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Introduction 

In recent years, the widespread use of unmanned aerial vehicles (UAVs) in 

both civilian and military domains has shifted the focus from their individual 

deployment to their operation in groups and swarm configurations. Within the 

context of surveillance, reconnaissance, electronic warfare, and counter-UAV 

systems, the detection and continuous tracking of UAV groups represent a 

complex scientific and technical challenge. At the core of this challenge lies the 

correct association of measurement data and the discrimination among 

multiple homogeneous targets. 

In traditional approaches, the observation of UAV groups is primarily 

carried out using bearing-only localization schemes. Based on azimuth and 

elevation measurements obtained from multiple observation stations, the 

target position is estimated. However, as the number of targets within a group 

increases and their spatial distribution becomes denser, the problem of correct 

bearing association becomes significantly more acute. Under such conditions, 

classical triad-based or combinatorial association methods lead to a rapid 

increase in false identifications and a reduction in real-time processing 

capability. 

In modern multi-target tracking theory, this problem is no longer treated 

as a purely geometric task but rather as a probabilistic problem characterized 

by measurement-to-target association uncertainty. From this perspective, 

probabilistic data association, multi-hypothesis tracking, and filtering methods 

https://www.utcluj.ro/en/
https://www.utcluj.ro/en/


  

Традиційні та інноваційні підходи до наукових досліджень  

 
378 

based on random finite set theory have been extensively studied over the past 

decade and have found practical applications. The objective of this article is to 

reformulate the problem of bearing identification in UAV groups through the 

lens of contemporary scientific approaches and to substantiate the advantages 

of the probabilistic tracking framework in comparison with classical methods. 

Literature Review 

Research on the observation and tracking of UAV groups can be 

conditionally divided into two main directions. The first direction encompasses 

classical deterministic or semi-deterministic approaches. In these methods, the 

primary focus is placed on the geometric association of bearings, the selection 

of triads, and the filtering of false combinations. Studies based on three-point 

bearing-only localization schemes have investigated the influence of 

parameters such as group spatial configuration, measurement accuracy, and 

observation range on identification probability. While these works provide 

useful results for tracking UAV groups under certain scenarios, their main 

limitation lies in the rapid growth of combinatorial complexity. 

The second direction is based on the probabilistic theory of multi-target 

tracking. In this approach, it is assumed that a one-to-one correspondence 

between measurements and targets does not exist, and association is modeled 

probabilistically. Probabilistic data association methods compute the 

likelihood that each measurement originates from a given target and 

incorporate these probabilities into the filter update process. These methods 

yield more stable performance in scenarios with moderate target density. 

For more complex and dense scenarios, tracking frameworks based on 

multi-hypothesis tracking and random finite set theory have been proposed. 

Filters such as the PHD, LMB, and GLMB enable the joint consideration of a 

varying number of targets, false alarms, and missed detections within a unified 

mathematical framework. Labeled RFS filters offer significant advantages in 

maintaining continuous trajectories of individual UAVs. 

Another important research direction that has attracted considerable 

attention in recent years is multisensory fusion. When optical bearing-only 

systems are combined with RF direction finding, radar, and acoustic sensors, 

association uncertainty is substantially reduced. Compared to classical 

methods relying solely on angular measurements, such multisensor 

approaches provide markedly improved tracking performance. 

Methodology 

In this article, the problem of bearing identification in UAV groups is 

formalized within the framework of multi-target tracking and probabilistic 
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association. The central hypothesis of the study is that, instead of classical 

triad-based association methods, probabilistically weighted measurement data 

combined with dynamic tracking models yield more stable and robust results. 

The methodological approach consists of several stages. In the first stage, 

angular measurements received from sensors undergo preprocessing, and 

measurement noise is statistically modeled. At this stage, both azimuth-only 

and azimuth–elevation measurements are considered. Subsequently, a spatial- 

and angular-based gating mechanism is applied to measurements, enabling the 

preliminary exclusion of observations with very low association probability. 

In the next stage, the measurement-to-target association problem is 

addressed using probabilistic data association and RFS-based filtering 

techniques. For scenarios with moderate target density, a JPDA-type approach 

is employed, whereas for denser and more dynamic groups, the use of LMB and 

GLMB filters is envisaged. These filters account for target birth and death 

processes as well as missed detections, thereby ensuring reliable estimation of 

individual trajectories. 

An essential component of the methodology is the integration of 

multisensory data. When optical bearing measurements are fused with RF- or 

radar-based directional information, uncertainty in the association stage is 

significantly reduced. This approach is aligned with the practical architecture 

of real-world counter-UAV systems. 

 

 
Fig. 1. Block diagram of the proposed probabilistic tracking and multi-

sensor data fusion architecture for UAV state estimation 

 

Figure 1 illustrates the proposed probabilistic tracking and multisensory 

data fusion architecture for UAV state estimation. The figure depicts the staged 
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processing of heterogeneous data streams obtained from inertial 

measurement, visual odometry, and GPS sensors. The IMU module forms initial 

estimates of orientation, velocity, and position based on gyroscope and 

accelerometer measurements. The visual odometry subsystem determines the 

UAV pose through the processing of camera images, while the GPS module 

provides independent measurements of the ground position. 

All incoming measurements are first filtered at a gating stage in terms of 

consistency and reliability and are subsequently integrated using a Kalman 

filter while accounting for probabilistic noise characteristics and spurious 

measurements. As a result, through the probabilistic fusion of multisensory 

data, the current state of the UAV is estimated in a more accurate, continuous, 

and noise-robust manner. This architecture enables improved tracking 

performance, particularly under operational conditions characterized by high 

measurement uncertainty and varying sensor reliability. 

Conclusion and Discussion 

The conducted systematic analysis demonstrates that classical triad-based 

bearing identification approaches are capable of providing satisfactory results 

only under limited and idealized observation scenarios. Although the main 

advantages of these methods are their relative simplicity and low 

computational burden, their applicability is restricted to cases in which the UAV 

group is small, the observation range is short, and measurement noise is 

minimal. As observation distance increases, the spatial informativeness of 

angular measurements decreases. Consequently, the number of triad 

combinations grows exponentially, and false associations become dominant. 

This effect is particularly pronounced when the spatial distribution of UAVs 

within the group becomes denser and their trajectories converge. 

An important observation is that this weakness inherent in classical 

approaches cannot be fundamentally eliminated solely by improving 

measurement accuracy. While reducing measurement error leads to a partial 

decrease in false triads, the combinatorial nature of the association problem 

remains, and real-time processing requirements are violated. This indicates 

that the problem must be addressed at the methodological level rather than 

being treated purely as a measurement technology issue. 

In this context, the application of probabilistic data association and 

Random Finite Set (RFS)–based filters elevate the bearing identification 

problem to a qualitatively new level. Within these approaches, false 

associations are not rejected discretely through rigid rules; instead, their 
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probabilistic impact is incorporated as an integral part of the statistical model. 

As a result, the tracking process becomes more stable and robust under 

conditions of uncertainty. In particular, labeled RFS filters of the GLMB type 

preserve the identity of individual UAVs over time, significantly reducing target 

coalescence within the group and preventing the “track fragmentation” effect 

commonly observed in classical triad-based methods. 

Another key outcome of the discussion is the decisive role of multisensory 

fusion. Tracking systems based solely on optical bearing measurements suffer 

from degraded observability as the observation range increases. In contrast, 

supplementary information from RF direction finding, radar, and acoustic 

sensors strengthens spatial and temporal gating mechanisms at the association 

stage, leading to a substantial reduction in the probability of false associations. 

This approach not only compensates for the inherent weaknesses of bearing-

only tracking but also enhances the operational robustness of the overall system. 

The generalized conclusion is that the reliable tracking of UAV groups can 

no longer be achieved at the level of a single method or a single sensor. An 

effective solution is possible only within an integrated architecture that 

combines probabilistic association, RFS-based filtering, and multisensory 

fusion (Figure 2). Such an approach overcomes the limitations of classical 

methods while meeting the scalable and adaptive requirements of modern 

operational environments. 

 

 
Fig. 2. Modular multi-sensor data fusion architecture for UAV state 

estimation based on IMU, visual odometry, and GPS measurements using 

a Kalman filter 
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Figure 2 presents the proposed multisensory data fusion architecture for 

an unmanned aerial vehicle. The architecture provides for staged processing 

and integration of heterogeneous data obtained from inertial measurement, 

visual odometry, and GPS sensors. Orientation, velocity, and position data 

acquired from the IMU are formed through primary navigation equations and 

subsequently corrected in an error compensation block. The visual odometry 

module estimates the UAV pose based on the processing of camera images and, 

after coordinating transformation, forwards the results to the fusion stage. GPS 

data are introduced into the system after undergoing filtering and reliability 

validation. All these data streams are integrated using a Kalman filter, thereby 

ensuring a more accurate and continuous estimation of the UAV’s current state. 

Conclusion 

This article has examined the problem of bearing identification in UAV 

groups within the context of modern multi-target tracking theory. The 

conducted scientific analysis demonstrates that classical triad-based and 

combinatorial approaches remain limited in their ability to meet the 

requirements of contemporary operational environments. Probabilistic data 

association, RFS-based filters, and multisensory fusion approaches provide a 

more robust and scalable solution to this problem. 

The obtained results indicate that future research on UAV group tracking 

should focus on the optimization of probabilistic models, the simplification of 

real-time computational procedures, and the adaptive management of sensor 

networks. This direction remains a relevant and promising scientific field for 

Scopus-level research. 
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