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Abstract. In this article, we have reviewed the available positioning, localization and navigation 
techniques for mobile robots. Different localization techniques based on diverse technologies are 
compared with one another, along with diverse algorithms and techniques for analyzing this 
information. The article highlights algorithms based on odometry, triangulation, visual analysis, 
and marker detection. The analysis included global, local, and personal location. One acquires 
knowledge on which method is suitable for indoor use and which for outdoor use, as well as the 
appropriate environmental conditions for each. The accuracy of the individual methods was 
compared with that of integrated systems consisting of several methods. For practical knowledge, 
it is possible to determine whether a particular method is cost-effective for a particular solution 
and to compare the expenses involved.  
Keywords: mobile robot, positioning, SLAM, LiDAR, LMS, RFID, GPS, radio waves, vision 
systems, odometry, line follower. 

1. Introduction 

Localization can be defined as the process of tracking and controlling the movement of objects 
from one location to another. The subject is extensive and draws upon diverse scientific 
disciplines, including but not limited to mathematics, computer science, electronics, mechanics, 
and robotics. Furthermore, sometimes referred to as navigation, it is possible to categorize location 
into four primary categories, namely land, sea, air, and space. The term can also be used when 
determining one’s own location. 

One of the key features of a location system is its scale, and the physical size of a device’s 
localization is determined by the required navigation precision. The scale can vary considerably 
depending on the needs. The first approximation of scale is the devices dimensions, as any mobile 
location device must be able to determine its position with an accuracy at least close to its size. In 
order to organize the requirements for location systems, scales are classified into three distinct 
categories: global, local, and personal. Global-scale navigation is the ability to determine one's 
position in a global frame of reference, such as a map, and to travel between different locations. 
Local-scale localization entails determining the position relative to other objects, which can be 
fixed or moving. Personal navigation involves finding a position relative to other elements that 
together form a complete system. 

To navigate in AGV (Automated Guided Vehicles) space, it is necessary to utilize physical 
route marking, typically by magnetic or color line. In contrast AMR (Autonomous Mobile Robots) 
utilizes natural navigation, which maps the space based on 2D or 3D sensors and generates a 
virtual map on which the robot moves. Within natural navigation, a distinction is made between 
SLAM (Simultaneous Localization and Mapping), LiDAR (Light Detection and Ranging), or 
LMS (Laser Mapping System) methods. 

Another fundamental concept associated with localization is the reference system, which can 
be either relative or absolute. Absolute localization refers to determination of a location in relation 
to a fixed point in space, based on the scale of the location. Relative localization involves 
determining a position relative to objects in the environment of a mobile device. 

https://crossmark.crossref.org/dialog/?doi=10.21595/rsa.2024.23893&domain=pdf&date_stamp=2024-02-17
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In this article the mainstream positioning methods and related positioning technologies are 
highlighted. A comparative analysis is made based on positioning accuracy, cost, and advantages 
and disadvantages.  

2. The classification and selection of localization method 

There are a lot of algorithms and measurement techniques for localization (Fig. 1), and it is 
possible to distinguish a subset of those that rely on the reproduction of a pre-programmed route, 
such as where a map that has been pre-designed and uploaded, or a route that is mapped by markers 
or lines [1-3]. A distinction can be drawn between those that rely on reference points, such as 
magnetic lines [4], RFID [5, 6], QRCode [7, 8], and others, and those that employ image 
recognition [9] and artificial intelligence techniques [10-13]. Another group uses sound 
(ultrasonic) waves [14, 15] or electromagnetic waves, such as laser [16-18], infrared [19] 
technologies, and radio waves [20-22], such as Bluetooth [23] or UWB [24, 25] technologies.  

In the process of positioning by scene analysis, initial data collection involves identifying the 
characteristics or fingerprints of an environment. Subsequently, the location of an object is 
determined by combining the measurements taken online with those performed a priori during a 
calibration phase. The transmitted signal power is commonly used as a fingerprint in scene 
analysis. 

In this context, it is also possible to distinguish between personal, local, or global navigation. 
Based on the fact that emitters are mounted on the mobile robot, it is possible to determine the 
direction of a route based on information from these sensors. The robot can also determine its 
position by examining the signal intensity [26]. Local localization can be achieved when 
appropriate sensors/cameras are deployed in a building, which transmit information to a central 
unit [27]. This allows robots to be managed centrally. Global localization frequently relies on the 
utilization of GPS technology [28, 29], thereby enabling the possibility of locating across the entire 
globe. 

Odometry, a branch of metrology that focuses on distance measurement, can be employed for 
pose estimation. By utilizing motion sensors, it is possible to determine the change in position of 
an object relative to a previous position over time. Frequently used sensors are inertial sensors 
such as accelerometers, gyroscopes, or magnetometers [30]. Movement can be interpreted in up 
to nine axes of freedom. The most commonly employed IMU sensors [31] are MEMS (micro 
electromechanical system) sensors, as they have a small footprint and are relatively cheap. 
Another technique used to estimate position is wheel odometry, which uses encoders to count the 
number of revolutions of the wheels that are in contact with the ground [32]. In this method, it is 
important to select suitable filters. One can distinguish between particle filters [33] and the 
well-known Kalman filter [34, 35]. Furthermore, it is worth mentioning the errors that can result, 
for example, from wheel slippage [16]. 

Visual odometry is the process used to determine the position and orientation of a robot by 
analyzing the associated camera images. It is important to note that visual odometry is focused on 
local consistency and attempts to incrementally estimate the path of the camera/robot pose after 
pose, and possibly perform local optimization. In contrast, SLAM aims to obtain a globally 
consistent estimate of the camera/robot trajectory and map. Global consistency is achieved by 
knowing that a previously mapped area has been checked again (loop closure) and by using this 
information to reduce the drift in the estimates [36]. Among all kinds of SLAM (LiDAR-based 
SLAM, Radio-based SLAM), visual SLAM (VSLAM) is the key academic research due to its 
advantages of low price, easy installation, and simple algorithm model [37-39]. 

Each of the localization methods is subject to a greater or lesser error (Table 1). Before 
selecting the appropriate technology, it is imperative to inquire about the desired accuracy and the 
possessed capabilities. The most effective approach appears to be to employ multiple methods to 
localize a single object, thereby minimizing the error rate. However, due to the complexity of the 
algorithms and the requirement for additional computing power, the system becomes more 
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complex, making it even more challenging to implement in small mobile robots, resulting in a 
higher cost. Visual methods with artificial intelligence algorithms have the highest accuracy, but 
are therefore among the most expensive methods. The cheapest methods to implement seem to be 
odometry-based methods using QRCode/ArUco or follow line. A moderate price applies to 
technologies based on laser rangefinders, RFID tags, GNSS, radio waves, or ultrasound. Among 
the most expensive methods is image recognition or LiDAR. It is worth noting that the final price 
is also composed of the algorithms used to calculate the position. 

Table 1. A review of literature on mobile robot positioning technology 
Positioning technology Algorithm or technique Accuracy Article 

Laser Pose tracking Minimal error: 5.3 cm on 4 m/s [16] 
Odometry and QRCode Filter H ∞ (EHF) Mean error: 30 mm and 0.5° [7] 

RFID (RSSI) Particle Filter Minimal error: 5.9 cm and 2.1° [5] 
Laser Particle Filter Minimal error: <1% [33] 

RTK-GPS Extended Kalman Filter Minimal error: 0.103 m and 3.32° [17] 
Odometry CORDIC Mean error: ~0.6° [32] 

WSN (radio waves) and 
IMU (odometry) Filter H ∞ Minimal error: 0.1313 m [20] 

Vision system and LED 
markers Extended Kalman Filter Minimal error: 0.06 m/s [27] 

Vision system and 
natural landmarks 3D vision Minimal error: 1.8 cm and 0.1° [10] 

Follow line Lyapunov approach Mean error: 5.25 cm [4] 
Vision system Deep learning, PV-RCNN Mean error: 0.5 mm and 0.3° [11] 

Ultrasonic DTOA Mean error: 3.5 cm [14] 
Ultrasonic Extended Kalman Filter, UHL Mean error: 0.07 m and 1.98° [15] 

Radio waves, RF Extended Kalman Filter, particle 
filter Minimal error: 0.23 m [21] 

LiDAR RGB color information RMSE: 0.111 m [45] 
GNSS (GPS) Adaptive Kalman Filter Minimal error: 17 mm [47] 
GNSS (GPS) Fisheye Minimal error: 0.05 m [28] 

Odometry (IMU and 
Encoder) Kalman Filter, EKF Maximal error: 0.5 m [31] 

Radio waves (Bluetooth 
RSSI) WKNN, Kalman Filter Mean error: 1.91 m [23] 

(HF)-band RFID Monte-Carlo 
Mean error (for 8 HF-band RFID 
and Combination 100 tags/m2): 

4.7 mm (x), 22.8 mm (y), 0.019 rad 
[6] 

Ultrasonic and radio 
waves (UWB) TDOA Average dynamic errors: 0.35 m 

Pozyx and 0.15 m GoT [24] 

Ultrasound TDOA Mean error: 1.57 cm [42] 
PIR and ultrasonic Decision Tree, K-Means Reconstruct direction: 70.7 % [19] 
Vision and LiDAR YOLOv7 Average: 95 % [46] 

Visual marker, LiDAR, 
IMU, Encoder 

Extended/Untraced/error-state 
Kalman Filter, particle filter, Lins, 

Fast-Lio (2) 

RMSE relative to ground truth: 
0.12 m [48] 

Follow leader, vision, 
IMU, GNSS, ArUco 

markers 
Extended Kalman filter Minimal error: less than 4 cm in all 

axis [35] 

Odometry Extended Kalman filter (EKF) Mean deviation: 11.3 mm [18] 
LiDAR and vision Original Deviation: 0.4° and 2 cm [9] 

AGV navigation (QR 
code) 

Improved AMCL particle 
positioning Minimal Error: 5.2 cm [8] 

Radio waves (UWB) Asymmetric two-way ranging 
(ADS-TWR) Maximal Error: 10 cm [25] 
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GPS [–] Mean error: 3 cm 
(RTK DGPS correction mode) [29] 

Radio waves (WLAN, 
WSN, UWB), RFID TDOA, AOA Average accuracy: 19.1 cm [26] 

Odometry Kalman filter Mean error: 0.4 % [30] 
Ultrasonic FMCW Maximal error: 50 mm [43] 

UWB, IMU, Odometry, 
LiDAR EKF, AMCL RMSE: 0.04 m [49] 

 
Fig. 1. The classification of methods for localizing a mobile robot 

Another question concerns the conditions and the place where the robot will be operating. For 
instance, in the heavy industry, the implementation of localization utilizing wireless technologies 
may prove ineffective due to the numerous errors resulting from interference, such as 
electromagnetic interference arising from the presence of numerous machines and wireless 
devices operating nearby, such as gate remotes and WiFi access points. In locations with frequent 
vibrations with significant amplitudes and different frequencies, a method based on inertial 
sensors may also be subject to high error, as it may be difficult or impossible to filter the signal 
from random vibrations. Other important considerations include the environmental conditions in 
which the robot is to operate. In places where there is a lot of contamination, like a paint shop, it 
might not be possible to use visual or ultrasound methods. The detector can get damaged quickly, 
but using special protection measures can make it less likely to happen. The comparison of 
different technologies to localize a mobile robot, with their advantages and disadvantages, is 
presented in Table 2. 

Table 2. The comparison of different technologies to localize a mobile robot. 
Positioning 
technology Costs Advantages Disadvantages Article 

Laser Medium Good accuracy at 
medium speeds 

Use of high-speed data 
processing and 
susceptible to 
contamination 

[16], [33] 

Odometry 
IMU/Encoder Low Easy to apply, many 

degrees of freedom 

Errors due to the design 
of the sensors 

themselves 

[7], [12], 
[18], [20], 
[30-32], 

[35], [48], 
[49] 

QRCode/ArUco Low 

Quick and simple 
application, easy to 
change course - new 

marker 

Susceptible to soiling [7], [8], 
[35] 
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RFID Low/ 
Medium 

Route tracking and 
provision of location 

information 

Covering the entire area 
with a grid of markers [5, 6] 

GNSS (GPS) Medium 

Global location 
determination and 
simple navigation 

thanks to extensive 
maps 

Limited range (mainly 
indoors) 

[12], [17], 
[28, 29], 
[35], [47] 

Radio waves Medium 

Good accuracy, 
resistant to harsh 
environmental 

conditions 

Application of complex 
data processing 

algorithms 

[20-26], 
[49] 

Vision system High 

Very high accuracy, 
can be used virtually 
anywhere, ambient 

mapping 

Mainly based on 
artificial intelligence, so 
very sophisticated image 
recognition algorithms 

[9-12], 
[27], [41], 

[46] 

Follow line Low Simple to implement, 
good track record 

There must be a 
continuous reference 

point (line) 
[1-4] 

Ultrasonic Low/ 
Medium 

Multiple signal 
processing options, 

high accuracy at low 
speeds 

Limited operating range, 
low accuracy at higher 

speeds 

[14, 15], 
[24], [42], 

[43] 

LiDAR Medium/High 
Possibility of mapping 
with good accuracy, 

fast operation 

Poor dirt resistance, 
complex information 

processing 

[9], [13], 
[45, 46], 

[48] 

Other markers [-] 
Easy to find (self) 
robot, with known 

marker location 

High density of markers 
needed for decent work 

[10], [27], 
[48] 

3. A review of the selected localization methods 

3.1. Following the magnetic or optical line 

The methodology is based on the juxtaposition of a displacement path with a suitable detector. 
Typically, optical lines with high contrast are employed to enhance the clarity and ease of 
processing of the sensor signal (Fig. 2). It is a common occurrence to utilize multiple sensors to 
increase accuracy or to augment the capability to track multiple lines. Among optical sensors, we 
can distinguish those that operate in the visible range (responding to contrast or color) or the 
infrared range. By adding the ability to track multiple lines at the same time, we can create more 
complex routes and use the cooperation of multiple robots. Due to the fact that optical detectors 
are sensitive to dirt, they are used in clean areas with very low dust levels. 

 
Fig. 2. The Arduino-based line follower robot [3] 
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For many applications, it is difficult to keep dust levels low, and magnetic tapes are used. A 
Hall sensor is usually used as a detector. This solution is more expensive when constructing 
extensive routes. However, it exhibits greater resistance to dirt than an optical solution [40]. 

3.2. Reference tags/points – RFID/QRCode 

Markers play a crucial role in localization. Thanks to them, we are able to determine the initial 
position of the robot. The object, having acquired knowledge of the map of the markers, can, upon 
becoming lost for various reasons (such as power outage or manual relocation), either return to 
the previous point or alter the route to a more optimal one. 

RFID is a radio-based technology, which possesses a relative degree of dirt resistance 
compared to QRCode. According to the available information, the two main categories of 
RFID-based localization methods are reader and tag. The tag density must be increased in order 
to increase localization accuracy (Fig. 3), however, this also involves more time-consuming 
information processing [6]. 

The utilization of QRCode is based on the examination of the information contained within 
such a tag, such as the approximate global location and the mobile robot’s heading direction . The 
disadvantage of this application is that an optical system is required to read these tags, which is 
less resistant to fouling than an RFID receiver. The advantage is that we can implement more 
information. 

 
Fig. 3. The RFID-based localization system for mobile robot [6] 

3.3. Image detection 

The method is one of the most advanced, and also one of the most difficult to implement, but 
when combined with artificial intelligence, it produces very good results. Thanks to continuous 
image recognition, we are able to react to unpredictable changes in the course, such as the 
appearance of obstacles or the appearance of new landmarks (e.g. new buildings). It is important 
to utilize a high-quality camera or cameras in order to accurately determine the distance of more 
distant features with a high degree of accuracy. 

It is noteworthy that it is imperative in this methodology to distinguish between obstacles and 
target objects in real time (Fig. 4). It is important to utilize a camera that has been calibrated 
appropriately to ensure that the image does not suffer from distortion. The implementation of 
artificial intelligence involves learning, for example, a robot following the same target can change 
its route each time as it chooses a more optimal one [41]. 

3.4. Ultrasonic system 

The primary advantage of ultrasonic signals is their low propagation speed compared to the 
processing speed of electronic systems. This enables the capture of the propagation delay between 
known points with high precision. The proposed method can be classified into two distinct 
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categories: the time-of-arrival (TOA) localization technique, wherein the system estimates the 
propagation delays between a sent and received signal, and the differential time-of-arrival 
(DTOA) techniques, wherein the system estimates the propagation delays between multiple 
receivers [42]. 

 
Fig. 4. Object detection to navigate mobile robots using artificial intelligence used  

in indoor environments [41] 

This technique is employed indoors, as the sound (ultrasonic) wave must be reflected, thereby 
revealing the relative position information (Fig. 5). 

 
Fig. 5. The principle of operation of an ultrasonic system on an unmanned ground vehicle (UGV) [43] 

3.5. Radio waves 

There exist numerous variations of this method, including those based on Bluetooth, WiFi, 
ultra-wideband (UWB), and GSM. Furthermore, radio waves can be utilized in a manner that, 
similar to ultrasound, the propagation time between the transmitter and the receiver can be 
measured [20]. Examples include the use of the triangulation method (Fig. 6) and the use of BTS 
base stations [44]. Being within range of several such stations, it is possible to determine the 
position of an object with a high degree of accuracy. 
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Alternatively, one solution may be to use wave fading in a medium with known attenuation 
[21], such as a steel pipe. Knowing the attenuation coefficient for a specific frequency may allow 
one to estimate the distance between receiver and transmitter with some approximation. 
Furthermore, by utilizing a greater number of receivers, reliability and resolution can be increased. 

 
Fig. 6. A method based on radio waves from BTS stations [44] 

3.6. Laser method 

The laser method is mainly based on the use of laser rangefinders to measure distances (Fig. 7). 
The operating principle is similar to that of ultrasonic sensors, but with greater accuracy. Distance 
information from laser sensors can be obtained by measuring the phase shift of the electromagnetic 
wave sent out and returning or by measuring the time taken for the pulse to travel from the 
transmitter to the object and from the object to the receiver. As a result of the fact that the velocity 
of wave propagation is significantly higher than that of sound waves, it is imperative to utilize 
systems with very high operating frequencies. 

 
Fig. 7. The principles of the LiDAR method [46] 

The relative location can determined with this method. A distinction can be made with the 
LiDAR method [45], whose operational principle is based on the combination of a laser and a 
telescope. The laser emits very short and precise measured strong pulses of light of a specific 
wavelength and in a specific direction. This light undergoes scattering along its path, which is 
observed with a telescope, followed by recording with a sensitive detector and analyzed by a 
computer. 

3.7. GPS 

Typically, global localization is based on the utilization of the Global Navigation Satellite 
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System (GNSS), commonly known as the Global Positioning System (GPS). However, this system 
has many limitations, due to its dependence on satellite signals (Fig. 8). Localization cannot be 
performed in areas with poor signal reception (e.g. tunnels, underground car parks). Furthermore, 
the standalone GPS system exhibits limited precision. correction signals, such as differential GPS 
(DGPS) or real-time GPS (RTK-GPS), are required to achieve precise localization. Using different 
filtering, location reliability and accuracy can be increased. The conventional Kalman filter is 
incapable of providing a precise estimation of the robot's turning points, as the results obtained 
from sudden changes in the robot's position are average. Nonetheless, the implementation of an 
adaptive version of this filter can yield satisfactory outcomes [47]. 

 
Fig. 8. The influence of the environment on the satellite signal [28] 

3.8. Odometry-based methods 

The most common solution is to combine IMU sensors with motorized encoders of mobile 
robots (Fig. 9). The direct integration of acceleration measurements from inertial sensors to obtain 
position information is problematic due to the presence of deviations and signal noise. The use of 
encoders alone is also problematic and can generate large errors in the case of slippage. Inertial 
sensors are capable of measuring accelerations in various axes, orientation, angular velocities, and 
other gravitational forces. It is possible to distinguish between accelerometers, gyroscopes, and 
magnetometers. At present, the most prevalent sensors are MEMS (micro-electromechanical 
systems) as they are capable of incorporating the three aforementioned types of inertial sensors 
into a single housing. This enables us to obtain measurements with multiple degrees of freedom. 

Through mathematical transformations, we can obtain information about the mobile robot 
position. This is generally a relative position. However, when utilized in combination with 
technologies such as GPS, it is possible to determine the absolute position with a high degree of 
accuracy. 

 
Fig. 9. The four-wheeled mobile robot with complex localization (including IMU and encoder) [48] 
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3.9. Systems integrated from several methods 

By utilizing simultaneous localization and mapping, mobile robots are capable of performing 
automated navigation tasks in unfamiliar indoor environments. Using systems integrated from 
several localization methods, high accuracy is achieved. Fig. 10 and Fig. 11 show the localization 
process into two stages – initial estimation (including sensor data collection and position 
estimation) and accurate, with mapping of the robot often occurring in the second stage. By 
dividing it in this manner, it is possible to attain enhanced reliability as the robot can continue to 
operate despite any damage to any components of the localization system, albeit with reduced 
localization accuracy. 

 
Fig. 10. Visual marker-aided LiDAR/IMU/Encoder integrated odometry [48] 

 
Fig. 11. Integrated positioning frame diagram based on UWB/IMU/ODOM/LiDAR [49] 

4. Summary 

The paper presents the most commonly employed techniques for locating mobile robots. Each 
approach is founded on distinct physical phenomena. There is no one perfect method for 
localization. To attain optimal outcomes from robot localization, it is imperative to employ a 
variety of techniques. Also important to note that obtaining accurate measurements directly from 
the sensors does not yet prove accuracy. The filtering and processing of the data becomes an 
important element. Therefore, it is worth considering solutions holistically, not only because of 
the use of the sensors themselves, but also because of the relevant algorithms and hardware 
processing the information. 

The selection of appropriate methods ought to be based on the operational assumptions of a 
mobile robot. Other methods will be better suited for robots used in industry, where the route is 
repeated, and others where robots will explore places (e.g. space rovers). It is also important to 
consider the environment in which such robots will operate, whether outdoors or indoors. It should 
also depend on environmental conditions. The objects in the close and distant surroundings of the 
robots are worth noting and trying to predict whether the condition will change in the near future. 
When using methods related to optics or ultrasound, it is important to ensure of the cleanliness of 
the detectors. It is important to consider whether robot navigation should be managed centrally or 
individually. For example, there are many disadvantages related to the loss of connection between 
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the robot and the control panel. The second solution can result in collisions between robots, 
especially when there is a high density of through robots, for example, an incorrect map. Both 
solutions can, of course, have some disadvantages, but each case should be analyzed individually. 
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