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Unmanned ground vehicle swarms are gaining relevance as the foundation of autonomous systems
capable of effectively operating in dynamic conditions. However, reliability issues constrain their
widespread adoption. Traditional navigation algorithms based on a static leader model create a single
point of failure, increasing formation vulnerability to hardware failures, depletion of energy resources, and
unpredictable terrain changes. This paper investigates the process of autonomous swarm navigation based
on a two-dimensional environment simulation model. The research aims to improve efficiency and fault
tolerance by developing a decentralized protocol for swarm leader election. The proposed protocol is
integrated into a hybrid navigation method, described in the authors’ previous works. It combines
planning (using A* algorithm and artificial potential fields) and stabilization (hysteresis and artificial
vortex field). The scientific novelty is the multi-parameter utility function for the protocol, which considers
the vehicles’ energy, terrain traversal cost, proximity to the goal, and a safe distance to obstacles.
Integrating the protocol into the specified hybrid method ensures an adaptive role distribution in the
swarm within a dynamic environment. The simulation findings confirmed that the developed protocol’s
integration into the hybrid navigation method increases fault tolerance. It enables the swarm to overcome
local minima during leader failures under moderate communication interference (up to 60% packets lost).
Experiments indicate that transferring control to followers in better conditions increases efficiency by
reducing the total time for passing high-cost traversal zones. Comparative analysis demonstrates its
advantage over a fixed-leader approach: for a 5-vehicle swarm, the total traversal time is reduced by 3%
and the formation mean squared error by 8%.

Keywords: unmanned ground vehicles, decentralized leader election protocol, energy efficiency, dynamic
environment, autonomous swarm navigation.

1. Introduction

Unmanned ground vehicles (UGVs) swarms are groups of autonomous ground robots that perform
a common task, exchanging data and coordinating their trajectories and actions, similar to a flock in
nature [1]. As established a prior study [2], the core benefit of decentralized swarms is their capacity
to form sophisticated global patterns through basic, individual-level interactions. Consequently, a
central control node is not required for system operation [2].

A review of the literature indicates that UGV swarms are used for large, complex, or dangerous
tasks. These include search and rescue, mine clearance, toxic spill cleanup, and environmental
monitoring with various sensor sets. Simultaneous spatial coverage, fault tolerance, and
decentralized decision-making are important traits for such types of applications [3].

As aresult, the operation of UGV swarms requires a leader to set common course and formation. The
leader coordinates individual robots actions to ensure effective area coverage and obstacle avoidance
by the entire swarm as a single, integrated system [4].
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Despite considerable progress in recent years, many existing approaches to swarm leader elections
rely on static methods. Nevertheless, their application potential is constrained in real-world
situations that are very dynamic due to unexpected situations during mission execution. This
clearly demonstrates the need to improve the current algorithms that are not only efficient but also
fault-tolerant and adaptable.

Therefore, the importance of this study is outlined by the necessity to connect the gap between the
theoretical swarm intelligence concepts and the actual demands of the dynamic environments. This
research focuses on the enhancement of existing approaches to make them capable of operating under
constantly changing conditions that improve the efficiency and reliability of current assignments.

2. Literature review and problem statement

Unmanned ground vehicles swarm is usually controlled using two main approaches: centralized and
distributed [5]. For centralized architectures control is originated from single central point. While this
approach provides global optimization and high-quality decisions, it suffers from inflexibility, large
computational and communicational costs and tends to be vulnerable for single point of failure [6]. In
contrast, distributed architecture provides approach, where every vehicle operates autonomously and
makes independent decisions, that reduces computational costs especially when the swarm contains
large number of vehicles [5].

Leader-follower approach takes special place in this field. While it is still structurally centralized
(with a designated leader), but many systems perform leader election or replacement using
distributed protocols, making it de facto hybrid. For example, unmanned aerial vehicles (UAVs)
swarm, described in work [5] dynamically identifies leaders during operation and switch to
leader-tracking navigation autonomously. Similar ideas appear in dynamic leader election for
collective tracking and formation maintenance, where the leader identity is treated as a controllable
variable over time [7]. In Cooperative Autonomous Distributed Robotic Exploration (CADRE’s)
lunar rovers, leader election is continuous and resilient to network changes, again blurring
centralization with distributed decision making [8].

Many existing papers confirm leader-follower pattern as highly effective formation-control
architecture. A comprehensive UGV review highlights this approach as a major application class,
alongside lane tracking and obstacle avoidance [5]. Formation-centric coverage planning with
deformable virtual leader-follower formations shows how this approach reduces complexity compared
with allocating independent regions, while preserving robustness and communication advantages in
GPS-challenged environments [9].

Common practice includes the leader’s trajectory is first planned (both on global and local levels)
and followers only track relative positions [2]. A hybrid UGV swarm planner uses A* for global
path planning and artificial potential fields (APF) for local one, supporting linear and V-shaped
formations. Results show that this combination both respects formation and avoids APF local minima.
However, the study also highlights that dynamic obstacles could stress formation scalability alongside
with method limitation in case of narrow passages [2]. As alternative to APF, article [10] utilizes
an improved Dynamic Window Approach (DWA). This method incorporates formation-keeping and
direction-coordination terms to penalize any deviation from desired formation geometry. Simulations
demonstrate smaller formation-position deviation near obstacles and faster, more accurate avoidance
than classical APF formation control [10].

Several works couple formation maintenance and collision avoidance. For example, a Robot
Operating System (ROS)-based formation controller uses a Lyapunov backstepping law for
formation plus a limit-cycle obstacle avoidance module to ensure safe reconfiguration during leader
failure and role switching [11]. Work on formation morphing further integrates avoidance and
morphing so that formations deform around obstacles and then are reconstructed, including
energy-efficient recovery via thin-plate splines [12]. In this paper, leadership is effectively zonal: a
global leader coexists with secondary leaders. These leaders temporarily guide local subgroups when
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communication or obstacle layout demands it, providing local decision centers in different parts of
the workspace [12].

Several papers note the vulnerability of static leaders. For example, this work stresses that most
prior studies “have not even considered the possibility of leader failure” and therefore proposes explicit
leader replacement when a failure condition is detected [11]. Other study explicitly points out that
loss of the dedicated leader or its communication causes failure of the rest of the swarm, motivating
temporary and secondary leaders [12]. But such mechanisms are largely reactive: leader change occurs
only after failure or disconnection, which naturally incurs time for regrouping and transient formation
loss. In the CADRE lunar mission, periodic re-election is introduced mainly as a fail-safe against
hardware or network issues, functioning rather than as a predictive, topology-aware reconfiguration
8].

Some works move beyond simple leader election in case of previous one failure toward persistent,
context-aware leadership. Leader election for collective tracking defines a performance metric
depending on the chosen leader and the communication graph’s properties. As a result, swarm then
periodically changes leader to maximize convergence speed to the reference velocity and formation
[7]. The algorithm is explicitly decentralized and operates continuously.

CADRE’s architecture separates leader election from leader appointment with a unique “appointer”,
that collects health or resource metrics and then elects the leader, with repeating this process in
background [8]. This resembles role-based leadership along a mission timeline, where suitability evolves
with position and resource status.

Several approaches use simple heuristics or structural assumptions to decide who becomes leader.
In some swarms, a ranking of nodes is defined and any robot can be a leader: when it fails the next
suitable node in the formation graph becomes leader [11]. Another formation-maintenance framework
introduces temporary leaders for subsets of the swarm, using tree structure and neighborhood relations
rather than a global optimization [12]. A communication-centric UAV swarm scheme election leaders
using a greedy method based on channel gain, data rate and delay, while coordinators are chosen by
simple distance to a referencee [13]. This improves throughput and delay but ignores physical health
and environment beyond communication quality.

More sophisticated papers formulate leader election as a graph-theoretic optimization. Leader
election framework effectively defines a cost that trades off current tracking error and graph
convergence rate, and then chooses the leader minimizing this cost at each step. This might be
called multi-criteria decision over robot states and topology, though not yet explicitly extended to
energy or sensing [7]. For lunar rovers, the leader election algorithm is built on
Gallager-Humblet-Spira to create spanning trees. The root “appointer” then elects leaders based on
aggregated  resource information  while handling communication limits [8].  Other
communication-oriented leader election aggregates channel gain, rate, and delay in a greedy
framework, providing an example of utility construction over several metrics, though still limited to
networking aspects [13].

The completed literature review brings out a dichotomy in current swarm robotics research. On the
one hand, traditional leader-follower architectures provide highly effective and structured formation
control, but they remain vulnerable to a single point of failure. However, existing dynamic election
mechanisms are frequently overly specialized, relying on isolated metrics such as network connectivity,
or sensor coverage. While this review confirms, that aspects of energy, computation, sensing, and local
repulsion are well studied, but rarely aggregated into a single, explicit, multi-objective utility for leader
election. Furthermore, these existing methods often fail to take into account situational complexity
of the environment.

While ongoing studies have made significant progress, comprehensive solutions that unify cost-aware
path planning with dynamic role assignment remain largely unexplored. This situation highlights the
urgent need for a resilient, scalable method for unmanned ground vehicle swarms that incorporates
a multi-parameter utility function for leader election. Such approach must simultaneously account
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for the vehicle’s physical states, terrain constraints, and local repulsive forces, ensuring a reliable,
fault-tolerant, and real-time response to dynamic environmental changes.

This highlights a significant research gap, as no method for dynamic leader election currently
integrates a comprehensive multi-parameter utility function. Specifically, existing approaches do not
simultaneously consider global routing, energy level, communication quality and local environment
factors while ensuring real-time performance.

3. The aim and objectives of the study

The aim of this research is to enhance efficiency and fault tolerance of the autonomous navigation
for UGV swarms by investigating navigation processes based on a two-dimensional environment
simulation model. To achieve the stated aim, the following objectives have been defined:

— to develop a decentralized protocol for dynamic swarm leader election based on a multi-parameter
utility function, combining terrain traversal cost, vehicle energy level, proximity to the goal, and safety
from obstacles;

— to integrate the developed protocol into a hybrid method for autonomous navigation, together
with stability mechanisms, including hysteresis to eliminate chaotic role re-assignment at the terrain
boundaries and an artificial vortex field (AVF) to ensure smooth bypassing of failed vehicles;

— to conduct experiments using a complex two-dimensional environment simulation model with
both static and dynamic obstacles and network interference to evaluate the increased efficiency and
improved fault tolerance for UGV swarms.

4. The study materials and methods for leader election protocol
4.1. The object, subject and hypothesis of the study

The object of this study is the process of leader election for an unmanned ground vehicle swarm
within a complex and dynamic two-dimensional simulated environment. The multi-vehicle swarm
behaves as a synchronized unit. Its primary goal involves navigating from an initial position to a
target destination, simultaneously preserving the assigned formation and preventing impacts with
obstacles.

The subject of this research is a decentralized leader election protocol, integrated with a hybrid
path planning algorithm for UGV swarm, described in work [2]. The study investigates how the
incorporation of energy-level based consensus mechanism, coupled with leadership hysteresis enhances
fault tolerance and stability of the swarm in dynamic environments with unreliable communication
networks.

The main hypothesis of this research states that replacing static leader with decentralized leader
election protocol, based on energy levels, improves swarm performance. The approach should increase
overall mission success rate compared to static single point of failure architecture. It is expected
that hybrid method will maintain the benefits of global path lookup and local real-time collision
avoidance. This enables adaptive behavior in different situations, including: hardware failures, battery
degradation and challenging terrain.

This main hypothesis can be broken down into three hypotheses focusing on specific aspects.

The first hypothesis (H1) admits that the integration of AVF alongside the distributed consensus
protocol prevents the swarm from deadlocking when the current leader suffers a hardware failure.
Disabled leader acts as a strong repulsive obstacle, creating a local minimum on the global path
trajectory. It is expected that vortex component will allow the newly elected leader to smoothly
bypass the immobilized vehicle, ensuring continuous mission execution.

The second hypothesis (H2) addresses the issue of network instability. It is expected that distributed
election algorithm, enhanced with a dynamic timeouts and leadership hysteresis, maintains consensus
and prevents continuous role-switching even under significant packet loss conditions. The hysteresis



Decentralized leader election protocol for unmanned ground vehicle swarms in dynamic... 71

acts as a stabilizing filter, ensuring that brief fluctuations in utility scores do not trigger chaotic swarm
reconfigurations.

The third hypothesis (H3) focuses on environmental adaptability. It is expected that incorporating
terrain traversal costs into the utility function allows the swarm to reduce overall traversal time. When
the current leader enters a high-cost area (mud), a follower situated on a more favorable surface (grass
or asphalt) will dynamically assume leadership. This proactive behavior should enrich swarm with
abilities to pass through complex terrains with reduced overall traversal time.

4.2. Decentralized leader election protocol for unmanned ground vehicles swarm

The proposed in [2] hybrid navigation approach relies on a leader-follower pattern. Rather than
independently routing towards the target, the remaining vehicles function as followers, focusing
entirely on maintaining a specific formation anchored to the leader’s coordinates. At every
simulation step, each follower’s assigned waypoint is computed in real time as a vector offset
anchored to the leader’s current position [2].

Different formations deliver unique tactical benefits, directly aligning with the specific mission
profiles allocated to the swarm. This study primarily focuses on the V-shaped formation, the geometry
and basic properties of which are detailed in the previous study [2].

While this approach is well suited for environmental exploration, it creates a single point of failure
for the entire swarm. In the event of a hardware failure of the leader, a critical discharge of its
battery, or entering difficult terrain areas, the movement of the formation can be completely blocked.
To solve this problem, a method of dynamic leader election has been developed, which operates in
a decentralized swarm network with probabilistic packet loss. The initiation of the election process
occurs through three main triggers:

— loss of connection to the current leader, which is recorded by followers due to exceeding heartbeat
timeout thresholds;

— critical decrease in the leader’s battery charge level,

— leader entering into a local minimum of the APF algorithm or an area with an extremely high
traversal cost, when another vehicle has significantly better movement conditions.

To determine best candidate for the role of the new leader, a multi-parameter utility function U (i)
is introduced for each vehicle i. Its value is calculated locally at each vehicle and broadcasted to other
ones during the election

U =W xCo+ Wy xCs + W, X Ci + W, X C, (1)

where C, is the normalized approximation coefficient to the next global waypoint of the path; C; is
the safety score, which is inversely proportional to the total repulsion force from obstacles ||F,psll;
C; is the traversal cost coefficient cost (p;) under the vehicle, which stimulates the choice of a leader
on optimal surface; C, is the current battery charge level of the vehicle. The weighting coefficients
We, Wy, Wi, W, allow for flexible adjustment of swarm priorities depending on the mission.

To avoid the effect of constant reassignment of the leader due to insignificant fluctuations of
metrics (for example, when passing a dynamic obstacle), a hysteresis mechanism is integrated into
the algorithm. The newly elected leader receives temporary “immunity” for the role change for a
certain number of simulation cycles. Leadership transfer due to traversal cost difference is initiated
only when the utility of the follower max (Upsoiiowers) exceeds the utility of the leader Ujeqder by a
given sensitivity threshold AU,presnoia- This ensures the stability of the swarm behavior on the
border of environments with different traversal cost.

The consensus process is based on a modified message exchange algorithm. When the election is
initiated, all vehicles enter voting mode and broadcast their values of function U;. After the election
time window ends, the robot with the maximum utility value automatically assumes the leadership
authority. This vehicle takes the next global point pg,qgenerated by the A* algorithm as its goal,
and sends status confirmations to other agents, clearing their local role cache.
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4.3. Modified method for obstacle and collision avoidance in the swarm

Leadership transfer creates two significant problems at the level of the local APF planner: blocking
the path by failed leader and rapid changes in the attraction forces in the formation. If the previous
leader fails, it turns into a static obstacle. Since the target vector of the new leader often passes
through the coordinates of the failed vehicle, a symmetric local minimum arises. To overcome this
problem, inter-vehicle repulsion force, Fygy is enriched with AVF component

1 [-d
Fyortex =7y X ”Frepiij” X m ( dxy) > (2)

where 7y is the vortex intensity coefficient, and ||d|| is the distance vector between vehicles. This allows
the new leader to smoothly bypass the obstacle instead of trying to pass through it.

The second problem is that an instant change of the leader causes a sharp change in the ideal
positions of the formation p .., for all followers. To prevent excessive accelerations and internal
collisions, a smooth reconfiguration method is introduced. Instead of instantly switching the target
vector, the local target of the follower p ro.m (¢) is linearly interpolated during the transition period

Ttransition
pform(t) = pnewileader(t) + ((1 —-T) X doldioffset +7X didealioffset) > (3)

where 7 € [0, 1] is an interpolation parameter that increases uniformly with each simulation cycle
from 0 to 1, doia oy fser is the relative vector of the vehicle position to the new leader at the moment
of role change and digeai_offser » is the target offset vector according to the given formation geometry
(V-shaped). Due to this approach, the change in the swarm member’s positions occurs without the
chaotic movements, guaranteeing the preservation of the integrity and safety of unmanned ground
vehicles.

To guarantee operational safety, the system relies on a collision-avoidance mechanism, detailed
in our previous work [2]. Prior to executing a move, each agent’s planned path is evaluated for
conflicts with neighboring vehicles. In the event of a predicted collision, the vehicle bearing the
higher identity is restricted from advancing by zeroing its calculated displacement. Consequently, this
approach effectively mitigates intra-swarm collisions during navigation.

4.4. Environment simulation model

To practically verify hypotheses H1-H3, an updated version of the simulation model, initially
described in [2], was deployed. This setup validated the proposed leader election protocol and
evaluated its fault tolerance and efficiency. The developed simulator’s architecture is based on a
custom script, written in Python 3, utilizing several libraries that provide auxiliary functionality.
First, the pathfinding library offers the core logic for extending the A* algorithm to support
terrain traversal costs. Second, NumPy provides the vector and matrix operations necessary to
accurately calculate forces and positions. Finally, Matplotlib is utilized for generating plots and
visualizing paths.

To ensure experimental control and setup flexibility, terrain distributions are parsed from an
external JSON configuration. This file initializes a 256 X 256 occupancy grid, where navigation costs
vary per coordinate. The layout features four terrain profiles: basic solid ground (low traversal cost),
grassy regions (medium cost), muddy segments causing significant deceleration (maximum finite
cost), and solid barriers (infinite cost). The primary test map was adapted from the architectural
geometry of an urban district in Kyiv, Ukraine.

To emulate dynamic real-world conditions, moving obstacles were incorporated into the
simulation environment. Each obstacle was assigned starting coordinates, a constant velocity, and a
path composed of a sequence of waypoints. During every execution cycle, these objects advance
through their planned routes at uniform rates, effectively transforming the static grid into a
time-variant testing arena.
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Throughout the trial, the swarm preserves the baseline inter-vehicle spacing and maintains a
predefined V-shaped formation. Each vehicle is modeled with specific physical constraints: a
collision radius, an upper limit on forward momentum, and a bounded detection range. The total
number of UGVs in the formation is dictated by the initialization parameters of the chosen scenario
configuration.

The developed simulator was deployed locally to the standard hardware, executing under Windows
10 Pro (version 19044.6396) 64-bit operating system. The setup is featuring Intel i7-10870H processor,
16 GB RAM, and Nvidia GTX 1650 graphics card (4 GB of GDDR6 memory).

5. Results of the research on decentralized leader election protocol

The primary outcome of this research is a decentralized leader election protocol designed for
unmanned ground vehicle swarms operating in dynamic environments. The scientific novelty of this
study lies in the development of a multi-parameter utility function for leader election protocol and
its integration into the hybrid navigation method developed in [2]. Unlike traditional models that
rely on a static leader, which makes the entire swarm vulnerable to a single point of failure, the
proposed approach allows the swarm to autonomously reassign leadership. By evaluating the utility
function locally at each vehicle, protocol ensures swarm stability under conditions of hardware
failure, battery depletion, and varying terrain traversability.

Furthermore, in contrast to existing solutions, this study incorporates the concept of terrain
traversal cost into the leader election. This enables an emergent adaptive behavior where leadership
is transferred to vehicles located on more favorable terrain, optimizing efficiency of entire swarm.

To systematically evaluate the proposed approach and align with the defined research objectives, the
results are presented in three subsections. All results have been obtained using a simulator, ensuring
that all testing scenarios remained strictly repeatable. To test each of the hypotheses (H1-H3), a
baseline scenario was initialized, followed by the execution of multiple experimental iterations. This
approach allowed the researchers to obtain reliable data for comparison since the influence of other
factors on the simulator’s behavior was isolated.

Conditions for the baseline scenario were initialized using a specific set of variables: the evaluation
was performed on the standard map with a swarm of 5 vehicles, maintaining a V-shaped formation.
The decentralized leader election protocol was activated alongside with dynamic obstacles. To increase
the statistical strength of the findings, each scenario was executed three times, and the resulting
metrics were averaged.

5.1. Decentralized leader election protocol with utility function verification

The first objective was to develop and test the core protocol driven by the multi-parameter utility
function. In contrast to existing solutions, this study incorporates the concept of terrain traversal
cost into the leader election protocol. This enables emergent adaptive behavior where leadership is
transferred to a vehicle located on more favorable terrain, optimizing the efficiency of the entire
swarm.

To validate hypothesis H3, an experiment focused on swarm behavior when moving to a zone with a
high traversal cost (mud) was conducted. As the current leader entered the mud zone and lost speed,
its utility score dropped. The protocol transferred control to a follower, which was still on the hard
surface and had a higher utility score, as shown in Figs. 1a—1b.

This confirms that the utility-driven local response effectively reassigns roles based on environmental
conditions.

5.2. Decentralized leader election protocol integration with stability mechanisms

The second objective focused on integrating the protocol into the hybrid method alongside stability
mechanisms to handle critical failures safely. A novel modification to the local APF planner was
introduced to address the issue of symmetrical local minima. These minima typically occur when a
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a b
Fig. 1. Swarm handles high cost traversal zone: a — leader entered mud zone; b
— new leader for zone traversal was elected

failed leader becomes a static obstacle blocking the path for the swarm. The integration of a smooth
reconfiguration interpolation method and an AVF enhances the inter-vehicle repulsive forces.

Hypothesis H1 was experimentally validated using the recorded telemetry combined with path
visualizations. In the first series of experiments, the hardware failure of the leader on the path was
simulated. In the case of using the static approach, the global planner continued to generate the
optimal path, but the local APF could not cope with the failure. The failed leader turned into a
static obstacle, which led to a complete failure of the mission, as illustrated in Fig. 2a. In contrast,
the decentralized leader election protocol successfully solved this problem by instantly electing a new
leader. This leader bypassed the faulty vehicle, continuing to move towards the target, as depicted in
Fig. 2b.

The experiment also aimed to test the ability of the swarm to avoid falling into a symmetric local
minimum of the APF algorithm. The newly elected leader, using an integrated AVF, demonstrated
the ability to bypass a failed vehicle, heading to the intermediate waypoint (indicated by a star).
Simultaneously, linear interpolation allowed followers to rebuild the formation into a proper V-shape
without internal collisions, as demonstrated in Figs. 3a-3b.

These experimental results demonstrate that an architectural framework combining strategic
global cost-aware planning with a dynamic, utility-driven local response is highly resilient for swarm
navigation in initially unknown or unpredictable environments. The newly elected leader bypasses
unresponsive vehicles without causing internal collisions or destabilizing the formation geometry,
thereby ensuring continuous and autonomous mission execution under hardware disruptions.

5.3. Decentralized leader election protocol efficiency and fault tolerance

The third objective involved conducting experiments to evaluate the efficiency and fault tolerance
of the hybrid approach with the decentralized leader election protocol compared to a static leader
replacement baseline, where election triggers were restricted to critical battery levels.

A separate aspect of fault tolerance was the analysis of the protocol’s resilience to network
interference (hypothesis H2). During a series of simulations, where the number of packet loss varied
from 0 to 80%, the relationship between mission completion time and packet loss was evaluated for
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a b
Fig. 2. Path comparison: a — static leader approach failed mission because of
leader (blue) failure; b — proposed approach elected new leader (yellow) and
finished mission

a b

Fig. 3. Swarm handles leader failure: a — new leader was elected, both have
yellow edge; b — new leader passed by the failed vehicle with proper V-shaped
formation

both approaches. The results indicate that while the protocol handles moderate interference, it
remains vulnerable to severe communication disruptions, as depicted in Fig. 4.

To analyze the efficiency (hypothesis H3), experiments were conducted in high-cost terrain
conditions (mud), which could not be avoided across different swarm sizes (3, 5, and 7 vehicles).
Several key metrics were collected during the simulations, including the mission completion time
and the mean squared error (MSE) of the formation. Figure 5a illustrates mission completion time,
while Fig. 5b shows its correlation with the average MSE.

The experiment compared the proposed protocol against a baseline, forcing the initial leader to
traverse the high-cost zone without handing off control. At each simulation step, the MSE was
calculated as the squared Fuclidean distance between the actual position of each follower and its
ideal target coordinate. These ideal coordinates are defined within the V-shaped formation relative
to the current leader.
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Fig. 4. Mission completion time as a function of packet loss probability

The comparative analysis confirms the high efficiency of the proposed approach. By transferring
leadership to a follower situated on lower-cost terrain, the swarm maintains formation geometry while
simultaneously reducing the total traversal time through the environment.

6. Discussion of results for decentralized leader election protocol

This discussion is dedicated to interpreting data from the previous section within the context
of stated hypotheses. Hypothesis H1 stated that integrating an AVF with a distributed consensus
protocol prevents the swarm from deadlocking when the current leader suffers a hardware failure.
The experimental data fully supported this assumption. In the static leader architecture, a failed
vehicle acted as a static obstacle in the formation’s path, creating a local minimum that halted
the entire swarm. Since the dynamic approach allows the swarm to reassign leadership, it enables
the newly elected leader to bypass the obstacle and continue the mission. Thus, H1 is confirmed,
demonstrating that the proposed approach successfully eliminates the single point of failure.

The second hypothesis concerning network instability and the prevention of continuous
role-switching (H2) yielded more complex results than expected. It was hypothesized that dynamic
timeouts and leadership hysteresis would maintain consensus and stabilize the swarm even under
significant packet loss. However, the simulations revealed that the proposed decentralized election
algorithm is still vulnerable to severe communication disruptions. While the proposed protocol
handles moderate interference, extreme network degradation (up to 80% packet loss) disrupts the
peer state updates required for accurate utility calculations. This leads to delayed communication
and negatively impacts the overall mission completion time. Therefore, hypothesis H2 is only
partially supported, indicating a limitation in the algorithm’s resilience under extreme network
stress.

The third hypothesis (H3) focused on approach efficiency, stating that incorporating the terrain
traversal costs into the utility function would allow the swarm to reduce overall traversal time. The
experimental results validated this expectation. When the swarm encountered high-cost terrain
(mud), the proposed approach provided proactive behavior by transferring leadership to the follower
situated on the more favorable terrain. The static baseline forced the entire formation to slow down,
waiting for the leader. However, the experimentally obtained data indicate that the actual difference
in performance between approaches is relatively small.
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Fig. 5. Swarm size influence: a — on mission completion time; b — on average
mean squared error

Total mission time analysis shows minimal deviations, with the decentralized leader election
protocol reducing time by approximately 3% (from 469 to 455 simulation ticks) for a 5-vehicle
swarm. This difference was slightly more than 1% (455 vs. 461 simulation ticks) for a 7-vehicle
swarm. Moreover, in the case of the smallest swarm (3 vehicles), the static approach proved to be
faster by 2 ticks (445 vs. 447). A similar trend is observed for the average mean square error.
Although for a small swarm, the proposed approach significantly improved the geometry stability,
reducing the error from 126.60 to 79.15, as the swarm size increase this advantage was quickly
leveled off. Thus, for 5 vehicles the difference in MSE decreased approximately to 8% (91.91 vs.
100.07), and for 7 vehicles the metrics turned out to be almost identical (150.50 vs. 151.97). These
results show that the static approach remains competitive without hardware failures and proposed
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method is effective in case of small network disruptions, so H3 is partially supported.

The constraints encountered during this research provide several focus areas for future work.
Future research should focus on improving the resilience of the decentralized protocol under severe
network degradation, addressing the vulnerabilities uncovered during the H2 evaluation. Potential
solutions could involve integrating a gossip-based communication protocol to reduce reliance on
continuous broadcasts. Furthermore, transitioning from software-based modeling to physical
hardware deployment will offer empirical validation of the protocol’s applicability in unpredictable
real-world environments.

Conclusion

This research focused on improving the efficiency and fault tolerance for the autonomous
navigation of UGV swarms in a dynamic two-dimensional environment simulation model. The
literature review identified that traditional static-leader architectures create a single point of failure,
making the formation vulnerable to hardware failures, depletion of energy resources, and
unpredictable terrain changes. To address these problems and achieve the overall aim of the study,
the following three objectives were successfully fulfilled.

The first objective was achieved by developing a decentralized protocol for dynamic swarm leader
election. The scientific novelty of the protocol lies in its multi-parameter utility function, combining
terrain traversal cost, vehicle energy level, proximity to the goal, and safety from obstacles. The
developed protocol allows the swarm to autonomously and dynamically reassign leadership without
relying on a central node, thereby eliminating the single point of failure.

The second objective was fulfilled by integrating the developed decentralized protocol into the
existing hybrid autonomous navigation method, previously detailed by the authors in [2]. The
proposed integration allowed the swarm to perform autonomous leader reassignment based on
battery and terrain metrics. Furthermore, it incorporated stability mechanisms such as leadership
hysteresis, to eliminate chaotic role re-assignments at terrain boundaries, and AVF to ensure the
smooth bypassing of failed vehicles while maintaining formation geometry.

To implement the third objective and conduct the experimental study, a custom two-dimensional
dynamic environment simulator was developed. This simulator allows for complex modeling of swarm
behavior under the influence of both static and dynamic obstacles, as well as probabilistic network
interference. The effectiveness and fault tolerance of the proposed protocol were demonstrated through
a series of controlled experiments using this simulator.

The experimental results validated the formulated hypotheses and verified the protocol’s efficiency.
Specifically, hypothesis H1 was confirmed, demonstrating that the AVF prevents deadlocks during
leader failures. The evaluation of hypotheses H2 and H3 revealed both the strengths and limitations
of the approach. Regarding H2, while effective under moderate interference, experiments showed that
extreme packet loss (up to 80%) still poses a vulnerability to the protocol. Finally, in support of H3,
transferring control to followers on more favorable terrain increased overall efficiency. Compared to
a static leader baseline, the proposed protocol reduced the total traversal time by 3% and improved
the formation MSE by 8% for a 5-vehicle swarm.

In conclusion, this investigation contributes to the advancement of fault-tolerant multi-agent
systems. The practical value of these findings lies in their applicability to real-world scenarios where
coordinated, autonomous collective action of UGV swarms is required. The developed protocol can
be directly utilized in robotic systems designed for search-and-rescue operations, environmental
monitoring, and automated logistics, ensuring mission continuity despite individual vehicle failures
or challenging terrain conditions.
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IPOTOKOJI JEIIEHTPAJII30BAHOI'O BUBOPY JILIEPA JIJIS1
POIO BE3HNIJIOTHUX HABEMHUNX POBOTIB B JJUHAMIYHUX
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Hamionanbuuit Texuivamii yaiBepcureT YKpainu
«KuiBcbkuit momitexuigauit incruryT imeni Irops Cikopebkoros, Kuis, Ykpaina

Orpumano: 14.04.2026p. / Ipwuitagaro: 11.05.2026p. / Ouy6uikoBano: 28.05.2026p.

Poi nazemamx pobOTH30BAHUX KOMILJIEKCIB HAOYBAIOTh AKTYaJbHOCTI sIK OCHOBA ABTOHOMHHUX CHUCTEM, 3JATHUX
edeKTuBHO (DYHKIOHYBATH B JUHAMIYHHX yMoBax. llpore mpobjieMa Ha ifHOCTI yIpaB/iHHSA CTOITh Ha IIAXY IX
MIIPOKOTO BIPOBAKEHHSI. 1pajuIliiiHi ajropurmu Hapiramii, mo 6a3yloTbCsd Ha MOJEJl CTaTUIHOTO JIijepa,
GOpMYIOTh €IUHYy TOYKY BIJIMOBHU, sIKa IIJBUILYE BPAa3JUBICTL Gopmaril 10 amapaTHuX 3001B, BUCHAYKEHHS
E€HEPreTUYIHNX PecypciB Ta HemepembadyBanux 3MiH penabedy. B poboTi J0CaimKyoThess Mporecn aBTOHOMHOL
HaBirarii poro Ha OCHOBiI iMiTaIliifHOI MOesi JTBOBHUMIPDHOTO cepeoBHINa. MeToro OCTiXKeHHST € IIiIBUTIEHHS
eEeKTUBHOCTI Ta BIIMOBOCTIIKOCTI MIJISIXOM PO3POOKHU JIEIEHTPAJI30BaHOINO IIPOTOKOJIy BHOOpY Jiijepa poro.
3alponoOHOBAHUN IIPOTOKOJI iHTErPOBAHO 0 TiOPHUIHOIO METOIY HaBiraliii, OMUCAHOTO B MONEPEIHIX poboTax aBTOPIB,
akuil moennye wianyBauud (anropurm A* 1 mrydde noreniifine mose) Ta MexaHizmu crabliizanil (ricrepesuc i
mry4He Buxpose moje). HaykoBa HOBU3HA 1OJisira€ y Po3pobIli IIPOTOKOJLY Ha OCHOBI HararomapaMerpudHoi (yHKIIl
KOPHCHOCTI, sIka BPaXOBYE €HEPreTUYHI PEeCypCH areHTiB, BapTiCTbh MPOXOKEHHs pebedy, HAOJIUKEHHS 0 I Ta
OesrevHy BiJICTaHb JI0 MEPEITKoJ. [HTerpalfiss IPOTOKOJY y 3a3HadeHuil riopuaHuii Meroy 3abe3nedye ajalTUBHUN
po3mosiai poseit y poi B yMoBaxX 3MIHHOIO CepeJIOBUINA. Pe3yiabTaTu MOAETIOBAHHS WiATBEPIAMJINA, IO iHTErparlisd
pPO3pOOJIEHOTO TIPOTOKOJIY B TiOPUIHUI MeTOJ HaBiraril MmiJBUILYE BiAMOBOCTIWKICTH, TO3BOJIAIOYHA PO JIOJIATH
JOKaJIbHI MiHIMyMu [pu BigMoBax Jiifiepa 3a moMipHuxX uepemkon 3B'a3ky (1m0 60% Brpadenux makeris).
ExcnepumenTn mokaszasm, IO Iepefilada KePyBaHHs IIOCTIOBHMKAM y KpallMX yMOBaxX HijBuiiye edDeKTHBHICTH 3a
PaxyHOK 3MEHIIIEHHSI Yacy ITPOXOJXKEHHsI JIJITHOK 31 CKJIaJIHOIO TTpoXifHicTio. [lopiBHsAbHMI aHATI3 TOKA3y€e TepeBary
3aIIPOIIOHOBAHOIO TAXO/MY HAJl METOIOM 3 (DIKCOBAHWM JIIEPOM: JIJIsi POKO 3 D areHTIB 3araJibHUil 9ac MPOXOIXKEHHSI
3MeHnTyeThbest Ha 3%, a cepejHs KBaJpaTWdHa MOXUOKa yrpuManns dgopmaril — Ha 8%.

KirouoBi cjoBa: wmasemMHuii poOOTM30BaHMII KOMILIEKC, JIEIEHTPAJI30BAaHUI IIPOTOKOJ BHOOpPY Jifepa,
eneproedeKTUBHICTh, UHAMIYHE CepPEeIOBUINE, aBTOHOMHA HaBirarlis poro.
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