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Abstract - The coordination of multiple unmanned
aerial vehicles in shared low-altitude airspace
requires decision support that can represent
uncertainty, intercept unsafe actions, and explain
interventions to an operator. This study presents X-
AgentDeconflict, a two-dimensional simulation
prototype that combines a heuristic multi-UAV
navigation controller, Dempster-Shafer evidence
fusion, a rule-based runtime safety shield,
explanation generation, and an audit-oriented web
dashboard. Wind magnitude, nearest-UAV distance,
communication quality, and obstacle distance are
converted into basic belief assignments and fused
into a pignistic probability of safety. The
implementation was inspected and then evaluated in
135 reproducible runs: three configurations were
compared across 15 paired seeds with 10 UAVs, and
the full configuration was evaluated at six fleet sizes
from five to 30 UAVs with 15 seeds per size. Each
run contained 200 steps at 0.1 s. No collision-
threshold breach was observed in the 10-UAV
comparison. Across the scalability study, however,
breaches occurred in one of 15 trials at 20 UAVs,
two of 15 at 25 UAVs, and five of 15 at 30 UAVs.
Mean BetP (safe) declined from 0.907 at five UAVs
to 0.827 at 30 UAVs, while the mean minimum
separation declined from 104.86 m to 23.00 m.
These findings show that the prototype supports
uncertainty-aware  monitoring and  auditable
intervention, but they do not establish a collision-
free guarantee or validate a learned multi-agent
reinforcement learning policy. The observed
degradation at higher densities defines concrete
requirements for predictive shielding, realistic
wireless-network modelling, and three-dimensional
validation.

Key Words: UAV; multi-agent systems; airspace
deconfliction; Dempster-Shafer theory; runtime
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1. INTRODUCTION

Unmanned aircraft system traffic management and
U-space concepts anticipate increasingly dense
operations in which strategic planning must be
complemented by tactical separation and traceable
operational decisions [1-3]. Conventional air traffic
management cannot simply be scaled down to large
numbers of autonomous vehicles operating close to
obstacles and communication constraints. A multi-
UAV controller must respond to local geometry
while accounting for uncertainty in sensing, weather,
and information exchange.

Learning-based  navigation and multi-agent
reinforcement  learning  have  demonstrated
promising coordination capabilities [4-7]. Safety
remains difficult because a policy can encounter
conditions outside its training distribution, while a
successful average reward does not establish
constraint satisfaction. Runtime shielding addresses
this problem by checking or modifying a proposed
action before execution [8-10]. Recent UAV
research similarly combines learned navigation with
an explicit safety filter [11]. The present
implementation, however, uses a deterministic
heuristic  controller rather than a trained
reinforcement-learning model; this distinction is
maintained throughout the study.

Probabilistic communication and environmental
degradation also complicate deconfliction. A single
probability may hide the difference between
evidence for safety, evidence for danger, and
missing information. Dempster-Shafer theory
provides belief and plausibility measures over sets of
hypotheses [12, 13], while the Transferable Belief
Model separates evidence representation from
decision-making through the pignistic
transformation [14]. This makes belief functions
attractive for monitoring systems that must expose
uncertainty instead of collapsing all inputs into one
opaque score.
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X-AgentDeconflict integrates four practical
elements: multi-source belief fusion, action-level
safety checks, operator-facing explanations, and
persistent run histories. The study contributes an
implementation-grounded  description of the
prototype; a corrected evaluation with action-
normalized intervention rates and paired random
seeds; and a capacity analysis that identifies where
the current shield begins to lose separation. The
objective is to characterize a research prototype
honestly, not to claim formal assurance or
operational readiness.

2. Materials and Methods

System Architecture

The prototype comprises a Python simulation
backend exposed through a Flask interface, a React
and TypeScript dashboard, an Express proxy, and a
PostgreSQL persistence layer. At every step, the
environment updates wind and communication
quality; each UAV receives a belief estimate; the
heuristic controller proposes a discrete action; the
shield either accepts or replaces that action; and the
event logger records the state, evidence, proposed
action, final action, and explanation. The public
interface provides simulation controls, aggregate

metrics, trajectory views, belief timelines,
intervention summaries, explanations, and run
history.

X-AgentDeconflict System Architecture
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Figure 1: Implemented X-AgentDeconflict
prototype architecture

Environment and UAV model

The simulated airspace is a 1000 m by 1000 m two-
dimensional plane. The default step duration is 0.1 s.
Each vehicle has a maximum configured speed of 15
m/s, a minimum configured speed of 2 m/s, a battery
state, a current goal, and one of ten discrete actions:

hover, four cardinal movements, slow down, speed
up, turn left, turn right, or emergency hold. Wind is
a stochastic two-dimensional disturbance with a
configured maximum magnitude of 5 m/s. Static
obstacles and circular no-fly zones are generated
from the run seed. Goals are reassigned after a
vehicle enters a 20 m goal radius.

The operational controller is heuristic. It combines
goal-directed movement with nearest-neighbour
separation and no-fly-zone avoidance. Source
modules named QMIX, MADDPG, and MAPPO are
untrained interface stubs that call the heuristic
controller. They were therefore excluded from the
evaluated methods and from the paper's contribution
claims.

Communication impairment model
Communication quality is represented by a scalar in
[0,1]. Its nominal value is reduced according to a
configured loss probability of 0.1, Gaussian noise
with standard deviation 0.05, occasional severe
multiplicative degradation, and randomly generated
spatial degradation zones. This quantity informs the
belief monitor but does not simulate packet
exchange. The model does not include path loss,
fading, interference, bandwidth, medium access,
topology, latency, jitter, message age, or routing. It
is therefore an impairment proxy, not a validated
wireless-network simulator. Network-level claims
are restricted accordingly.

Belief model and evidence fusion

The frame of discernment is Q = {S, M, U}, where
S, M, and U denote safe, marginal, and unsafe states.
Each evidence source assigns mass to the three
singleton hypotheses and to €, which represents
unresolved uncertainty. The implemented sources
and default thresholds are summarized in Table 1.
Piecewise linear rules map each observed value to a
basic belief assignment. The remaining mass is
assigned to Q.
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Table 1: Implemented evidence sources and default
thresholds

For two mass functions, the implementation uses
normalized Dempster combination:

Ync=am1(B)m;(C)
1-K ’
K= ) m@Em(©

BNC=0

my,(A) =

Equation 1: Normalized Dempster combination and
conflict mass

The four source assignments are combined
iteratively. If K is at least 0.999, the implementation
returns a vacuous assignment rather than dividing by
a value close to zero. The decision-level probability
is then calculated as:

BetP(w) = m({w}) + @ )

Q={S,MU
Q] { }

Equation 2: Pignistic transformation used by the
implementation

The code classifies BetP(safe) values of at least 0.7
as proceed, values from 0.4 to below 0.7 as caution,
and values below 0.4 as shield intervention. These
thresholds are configuration choices and have not
been formally optimized or calibrated against flight
data.

Runtime safety shield

The shield checks four conditions in order. It selects
an avoidance action when the nearest vehicle is
closer than 15 m; it checks imminent collision below
30 m using a five-step constant-velocity projection;
it prevents entry into circular no-fly zones or
redirects a vehicle already inside a zone; and it slows
the vehicle when BetP(safe) is below 0.4. This is a
rule-based filter. It does not implement reachability
analysis, control barrier functions, or a formally
verified invariant, and a safe fallback action is not
proven to exist in every multi-vehicle configuration.

Explainability and audit functions

Every UAV-step produces an event trace containing
state information, evidence values, belief output,
proposed action, intervention status, intervention
reason, and final action. Local explanations restate
the factors associated with a decision; global
summaries aggregate events; and counterfactual
routines evaluate predefined alternative conditions.
These are trace-based explanations rather than causal
effects identified from an experimental causal
model. The dashboard and database support
inspection and reproducibility but do not
independently establish regulatory compliance.
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Figure 2: Operator dashboard provided by the
prototype

Experimental design

The supplied code was executed from the project
state identified by commit
€44753¢6346709220364¢8033b1b59929dbc9c8c.
Two evaluations were performed. First, three unique
configurations were compared at 10 UAVs: heuristic
control without TBM or shield; heuristic control
with the deterministic shield but without TBM; and
the full prototype with TBM, shield, and explanation
generation. Each configuration was run with the
same 15 seeds, 0-14. Second, the full prototype was
run with 5, 10, 15, 20, 25, and 30 UAVs using the
same 15 seeds at every size. All 135 runs contained
200 simulation steps, corresponding to 20 s of
simulated time.

The original five-variant design was not retained
because heuristic baseline and policy-only were
identical, while policy-plus-TBM-plus-shield and
full-system had the same control behaviour.
Explanation generation does not change an action
and is therefore not an independent safety-policy
ablation.

Outcome definitions and statistical analysis

A collision-threshold breach was counted for each
UAV pair at each timestep when separation was
below 15 m. A near-miss pair-timestep was counted
when separation was at least 15 m but below 30 m.
These are exposure counts, not counts of
independent  physical incidents. = Minimum
separation was the smallest pairwise distance
observed during a run. The intervention rate was
corrected to interventions divided by total UAV-
actions (number of UAVs multiplied by 200); the
original implementation divided only by timesteps
and could exceed 1. Descriptive results are reported
as mean and sample standard deviation across 15

seeds. Student t confidence intervals were calculated
for approximately continuous outcomes. Because
count outcomes were zero-inflated and highly
skewed, breach occurrence is additionally reported
as the number of affected trials. Paired Wilcoxon
tests were used for the 10-UAV configuration
comparison, with two-sided p<0.05 treated as
evidence of a difference.

3. Results

Configuration comparison at 10 UAVs

No collision-threshold breach occurred in any of the
45 paired 10-UAV runs. The heuristic baseline
produced 1.73 + 3.61 near-miss pair-timesteps and a
mean minimum separation of 38.89 &= 13.48 m. The
deterministic shield configuration produced 14.53 +
51.41 near-miss pair-timesteps and a mean minimum
separation 0f41.23 = 16.09 m. The full configuration
produced 14.60 + 51.40 near-miss pair-timesteps, a
mean minimum separation of 41.15 £+ 16.05 m, and
BetP(safe) of 0.892 + 0.033. The mean action-
normalized intervention rates were 8.44% for the
deterministic shield and 8.74% for the full
configuration.

The apparent differences were not statistically
significant. Relative to baseline, the shield did not
significantly change minimum separation (paired
Wilcoxon p=0.883) or near-miss pair-timesteps
(p=0.317). Adding TBM to the shield did not
significantly change minimum separation (p=0.681).
The 10-UAV experiment therefore characterizes
system behaviour but does not demonstrate that
TBM improves collision avoidance.
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Figure 3: Corrected 10-UAV comparison across 15
paired seeds
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Figure 5: Collision-threshold exposure and action-

normalized interventions across fleet sizes

Table 2: Configuration comparison across 15 seeds
with 10 UAVs and 200 steps per run Minim
Scalability and density effects um Interven

The full prototype maintained zero collision-

separat | tion rate

threshold breaches in all trials at five, 10, and 15 ion m
UAVs. Breaches appeared in one of 15 trials at 20
UAVs, two of 15 trials at 25 UAVs, and five of 15 0.90
trials at 30 UAVs. The mean minimum separation 0.00 104.86 8.79% + 7 +
declined from 104.86 m at five UAVs to 23.00 m at 3 015+ +7591 11.16%  0.03
30 UAVs. The corresponding mean BetP(safe) 0.00 7
declined from 0.907 to 0.827. At 30 UAVs, the 95%
t confidence interval for mean BetP(safe) was 0.820- 0.00 0.89
0.834, while the mean collision-threshold exposure ’ 4115 £ 874% + 2 +
was 2.13 pair-timesteps per run. 10 0/15 ;)_LOO 16.05 9.77% 0.03
Intervention counts increased with fleet size, but :
action-normalized intervention rates did not increase 0.86
i i - 0.00 '
monotonically. This pattern reflects seed-dependent 3668 + 796% + 7 +
no-fly-zone encounters, local geometry, and rule 15 0/15 =+ 16.70 6.44% 0.03
ordering. It should not be interpreted as calibrated 0.00 ’ e O'

adaptation to airspace density.
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ion m

0.85
a0 30.04 £ 688% =+ 6 =
20 /15 <+
181 11.77 4.57% 0.02
’ 1
0.84
95 /15 2'73 26.07 + 6.50% + 8 +
502 11.56 4.12% 0.02
' 0
0.82
2.1
° 23.00 + 820% + 7 +
30 5/15 =+
378 13.75 3.68% 0.01
’ 3

Table 3: Corrected scalability results for the full
prototype; values are mean + sample standard
deviation

4. Discussion

The corrected experiments support a narrower
conclusion than the original manuscript. The
prototype provides a coherent pipeline for belief-
aware monitoring, action interception, explanation
generation, and run logging. It also runs
reproducibly across multiple seeds and fleet sizes.
However, the evidence does not support a general
collision-free claim. The emergence of threshold
breaches at 20 or more UAVs demonstrates that a
local, sequential, five-step rule filter can be
overwhelmed by dense interactions.

The 10-UAV ablation also shows why zero
collisions alone are insufficient. The unshielded
heuristic baseline already avoided the 15 m threshold
in every paired run. A shield cannot be credited for
eliminating an event that the baseline did not
experience. Moreover, the shielded variants
recorded more near-miss pair-timesteps, although
the distribution was highly skewed and the
difference was not significant. This may occur
because holds and discrete cardinal avoidance
actions resolve one conflict while creating prolonged

proximity or secondary conflicts. Predictive multi-
agent optimization should be compared with the
present rule ordering.

The belief monitor behaved as a density-sensitive
indicator: mean BetP (safe) and minimum separation
both declined as the fleet grew. This association does
not establish calibration. BetP (safe) is produced by
hand-specified mass functions and thresholds, and
the four evidence sources are combined as if their
contributions can be fused independently. Future
evaluation should test reliability diagrams, Brier
score, threshold sensitivity, conflict mass, and
alternative combination rules under deliberately
contradictory evidence.

From a wireless-network perspective,
communication quality is currently an exogenous
scalar. It does not alter neighbour messages or
introduce delayed state estimates. Consequently, the
study cannot establish robustness to packet loss,
latency, fading, interference, network partition, or
stale data. A stronger design should couple the
simulator with NS-3 or another network simulator
and expose packet delivery ratio, end-to-end latency,
and jitter, age of information, channel load, and
topology changes to both the controller and the belief
model. Communication-aware control research
demonstrates that mobility and connectivity should
be evaluated jointly rather than through a single
abstract quality score [15].

The explainability layer improves observability
because every intervention can be traced to recorded
evidence and a named rule. Nevertheless, the current
explanations are templated descriptions of program
state; they have not been assessed for fidelity,
stability, counterfactual wvalidity, or operator
usefulness. Human-factor evaluation  should
measure whether explanations improve conflict
detection, response accuracy, workload, and trust
calibration [16-18].

Limitations

This study is limited to a two-dimensional kinematic
simulation with discrete actions, generated
obstacles, simplified wind, and a scalar
communication proxy. Collision and near-miss
values are pair-timestep exposure counts and may
include repeated observations of the same encounter.
The simulator updates agents sequentially within a
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timestep rather than from an immutable synchronous
state snapshot, which can create order effects. The
experimental duration is only 20 s per run, mission
completion is sparse, and no physical UAV,
hardware-in-the-loop, AirSim, PX4, or network co-
simulation validation was performed. The policy is
heuristic and the MARL modules are placeholders.
The runtime shield is not formally verified. The
dashboard and database were functionally inspected,
but no user study, penetration test, or audit-integrity
evaluation was conducted.

5. Conclusions

X-AgentDeconflict demonstrates how Dempster-
Shafer evidence fusion, a rule-based action shield,
trace explanations, and an operator dashboard can be
assembled into an auditable multi-UAV research
prototype. A corrected 135-run evaluation found no
collision-threshold breaches through 15 UAVs under
the tested scenarios, but breaches appeared at higher
fleet sizes and occurred in five of 15 trials at 30
UAVs. Mean BetP(safe) and minimum separation
declined with density. At 10 UAVs, the shield and
TBM configurations did not significantly improve
separation relative to the heuristic baseline. The
present evidence therefore supports feasibility and
diagnostic value, not formal safety, real-world
deployment, or MARL effectiveness. Future work
should implement synchronous state updates,
predictive multi-agent shielding, trained policies,
realistic wireless co-simulation, longer adversarial
scenarios, three-dimensional  dynamics, and
hardware-in-the-loop or flight validation.

Additional Information

Data and code availability: The evaluated prototype
is accessible at https://agent-deconflict.replit.app.
The corrected results were generated from the
supplied source snapshot using the experimental
procedure described in this manuscript. The source
snapshot and run-level dataset are available from the
corresponding author on reasonable request.

Human subjects: This simulation study did not
involve human participants or identifiable human
data.

Animal subjects: This study did not involve
animals.
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