracted
from the raw, multimodal sensor data. This architecture un-
derlines the potential of a systematic and modular approach to
the development of complex solutions for autonomous vehi-
cles and provides a solid basis for further research and devel-
opment in this dynamic field.

C. Sensor data fusion for self-localization

Figure 3 shows the concept of self-localization according
to [12]. The interface to the inputs and outputs of the function
is defined. The LiDAR and IMU mounted on the vehicle can
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be used for self-localization. The LiDAR scans the environ-
ment and transfers the data to the localization function block
in the form of a point map.
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Figure 3. Concept of the self-localization function according to [12].

The IMU can be used to detect the movement of the AV
in order to implement the local localization function. The lo-
calization function module also receives information from the
map, camera and LiDAR. By comparing the map information
with the measurement information from the built-in sensors,
the AV can then be localized (global localization). Finally, the
function module also receives image information from an ex-
ternal reference camera, a sensor in the traffic environment.
The camera is permanently installed in the application scene
and records the position of the vehicle for validation and cor-
rection. For this purpose, each vehicle in the laboratory setup
is clearly identified by two infrared LEDs. The position trans-
mitted by the camera is regarded as the reference position of
the vehicle. In addition to validation, this reference position
can be transmitted to the AV in order to eliminate self-locali-
zation errors.

D. Object detection and localization

The innovative Al-based object detection and localization
is based on the use of neural networks. The core of the ap-
proach lies in the integration of CNNs, which have been spe-
cially trained to recognize relevant objects from a variety of
sensor inputs, such as camera images and radar or LiDAR
data. These networks are able to extract and learn complex
features from the input data, enabling precise object detection
even under difficult environmental conditions, such as poor
lighting conditions or rapid changes in the field of view.

The object detection concept also relies on a robust paral-
lel data processing architecture as shown in Figure 4, which
enables efficient handling and analysis of large volumes of
data. This is based on smart tagging using an existing, pre-
trained neural network (e.g., YOLO) and a specialized detec-
tion network. The results of both networks are merged and
provide robust object detection. A box surrounding the object
marks the detected areas.

Fusion =>

Figure 4. Concept of parallel detection.

Localization is based on the transformation of the received
fused detected data into a bird's eye view. Using geometric
transformation, the object coordinates can be determined rel-
ative to the vehicle's own position.

E. Machine Learning Method

The neural network used is specially developed and
trained for detection and positioning in 3D environments. The
training process of this network includes the generation of a
suitable training data set that maps the object features to be
detected with sufficient accuracy. It is particularly important
to ensure that the training data covers the entire possible event
space of the use case in order to guarantee a high degree of
generalizability and reliability in real application scenarios.
The data sets are either recorded under realistic conditions or
generated by an image-realistic simulation and include a wide
range of scenarios and object positions in order to effectively
prepare the network for detection and precise localization.

During training, various criteria based on the metrics pre-
sented in Section [V.A are used in a loss function to optimize
the accuracy of object localization, using machine-learning
methods. Figure 5 illustrates an example of the progression of
a loss function during the learning process. The calculated loss
value is plotted against the number of training steps per-
formed. A downward trend can be seen. However, due to the
special learning procedure for finding a global minimum, fluc-
tuations are included. The training process is terminated when
a termination criterion is met, such as falling below a limit
value or reaching a maximum number of steps.

Finally, the trained network is validated through tests un-
der real conditions in order to confirm the performance and
reliability of the localization algorithm.

V. RESULTS OF THE OBJECT LOCALIZATION

For initial tests, the designed function for object detection
and localization was trained to recognize a special laboratory
vehicle using about 2000 data records. These data sets are gen-
erated automatically with the help of CAD software. Subse-
quently, the function was tested in detail using MiL simula-
tions. These were used for the initial validation of the algo-
rithms. Particular attention was paid to the accuracy of object
positioning to ensure that the algorithm accurately detects the
environment and reliably localizes objects.
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Figure 5. Sample loss history during training.

In the subsequent SiL and HiL phases, the interaction be-
tween real test vehicles and the algorithms was examined un-
der realistic conditions. The SiL tests focused on refining the
algorithms by simulating different traffic scenarios and object
interactions, enabling a comprehensive evaluation of the algo-
rithm performance under different conditions. The HiL tests
extended these investigations by incorporating real hardware
to test the algorithms under real-time conditions. These tests
showed that the developed algorithms are robust to different
environmental conditions and capable of precise localization
in dynamic scenarios.

For basic optimization, validation and performance analy-
sis, the test setup shown schematically in Figure 6, is first used
in the laboratory. A laser-based reference sensor is utilized to
verify the results of the algorithm. A camera captures a de-
fined image section. Vehicles are positioned at different an-
gles and orientations to the camera in a referenced grid.

Vehicles at different angles and orientations

>y

Camera + Reference sensor

Figure 6. Schematic test setup for the first verification of Al-based object
localization.

Figure 7 illustrates an example of the result of a localiza-
tion in a laboratory environment. The detection and localiza-
tion of an autonomous vehicle can be seen, outlined in red.
The analysis of the test results revealed a high efficiency and
accuracy of the developed object detection and localization al-
gorithms. By applying specific metrics, such as mAP and
evaluating the required computing power, the performance of
the algorithms could be quantitatively assessed. The results
confirm that the algorithms not only have a high detection
rate, but also perform localization with good accuracy.

Figure 7. Exemplary localization result in a laboratory environment.

The computation time required by the function is a critical
factor in the performance of the developed object detection
function, especially in applications that require fast response
times, such as autonomous vehicles. The efficiency of the al-
gorithm has therefore been intensively optimized to minimize
the latency between data acquisition and decision making. By
using optimized neural network architectures and advanced
hardware acceleration techniques, the processing time has
been significantly reduced. This makes it possible to process
even complex scenes with multiple objects to be localized.
The versatile tests under various operating conditions have
shown that object detection and localization is performed
within less than ten milliseconds. A Raspberry Pi 4 single-
board computer with hardware acceleration was used for this

purpose.

VI. CONCLUSION AND FUTURE WORK

This publication presents a novel Al-based algorithm for
object localization in autonomous vehicles. By developing a
new architecture and using modern machine learning tech-
niques, the authors were able to significantly increase the ac-
curacy and efficiency of object recognition. Various optimi-
zations and tests, including MiL, SiL. and HiL simulations,
confirmed the effectiveness of the approach, making the algo-
rithm a solid basis for practical application in the navigation
of autonomous vehicles.

The research results provide a promising basis for future
developments in Al-assisted object localization. It is expected
that further optimizations, especially in terms of reducing
false alarms and increasing algorithm efficiency, will improve
the applicability in real traffic situations. In addition, the inte-
gration of further sensor technologies and an increased focus
on interdisciplinary research could further increase the
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accuracy and robustness of localization systems in order to
make autonomous vehicles safer and more reliable.
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