Mathematical Problems of Computer Science 65, 7-15, 2026.
doi:10.51408/1963-0142

UDC 519.178

Deterministic Area Coverage by UAV Swarms via
Multi-Eulerian Rotor-Router Walks

Vahagn S. Poghosyan

Institute for Informatics and Automation Problems of NAS RA
Yerevan, Armenia
e-mail: povahagn@gmail.com

Abstract

The deterministic area coverage problems for UAV swarms based on multi-Eulerian
rotor-router walks are investigated. The rotor-router model provides a quasi-random
analogue of random walks with strong structural properties. The loop reversibility
theorem is used; that is, under mild connectivity assumptions on the underlying dis-
cretized environment, a swarm of UAVs executing coordinated multi-Eulerian rotor-
router walks achieves complete area coverage, in the sense that each directed edge is
traversed exactly once by a single UAV. The results establish provable coverage guar-
antees that are robust to asynchronous execution. Furthermore, the loop reversibility
theorem is generalized to the case of repeated coverage, where the area should be
covered a prescribed number M of times, without requiring global synchronization
among UAVs at the end of each traversal cycle. A multi-user and multi-agent plat-
form has been developed to support mission planning and coordinated supervision of
self-organizing UAV swarms.
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1. Introduction

Unmanned Aerial Vehicle (UAV) swarms have emerged as an effective technological solution
for large-scale area surveillance, environmental monitoring, and distributed sensing tasks. In
contrast to single-UAV systems, swarm-based approaches offer greater robustness, scalability,
and flexibility, enabling coordinated coverage of complex and dynamic environments without
reliance on centralized control. These advantages have motivated extensive research on
decentralized coordination, collective motion, and coverage strategies for UAV swarms.
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A broad range of swarm intelligence and bio-inspired methods [1] have been proposed
for UAV coordination, including particle swarm optimization, ant colony optimization, and
related heuristic approaches.

A communication and control model in collaborative UAV swarms is presented in [2].
The authors identify key requirements for autonomous coordination and communication to
enable efficient and reliable cooperative task execution.

In [3], the authors introduce a collision-free formation tracking framework for multi-
ple quadrotors under switching directed communication topologies, where UAVs coordinate
using only local neighborhood information and a Hooke’s-law-inspired collision avoidance
mechanism, supported by Lyapunov stability analysis.

The paper [4] introduces a trajectory optimization framework for multiple UAVs per-
forming collaborative assembly tasks, combining centralized planning with distributed co-
ordination to improve efficiency and feasibility of cooperative motion. The path planning
process is solved by using a novel central force optimization genetic algorithm.

In [5], the authors present a comprehensive survey of UAV path planning techniques,
classifying existing approaches into classical, soft-computing, and hybrid methods, and an-
alyzing their applicability, advantages, and limitations in complex environments.

The paper [6] provides a comprehensive review of swarm intelligence algorithms for multi-
UAV collaboration, addressing collision avoidance, task assignment, path planning, and
formation reconfiguration. The survey analyzes representative algorithms, discusses their
advantages and limitations, and highlights current research trends and open challenges in
UAV swarm systems.

Area coverage and persistent surveillance by UAV swarms are fundamental problems in
autonomous systems. While randomized strategies are widely used, deterministic algorithms
for dynamic environments with provable guarantees remain comparatively underexplored.

This paper addresses this gap by leveraging rotor-router dynamics (multi-Eulerian walks)
[7] to guarantee full coverage. In this setting, UAVs follow simple local rules (rotating outgo-
ing edges and moving accordingly) yet collectively produce globally coordinated exploration
patterns. Such an approach naturally supports decentralized execution, collision avoidance,
and automatic workload distribution, making it well-suited for swarm-based surveillance
applications.

A detailed survey of the theoretical results and fundamental properties of the rotor-router
model and the related Abelian sandpile (chip-firing) model is presented in [8]. The loop-
reversibility theorem, probabilistic properties, and related results are presented in [9, 10, 11].

The generalized loop-reversibility theorem for the simultaneous motion of multiple par-
ticles (chips), proved in [12], establishes deterministic guarantees for the complete traversal
of the underlying graph. This theorem formed the theoretical basis for the creation of a
multi-user and multi-agent platform for self-organizing UAV swarm mission planning and
supervision [13, 12, 14, 15]. This platform employs graph-based representations of the oper-
ational area, enabling multiple operators to collaboratively construct mission graphs, gener-
ate Eulerian traversal structures, and supervise execution. By compiling surveillance tasks
into deterministic traversal plans rather than continuous trajectories, such systems ensure
consistency between planning, simulation, and real-time execution, even in the presence of
asynchronous UAV behavior or dynamic swarm reconfiguration.

In this paper, we develop a deterministic framework for area coverage by UAV swarms
based on multi-Eulerian rotor-router walks. Leveraging loop reversibility properties of the
rotor-router model, we establish provable guarantees of complete coverage under mild con-



V. Poghosyan 9

nectivity assumptions on the discretized environment. Furthermore, the loop reversibility
theorem is generalized to the case of repeated coverage, where the area is required to be tra-
versed a prescribed number M of times, without the need for global synchronization between
UAVs at the end of each traversal cycle. The proposed approach supports asynchronous ex-
ecution and provides a mathematically rigorous alternative to heuristic and probabilistic
coverage strategies for swarm-based surveillance.

2. Model and Preliminaries

Consider a directed graph (digraph) G = (V, E) with a set of vertices V = V(G) and a set
of directed edges F = E(G). A spanning subgraph G’ of G is a digraph with the set of
vertices V(G') = V(G) and a set of edges E(G') C E(G). A path of length n from vertex
a €V tob eV is asequence of distinct vertices vy, v, ..., v,11 such that v; and v;; are
connected by an edge e; € F, 1 = 1,2,...,n, v1 = a, v,.1 = b. The path becomes a cycle
if a = b. Edges that connect a vertex to itself are called self-loops (cycles of length 1). A
cycle of length 2 consists of two adjacent vertices vy, vo, which are connected by a pair of
oppositely directed edges from v; to vy and back. We call such cycles dimers by analogy
with lattice dimers (dominoes) covering two neighboring vertices. A cycle formed by more
than two edges is called a contour.

An Eulerian circuit on a finite digraph is a walk that starts and ends on the same vertex
and visits each directed edge exactly once. If such a walk exists, the digraph is called
Eulerian. A digraph is strongly connected if, for any two distinct vertices v and w, there are
paths from v to w and from w to v. A strongly connected digraph G = (V, E) is Eulerian if
and only if, for each vertex v € V', the in-degree and out-degree of v are equal.

The rotor-router model is defined as follows. Consider an arbitrary connected digraph
G = (V,E). Denote the number of outgoing edges (out-degree) from the vertex v € V' by
d,. The total number of edges of G is |E| = > ,cy dyp. Each vertex v € V' is associated with
a rotor, which is directed along one of the outgoing edges from v. The rotor directions at
the vertex v are specified by an integer variable «,,, which takes values from 0 < o, < d, — 1
for d, > 1.

The set p = {a,| v €V, 0 <, < d, — 1} defines the rotor configuration. The state of
the system at any time is defined by a rotor configuration together with the position of a
chip at a vertex of G. At each time step, the chip arriving at a vertex v first changes the
rotor direction from a, to (a, + 1), and then moves one step along the new rotor direction
from v to the corresponding neighboring vertex. The rotor directions «, are taken modulo
d,, that is, a, = d, = .

The rotor configuration p can be considered as a spanning subgraph of G (p C G) with
the set of vertices V(p) = V(G) and the set of directed edges E(p) C E(G) coinciding
with rotors. The state of the system at any moment is given by the pair (p,v) of the rotor
configuration p and the position of the chip v € V. A vertex v € V is called a sink if its
out-degree d, = 0. In the absence of sinks, i.e., when each vertex has at least one outgoing
edge, the motion of the chip does not stop.

Now let us formulate the loop reversibility theorem for a multi-particle walk [12].

Consider a bidirected contour C' = (vy,vs,...,v,) in a digraph G = (V, E), that is, a
contour in which the vertices v; and v;,; are connected by two edges, one in each direction,
1 < i < n, where the n-periodicity is assumed, i.e., v+, = v;. Let ef and e; be directed edges
connecting v; to v;41 and v; to v;_1, respectively. Here, the n-periodicity is also assumed,
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ie., e;,, = e and e, = e;. The superscripts at ¢; and e; are introduced to denote the
negative and positive directions at v; with respect to the contour C', respectively. Given the
rotor-router model defined on G, we say that the bidirected contour C' obeys the domino
ordering if for each vertex v;, 1 < i < n, there exists a rotor direction a;i such that the rotor
. is oriented along the edge e; and o + 1 is oriented along the edge e;. The directions

Vg
ay ...,y are called negative with respect to C', whereas the directions o +1,...,a5 +1

v1?
are called positive, respectively.

Theorem 1. (See [12]). Given an arbitrary finite Eulerian digraph G, let C = (vq,...,v,)
be a bidirected contour obeying domino ordering. Let k < n rotor-router particles start their
motion at contour vertices vy, . ..,v,, so that there is no more than one particle at one vertex.
Denote these vertices as vs,, . .., vs,. Assume that the rotors v;, (i = 1,2,..,n) at the contour
C initially have positive directions. During the multi-particle walk, if a particle arrives at
one of the vertices vg,,(j = 1,2,..,k) with a negatively directed rotor at that vertex, that
particle stops its motion. Then, after some number of steps, regardless of the order in which
the particles move, the walk produces a configuration with negative directions o , .., .
Moreover, all vertices vg,, ..,vs, will be occupied by one particle each. Assuming the initial
rotor-router configuration is recurrent, namely, there are no other cycles except C, each rotor

internal to C'" will perform a full rotation at the end of the walk.

We now generalize this theorem to the case in which the area is required to be covered a
prescribed number M of times, without the need for global synchronization between UAVs
at the end of each traversal cycle. To establish this property, we construct M copies of
the graph G that coincide at their vertex sets. Applying the above theorem to the resulting
graph implies that all of its edges are traversed. Consequently, this construction is equivalent
to a rotor-router walk on the original graph G, in which the contour C'is reversed M times,
and each edge is traversed exactly M times.

3. Application for UAV Swarm Coverage

The above result has a direct interpretation in the context of UAV swarm-based area cov-
erage. In the multi-Eulerian rotor-router framework, repeated coverage with multiplicity
M may lead to the accumulation of multiple UAVs at certain vertices of the discretized
environment graph. For a vertex v; with a degree d;, the maximal number of UAVs that
may simultaneously accumulate at v; is bounded by M X d;, which grows linearly with the
required coverage multiplicity M. While such accumulation is unavoidable in deterministic
multi-agent traversal, it can be handled in a controlled manner.

To address this issue, we propose maintaining three-dimensional LIFO (last-in-first-out)
stacks of UAVs at each vertex. These stacks provide a collision-free mechanism for temporar-
ily storing multiple UAVs at the same spatial location while preserving the logical structure
of the rotor-router dynamics. Furthermore, to avoid collisions during traversal along edges,
we introduce an edge-priority rule for UAVs moving in intersecting or opposite directions,
ensuring conflict-free motion without global coordination.

Since all UAVs are identical and the rotor-router walk possesses the Abelian property,
neither the temporary accumulation of UAVs at vertices nor any permutation of UAV iden-
tities affects the final traversal state. Consequently, the proposed stacking and priority
mechanisms preserve the deterministic coverage guarantees established by the theory, while
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enabling practical realization of repeated area coverage by UAV swarms in three-dimensional
space.

4. Multi-User and Multi-Agent Platform: Overview and Operating Regimes

To support the practical deployment of the proposed deterministic coverage algorithms, a
multi-user and multi-agent platform for mission planning, execution, and supervision of self-
organizing UAV swarms is developed. The platform provides a unified environment in which
multiple operators can collaboratively define surveillance tasks, construct discrete mission
representations, and monitor swarm execution in real time, while the UAVs themselves
operate as autonomous agents executing deterministic traversal rules.

The platform is based on a graph-centric representation of the operational area, where the
environment is discretized into a digraph G' = (V| E). Vertices represent mission-relevant
locations or states, and edges encode admissible traversal paths. This representation is
shared consistently across all connected users and UAV agents, ensuring that planning,
simulation, and execution rely on the same underlying model. Deterministic compilation of
multi-Eulerian traversal tasks allows mission specifications to be translated into reproducible
swarm behaviors without dependence on probabilistic decision-making.

From the operator’s perspective, the platform enables collaborative mission authoring,
where multiple users can simultaneously participate in defining, modifying, and supervising
the mission graph. From the UAV perspective, each agent executes local rotor-router rules
using only local information, while the collective swarm behavior realizes global coverage
objectives derived during mission planning.

The platform supports several operating regimes that correspond to different stages of
the mission lifecycle:

1. Mission Preparation Regime. In this regime, users collaboratively construct and
edit the mission graph, assign roles or constraints to vertices and edges, and specify coverage
requirements, including repeated coverage with a prescribed multiplicity M. Additionally,
all directed edges are ordered using a fixed priority to organize the above-discussed collision-
free mechanism. Deterministic compilation procedures are applied to transform the mission
graph into traversal structures compatible with rotor-router execution.

2. Simulation and Validation Regime. Before deployment, the compiled traversal
plans are executed in a simulation environment. This regime allows users to validate coverage
completeness, detect potential conflicts, and assess UAV accumulation behavior at vertices
(stack sizes).

3. Execution and Supervision Regime. During mission execution, UAVs operate as
autonomous agents following rotor-router dynamics. The platform provides supervision and
visualization of swarm progress, enabling users to observe traversal states, vertex occupan-
cies, and mission completion without intervention in local UAV decision-making.

4. Adaptive Reconfiguration Regime. The platform accommodates dynamic
changes such as UAV entry or exit, provided that the underlying graph connectivity condi-
tions are preserved. Due to the Abelian property of the rotor-router model, such reconfigu-
rations do not affect the final coverage outcome, allowing mission continuity without global
synchronization.

A key advantage of the platform is the separation between multi-user coordination at
the planning and supervision level and multi-agent autonomy at the execution level. Users
interact with high-level mission abstractions, while UAVs execute simple, local, deterministic
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rules. This separation ensures that concurrent user interactions, UAV permutations, or
asynchronous execution do not alter the final coverage guarantees, making the platform
well-suited for scalable and reproducible UAV swarm surveillance missions.

A demonstration video illustrating the proposed platform is provided in [16].

5.  Conclusion

This paper presented a deterministic framework for area coverage by UAV swarms based
on multi-Eulerian rotor-router walks. Using loop reversibility properties, we established
provable guarantees for complete and repeated coverage that are robust to asynchronous
execution and independent of probabilistic assumptions. The theoretical results were further
interpreted in the context of UAV swarm deployment, where UAV accumulation at vertices
was shown to scale linearly with the coverage multiplicity and handled using collision-free
stacking and priority mechanisms.

In addition, the proposed model naturally supports integration with a multi-user and
multi-agent platform for UAV swarm mission planning and supervision, enabling deter-
ministic task compilation, coordinated execution, and consistent supervision across multiple
operators. The presented approach provides a rigorous alternative to heuristic swarm coordi-
nation methods and forms a foundation for scalable and reproducible UAV-based surveillance
systems.
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Rotor-router unpkip hwunhuwinid b wwunwhwlwt phgbpnmidutph pdwqgh-
wuinwhwlwl whwngp odnjws hunwl junniguspuyht hwnlnipniuibpny:

Yhpwndk] b Ynnniph opoljhnipjut phnpkup, punn nph nhuljpbunwg]us
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hwdwljupqws Jkpwhuljnidp:

Putiwh puwptp® UU punudp, rotor-router Unnky, Ejjtpjut puy), mupwsph huljnud,
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AnHoTanusa

HccnenoBanbl 3aqaun AETEPMUHUPOBAHHOTO MOKPHITHSL 007JaCTH POSIMH OECTIHIIOTHBIX
nerarenpHbIx anmnapatoB (BIIJIA), ocHoBaHHBIE Ha MHOrOYacCTUYHBIX 3MHIIEpOBBIX [OtOr-
router OmysxJ1aHusIX.

Mopenp rotor-router mpexncraBiseT CcO0OM KBa3HCIyYalHBIM aHAJIOT CITy4alHBIX
Onmy>xaaHuil, 061adar0IINNA BEIPaXXEHHBIMU CTPYKTYPHBIMH CBOHCTBaMHU.

Hcnonb3oBana TeopemMa 00paTUMOCTH KOHTYPOB, COTJIACHO KOTOPOI MTPH ONpeAeIeHHBIX
YCIIOBUSIX  CBSI3HOCTU JUCKPETU3UPOBaHHOW cpeasl poil  BIUJIA, BemonHstommia
COTJIACOBAaHHBIE MHOTOYACTHYHBIE JiJIEpOBBI rOtOr-router Omyxmanusi, oOecreynBaeT
[IOJIHOE IMOKPBITUE 00JACTH B TOM CMBICIIE, YTO JJIs KaXJI0I0 OPUEHTHPOBAHHOIO pedpa
OCYIIECTBJISIETCS POBHO OJMH MPOX0]1 TOJIbKO oqHuM BITJIA.
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[TonydyeHHble pe3ynbTaThl YCTAHABIMBAIOT JIOKa3yeMble TapaHTHM  HOKPHITHS,
YCTOHYMBBIE K ACHHXPOHHOMY BBINONIHEHUI0. KpoMme Toro, Teopema 00paTuMoCcTi KOHTYPOB
00o01aeTcss Ha ciaydyall MHOTOKPAaTHOTO MOKPBITHS, KOrja TpeOyeTcsl MOKpPhITh 001acTh
3anaHHoe uncio M pa3 6e3 HeoOxoaumMocTy robanbHoi cuHxpoHu3anuu Mexay BITJIA B
KOHIIE KQXXI0TO UKJIA OIYKIaHHUS.

Pa3zpaboTrana MHOTOmoIb30BaTENIbCKAsi 1 MHOTOAreHTHAs IIaTGopma, oOecrednBaromas
IUTAHUPOBAaHHE MUCCUH M KOOPAMHUPOBAHHBIN HAA30p 32 CAMOOPTaHU3YIOUIMMHUCS POSIMU
BIUIA.

KuaroueBble ciioBa: poii BITJIA, moaens rotor-router, siinepoBo OnyxaaHue, HaOIIOICHHE
TEPPUTOPUHU, CAMOOPTaHU3YIOLIAsICS CUCTEMA.
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