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Abstract

Validating autonomous small Unmanned Aerial Systems (sUAS) at city
scale requires simulation frameworks that support large multi-sUAS
deployments while maintaining both physical accuracy and geospa-
tial realism. Existing systems typically support few concurrent sUAS
and lack fidelity for evaluating vision-based navigation, sensor degra-
dation in urban environments, and compliance with evolving airspace
regulations. We introduce SADE-SIM: a scalable hybrid architecture
that couples physical simulation with photorealistic visualization. The
SADE-SIM integrates web-based mission planning, real-time control
compatible with standard protocols, live visualization of video stream,
and archival review of flight data. We demonstrate a case study using
a 32-sUAS heterogeneous fleet across one restricted airspace zones with
diverse operational profiles, where sUAS dynamically request zone en-
try permissions and the system evaluates mission-critical parameters
before granting or denying access. SADE-SIM will enable novel vali-
dation workflows such as the evaluation of autonomous navigation
systems, GPS-degraded navigation testing in metropolitan canyons,
and validation of the FAA compliance protocol for dynamic airspace
management. By bridging flight dynamics, photorealistic environ-
ments, and regulatory constraints, SADE-SIM advances the research
computing infrastructure needed for safe deployment of autonomous
aerial systems at scale.
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1 Introduction

Autonomous small Uncrewed Aerial Systems (sUAS) are increas-
ingly deployed in missions that span large geographic areas, includ-
ing disaster response, infrastructure inspection, and public safety
operations. As these systems move from prototypes to operational
deployments, sSUAS developers are expected to deliver repeatable, re-
viewable evidence that sUAS autonomy remains safe and compliant
under changing environmental conditions and evolving airspace
rules. Simulation testing is a primary mechanism for generating
this evidence during early development phases because large-scale
field testing is costly, risky, and difficult to control [2].

In practice, generating such validation evidence remains a chal-
lenge with current simulation workflows [1]. Most simulation plat-
forms such as Flightmare [18], FlightGoggles [8], AirSim [17] are
designed for performing sUAS mission validation activities on a
single workstation, where rendering, physics, and software orches-
tration are tightly coupled within one execution node. As simula-
tion scenarios scale to larger environments and fleets, this coupling
becomes a bottleneck that restricts the coverage of various test sce-
narios. Developers often compensate through vertical scaling (write
custom scripts or build new tools) or make test scenarios simpler by
adding assumptions, both of which introduce operational overhead
and reduce reproducibility. Moreover, validation artifacts such as
configurations, traces, and logs are not consistently structured for
systematic reuse, making regression testing across sUAS autonomy
versions difficult to integrate into continuous testing workflows.

Beyond scalability, current simulation platforms rarely treat mis-
sion context as a first-class component of the validation process. Op-
erational constraints, such as airspace restrictions and geofencing,
are typically managed outside the primary simulation loop rather
than natively integrated into the environment. This decoupling
makes it difficult to rigorously evaluate whether sUAS autonomy
software can successfully comply with airspace management con-
trols at runtime. Consequently, existing scenario-driven workflows
struggle to capture the true operational complexity these systems
will face upon real-world deployment.
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This paper presents a software architecture for an sUAS simu-
lation platform, SADE-SIM, designed to address these limitations.
The architecture distributes physics and environment rendering
workloads, provides standardized interfaces for connecting systems
under test to simulation services, supports explicit specification
of airspace management constraints, and manages simulation in-
frastructure as an integrated service. Together, these capabilities
enable structured, repeatable execution of large-scale workflows.
The platform is realized as a cloud-hosted environment that al-
lows developers to treat simulation as an on-demand service for
autonomy testing. We evaluate the architecture through a case
study demonstrating its ability to support complex scenarios while
remaining modular and extensible for evolving validation needs.

2 Development Objectives

Drawing on our past experiences of utilizing multiple sUAS simula-
tion tools to evaluate industrial-grade sUAS for emergency response
missions, and following a design science approach, we identify the
following core development objectives that a simulation platform
must satisfy. These objectives reflect recurring limitations observed
in practice and capture the capabilities needed to support rigorous,
scalable autonomy validation.

DO1: Distribute Physics and Rendering Workload: Evaluat-
ing multi-sUAS fleets requires simulation that stays realistic and
scalable as fleet size and environmental complexity increases. The
architecture should distribute physics and environmental rendering
workloads across multiple nodes while maintaining a consistent
shared world state. The design of the simulator should also be mod-
ular so that environmental factors can be modeled and calibrated
to match mission requirements. In particular, it must support inte-
grating (1) wind-field models to assess stability under steady and
gusty conditions, (2) GNSS models to assess robustness in urban
settings under signal occlusion, multi-path, and dropouts and (3)
Geospatial models of real-world terrain and built infrastructure to
evaluate sUAS navigation and collision avoidance capabilities in
realistic settings. We prioritize these factors because environment-
driven disturbances and sensing failures are frequent contribu-
tors to real-world sUAS incidents [21]. Finally, the architecture
should be extensible, with a clear path to incorporate additional
environmental-factors such as foggy weather conditions to validate
a broad range of sUAS missions in different conditions.

DO2: Custom Software Pilots: Autonomous sUAS include a
mission-specific software layer responsible for high-level decision
making based on sensor inputs, Al models, sUAS goals, and mission
configuration. This layer directly communicates with the underly-
ing flight controller (e.g., PX4[13] or ArduPilot[19]). In this paper,
we focus on testing this layer and refer to it as the Custom Software
Pilot for the remainder of the paper. Accordingly, the simulation
tool must support standard communication and data-exchange in-
terfaces between Custom Software Pilots and flight controllers.
This lowers the barriers for large-scale mission evaluation because
developers can focus on implementing the core logic of the Cus-
tom Software Pilot and evaluate it in simulation while minimizing
pilot-simulator integration overhead.
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DO3: Airspace Management: Most simulation platforms pri-
oritize modeling vehicle dynamics, which is essential for physi-
cal correctness and for comparing simulation outcomes with real-
world behavior. However, autonomy validation also depends on
the regulatory context in which a mission executes. From a soft-
ware engineering perspective, tests that omit airspace rules provide
limited evidence about whether autonomy will behave safely and
remain compliant in deployment. In the autonomous driving do-
main, CARLA [5] captures traffic rules and right-of-way constraints
through entities such as simulated traffic lights and stop signs.
Similarly, sUAS validation requires explicit support for airspace
constraints, including no-fly zones, and regulator-controlled zones
that the autonomy must respect. The simulation platform should
represent these constraints and generate reviewable evidence to
enable compliance-aware validation of autonomous behavior.

DO4: Automated Simulation Infrastructure Management:
End-to-end sUAS simulation workflows depend on a coordinated
set of software and infrastructure components, including simula-
tors, flight-controller stacks, communication protocol and libraries,
networking, data capture, and observability. When these compo-
nents are selected, configured, and orchestrated manually, testing
becomes time-consuming to set up, brittle to maintain, and hard to
reproduce across runs and teams. Therefore, the simulation plat-
form should provide automated infrastructure management that
configures the complete workflow from a single specification, exe-
cutes runs with minimal manual intervention, persist simulation
logs for debugging and analysis, and performs reliable tear-down
and cleanup to reset the environment for subsequent runs.

3 SADE-SIM

3.1 Simulation Infrastructure

Figure 1 shows the conceptual architecture of SADE-SIM. The plat-
form is designed to simulate multiple sUAS operating concurrently
in a shared airspace, each behaving as an independent entity with
its own control systems and decision-making capabilities. Each
sUAS consists of three fundamental components: (1) a flight con-
troller that manages low-level vehicle dynamics and stabilization,
(2) a software pilot that executes high-level mission logic and
autonomous behaviors, and (3) a sensor interface that provides
the sUAS with perception of its environment. These components
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Figure 1: SADE-SIM Conceptual Architecture
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Figure 2: Example of SADE-SIM Front-End Configuration Flow

form the foundational capabilities required in a simulation platform
for sUAS validation. Now, we describe the core design decisions we
made to meet our development objectives.

First, our simulation infrastructure is composed of two com-
plementary engines working in tandem. A physics simulator
computes rigid-body dynamics, aerodynamic forces, sensor mea-
surements, and collision detection; providing the flight controller
with realistic feedback about the drone’s physical state. In parallel,
a visual simulator generates a three-dimensional rendering of
the high-fidelity environment, producing camera feeds and visual
data that can be consumed by onboard computer vision algorithms
or human operators monitoring the simulation. This architectural
decision allows us to satisfy DO1.

Second, the infrastructure includes a stable version of a open-
source flight controller and a custom software pilot that sUAS
developers can integrate into the platform for testing (discussed in
more detail in Section X). We made this design choice so developers
do not need to manage the complexities of flight controllers and
can focus primarily on designing and evaluating their custom soft-
ware pilot. These core components are also connected to a ground
control station that serves as the primary interface for developer
observations. These design choices aim to fulfill DO2

Third, a critical design choice in our infrastructure is configura-
tion driven simulation execution. Each simulation run is defined by
a single declarative configuration artifact that specifies all informa-
tion needed to initialize the simulation, including the number and
types of SUAS, their home positions, and environmental conditions.
We extend this configuration with SADE Zone definitions, allow-
ing developers to specify the airspace restrictions to be enforced
during execution. This design supports DO3 and provides greater
control to automatically manage the infrastructure resources based
on simulation needs.

Finally, the infrastructure includes a simulation workflow man-
ager that orchestrates different components of the infrastructure
based on the developer-provided simulation configuration. It provi-
sions and scales resources according to each run’s requirements,
coordinates end-to-end execution (starts, monitors, and terminates
runs), and maintains traceability by tracking data and metadata
across all infrastructure components. This design directly addresses
DO4 and is essential for large-scale sUAS simulation, where re-
source demands vary across scenarios and multiple developers
must reliably schedule and run experiments concurrently.

3.2 Simulation Technologies

To realize the conceptual architecture described above, SADE-SIM
is implemented as two complementary infrastructure layers: a static
infrastructure layer that supports simulation configuration and life-
cycle management, and a dynamic infrastructure layer that provi-
sions and executes individual simulation instances. This separation
allows simulations to be reproducible, shareable, and archivable,
while also enabling scalable execution across multiple concurrent
runs. Figure 3 shows the technical architecture.

Static Infrastructure: This layer consists of the continuously
running components needed to configure simulations and support
all running workflows. The web front-end is implemented using Re-
act [14] and Cesium]JS [4], allowing sUAS developers to interactively
define simulation scenarios. Through this interface, as shown in Fig-
ure 2, developers can configure (1) Simulation Origin that maps to
a real-world geo-location (2) Environmental Conditions such as
windy conditions (3) sUAS type (4) SADE Zone for sUAS autonomy
validation. These configurations are captured in a single simulation
configuration document represented as a structured JSON artifact.
This configuration artifact is transmitted to the back-end server
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Figure 3: SADE-SIM Technical Architecture
The static infrastructure (left) consists of the continuously running components needed to provide an interactive web front-end used to generate
a simulation configuration, The dynamic infrastructure (right) consists of the components needed to run a single instance of a multi-sUAS
simulation using PX4 flight controllers, Gazebo for physical simulation, and Unreal for visual simulation.

(FastAPI), preserved in MongoDB, and then asynchronously com-
municated to the workflow dispatcher using an MQTT message
broker.

Dynamic Infrastructure: This layer consists of all the compo-
nents needed to run a single instance of a multi-drone simulation.
The workflow dispatcher is a dedicated process designed to orches-
trate the end-to-end simulation life cycle. It functions as the core
of SADE-SIM, managing resource validation, dynamic network
synthesis, and runtime state transitions. For each simulation con-
figuration received, the workflow dispatcher creates a simulation
instance by generating a Docker Compose workflow describing all
the components as containers to be materialized. The workflow
dispatcher starts the workflow, monitors its status, and reports
its status back to the web front-end. This allows developers to
continuously monitor the simulation progress (e.g., Built, Started,
Completed, Aborted). Due to the isolation provided by containers,
multiple simulation instances may run simultaneously if sufficient
computing resources are available.

Software Pilot: Each simulated sUAS consists of a Python-based
automated agent that executes missions via high-level MAVLink
commands e.g., takeoff, navigate to zone, return to launch.
This pilot can contain any user-provided Python code, and so may
include SADE Zone authentication logic or any other advance
coordination feature desired. The flight controller used in the PX4
autopilot run in SITL mode and send actuator signals to the physics
engine, and receive sensor data back.

Physics Simulator: All simulated sUAS utilize a single instance
of Gazebo [11]. This simulator runs in headless mode, calculating

rigid-body dynamics, collision detection, environmental interac-
tions, and emulating UAV sensors (IMU, GPS, altimeter). Physical
environment data (e.g., terrain, wind) is precomputed at the begin-
ning of each simulated workflow, and then loaded into Gazebo at
runtime. The pose sender consumes 1000 Hz telemetry from Gazebo,
extracting position and orientation for each sUAS and camera, and
sending this stream to the visual simulation for a synchronized
visualization with its physical state.

Visual Simulator: The 3D simulation environment is provided
by Unreal Engine 5[7] extended with plugins: each sUAS is mod-
eled as a 3D game entity while the player is an observer that can
switch views between any active drone or takeoff site. The Cesium
for Unreal plugin [4] renders “digital shadow” of any real-world
location using satellite maps and WGS84 coordinates. The realism
aspect of the 3D environment is further discussed in Section 3.3.
A pose receiver consumes the 1000 Hz update stream, transform-
ing the coordinates from Gazebo’s East-North-Up (ENU) frame to
the East-South-Up frame used by Cesium for Unreal. It uses this
stream to asynchronously update the drone positions in the visual
environment. This decouples the higher simulation rate from the
render frame rate (30-120 FPS) for smooth video.

Integration Services: Additional services are required to con-
nect components and make them available to the outside world.
The Unreal pixel streaming service [6] connects to the Unreal game,
and streams fully rendered frames to end-user devices via We-
bRTC, enabling interaction through standard browsers. A shared
mavlink-router [12] multiplexes all the flight controller teleme-
try through one port, allowing for external ground control sys-
tems (such as QGroundControl[16]) to view and control drones.
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The PyDUFS service exposes telemetry logs through a browsable
interface, so completed workflows can be analyzed offline. Trae-
fik [20] is used for reverse proxying and maps semantic URLs (e.g.,
/simulation/123/video) to the ports of containers running in a
Docker-managed subnet. SADE-SIM can thus selectively expose
data streams to authenticated users of the system without requiring
reserved ports or dynamic firewall rules.

3.3 Simulation Realism

The SADE-SIM simulation environment is designed as an integra-
tion layer that coordinates multiple heterogeneous subsystems into
a single, coherent execution context. Rather than treating the envi-
ronment as a static backdrop or a monolithic world model, SADE-
SIM composes independently generated data products, including
visual, physical, environmental, and policy-related elements, into a
shared interface consumed by both autonomous software pilots and
human operators. This section describes how these components
are integrated to maintain consistency across physics, perception,
and operational control.

Geospatial reference and visual-physical consistency Both
the physical simulator (Gazebo) and the visual simulator (Unreal
with Cesium) use a shared WGS84 global origin. The pose receiver
transforms telemetry from the physics simulator into the Cesium
georeferenced frame, so vehicle state, terrain, sensor viewpoints,
and SADE Zone overlays remain aligned across physics and per-
ception. The pose receiver drives the visual scene from this stream,
keeping render and physics in lockstep. Rendered imagery, onboard
camera feeds, and operator-facing visualization therefore reflect
the same world state used by the flight controller and Custom Soft-
ware Pilot. A previously validated framework for UAV requirement
validation has shown that this style of shared geospatial reference
and visual-physical alignment is effective in practice [24].

Terrain integration Elevation data is derived from the Cesium-
based geospatial model by scanning a 2D plane in Cesium; the result
is exported in a fast-querying HDF5 format for efficient retrieval
during simulation. At runtime, for each drone the elevation data
is queried at the vehicle position and a unit-size ground collision
plane is spawned below the drone in the physics simulator. Collision
detection and altitude-dependent behaviors (e.g., rooftop landing,
terrain-following navigation) thus match the same geometry used
for visual rendering, avoiding discrepancies between perceived and
physical environment structure. The same elevation source is used
for SADE Zone placement and for physics, so restricted areas and
ground geometry remain consistent.

Environmental-factor models Wind and other disturbances
are implemented as modular models (cf. DO1). The environment is
represented as a voxel grid whose cells align with both the physical
and the visual rendering space; each cell stores wind vector com-
ponents along each direction. This voxel grid is processed by an
external CFD workflow based on OpenFOAM [10] to generate spa-
tially and temporally varying wind fields [22], which are loaded into
the physical simulator and applied in the flight dynamics computa-
tion at runtime. This data-driven approach keeps the core physics
and rendering engines unchanged; the same interface allows addi-
tional effects such as fog to be integrated without modifying the
simulation core.
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GNSS degradation An external signal propagation pipeline [23]
produces location-dependent measurements that account for line-
of-sight obstruction and multi-path effects in dense urban environ-
ments. The same voxel grid used for wind is reused for GNSS: each
cell holds a line-of-sight count and the number of potential multi-
path-inducing satellites, which are queried by any simulated GNSS
sensor at the vehicle position. Those measurements are injected at
the sensor interface to the flight controller, so autonomy and fail-safe
logic can be validated under realistic positioning errors without
coupling the architecture to a specific GNSS implementation.

Airspace Restrictions SADE Zone are represented in the shared
geospatial frame (cf. DO3): volumetric overlays in the visual simu-
lator and programmatic queries for Custom Software Pilots during
mission execution. Compliance with access rules is therefore evalu-
ated inside the simulation workflow, and operators see the same
SADE Zone geometry for mission outcomes, access denials, and
anomalous behaviors.

3.4 Simulation Workflow Lifecycle

The workflow dispatcher has the responsibility of observing the
arrival of new simulation configurations, dispatching simulations,
and reporting their completion status. It assigns to each newly
arrived simulation a unique UUID, and determines if sufficient
resources (CPU, GPU, RAM) are available to start a simulation. If
sufficient resources are not available, the dispatcher waits until they
become available. Transitions between simulation states (e.g., Built,
Started, Aborted) are persisted to the MongoDB back-end, making
the current status available to users of the website.

Each simulation run dispatched is expressed as a workflow: a
directed graph of discrete tasks and services that must be dispatched
within various constraints in order to sequence the simulation
correctly. Each workflow has the following stages:

Phase 1 - Artifact Generation. Several substantial data arti-
facts are needed to provide simulation realism: a wind vector field
for the locality, terrain meshes generated from satellite data, and
airspace governance data. Prior to starting any simulation compo-
nents, the workflow runs the necessary data generation tools to
produce datasets not already available. Simulating a fresh environ-
ment may require several minutes delay to generate the needed
assets before a simulation can start. However, returning to a prior
locality will reuse cached assets.

Phase 2 - Configuration Setup. A large number of network
ports, unique names, and similar items must be generated to ensure
that each component of the workflow is communicating with the
right partner. Allowing every component to choose fixed or random
ports would result in chaos. Instead, the workflow dispatcher regen-
erates a ports.config file that describes unique TCP/UDP ports
for Gazebo, MAVLink, and GCS interfaces; and assigns instance IDs
to each UAV. It then produces Unreal coordinate configurations, a
Docker Compose file with container networks and volume mounts,
and scripts to invoke each of the services.

Phase 3 - Execution and Monitoring. Finally, the dispatcher
starts the produced Docker Compose workflow with all of the
generated configurations. This startup process requires some care
to ensure that actions are sequenced, so that unpredictable delays
do not result in failures: first Gazebo starts, then flight controllers
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and software pilots, followed by Unreal and the pose sender. Only
once all components are initialized, are the software pilots released
to begin missions simultaneously. This ordering and dispatch is
accomplished using the Shepherd [9] workflow manager to describe
and monitor the process. Finally, the dispatcher enters a health
monitoring loop, monitoring signals from the Shepherd process
(mission status, autopilot/Gazebo errors, UE5 health), the container
workflow, and external abort signals from the front-end.

Phase 4 - Shutdown and Archival. A simulation workflow
terminates either at the request of the user through the web front-
end, or at the failure of any individual setup or runtime component.
The dispatcher then extracts all of the component log files into
persistent storage, tears down the containers and ephemeral assets,
and reports the simulation completed. Logs of past runs are made
available to the user via the PyDUFS service, (Future work will allow
the simulation to complete automatically when certain mission
objectives are reached.)

The archived logs include data from each layer of the simula-
tion. Software pilot logs capture high level mission information,
such as MAVLINK mode transitions, waypoint achievements, and
interactions with airspace management services. Flight controller
logs capture the sensor data such as GPS position, barometric al-
titude, EKF state vectors, and actuator commands in ulog format.
Physical simulator logs capture the (simulated) ground truth of
sUAS positions and attitudes, as well as those of onboard cameras
mounted via gimbals. Logs from PX4 can be uploaded to PX4 Flight
Review [15] for visual analysis.

4 Case Study: Emergency Response

We demonstrate SADE-SIM’s ability to deploy custom software
pilots into a realistic environment through 32-sUAS heterogeneous
fleet scenario that exercises SADE Zone access control, autonomous
decision-making, visual realism, and telemetry logging.

Scenario. To evaluate the policy-enforcement capabilities of the
architecture detailed in Section 3, we simulate a future emergency
response scenario at a museum in downtown Chicago. During
this event, the Chicago Department of Public Safety (DPS) estab-
lishes a dynamic, high-priority SADE Zone over the area, restricting
airspace access exclusively to authorized sUAS. To manage the cri-
sis, the DPS deploys a coordinated swarm of 5 public safety sUAS
for real-time crowd monitoring and response.

However, reflecting the proliferation of modern sUAS usage,
the scenario introduces heterogeneous, uncoordinated traffic into
the surrounding airspace. This includes commercial news agencies
deploying 10 sUAS to capture live aerial broadcasts, and 17 recre-
ational flyers attempting to penetrate the restricted zone to record
unauthorized footage. Every sUAS is programmed to seek autho-
rization prior to traversing the enforced zone. In this simulation,
DPS requests are always granted, whereas requests from journalists
and recreational flyers are denied. This multi-agent environment
severely stresses the system’s ability to dynamically authenticate
requests, enforce airspace controls, and safely route authorized
traffic while rejecting rogue agents.

Configuration. To implement this scenario, the end user config-
ures the simulation environment by graphically defining the SADE
Zone, pinpointing the initial deployment coordinates for the SUAS
fleet, and specifying the logic for the software pilots.

L. Vadnala et al.

The user configures the SADE Zone by drawing a bounding box
over a map of the target area. These boundaries are automatically
propagated to the software pilots and to the photorealistic rendering
engine, where they appear as translucent pink volumetric barriers
overlaid on the 3D environment for intuitive visual reference.

The user configures the 32-sUAS fleet through the web portal
in three groups: public safety sUAS 1-5 begin in various locations
around the city, are always granted clearance to enter the zone, and
stay below 400 AGL unless given special clearance journalist SUAS
6-15 are also scattered around the city, but will not be granted
clearance to the zone, and always stay under 400" AGL. recreational
sUAS 16-32 begin in various parks, and not granted clearance, and
stay below 100" AGL.

The user provides a single software pilot (DO2) program that
encompasses all drones in the simulation. It issues navigation com-
mands and holds responsibility to interact with airspace manage-
ment services. The pilots for the public safety and journalist SUAS
navigate directly toward the region of interest. The recreational
sUAS follow a random path, periodically selecting random coordi-
nates within the operational bounds and navigating toward them.
This approach generates unplanned SADE Zone encounters, testing
the responsiveness of the airspace management protocol.

Upon approaching a SADE Zone boundary, the software pilot
transmits an entry request to the airspace management service.
This service evaluates the request and returns one of two verdicts.
Granted: The sUAS is authorized, a temporal lease is allocated,
and the mission continues subject to zone-specific constraints (e.g.,
maintaining a minimum altitude of 350 feet Above Ground Level).
Denied: Access is rejected due to insufficient credentials, exhausted
zone capacity, or inadequate safety margins. Upon denial, the soft-
ware pilot executes a contingency maneuver, such as a Return-to-
Launch (RTL), loitering in place (journalist), or redirecting to a new
waypoint (recreational).

Observations. The simulation successfully validated the plat-
form’s capacity to govern complex, multi-agent urban airspace
under airspace management policies.

Spatial Compliance and Trajectory Control: As illustrated in Fig-
ure 4(A), the system captured the high-fidelity flight paths of all
32 sUAS throughout the emergency event. The visual trajectory
map confirms strict adherence to the geofenced policies: the red
paths (Public Safety sUAS) seamlessly penetrate the SADE Zone,
while the blue (Journalist) and green (Recreational) paths are visi-
bly deflected at the boundary, validating the efficacy of the zone
authorization service. Furthermore, Figure 4(B) demonstrates
the system’s interoperability with standard tools, showcasing the
entire fleet being monitored and commanded in real-time via
QGroundControl[16] without any telemetry degradation.

Visual Fidelity and 3D Rule Enforcement: The photorealistic ren-
dering of the simulation provides critical context for these inter-
actions. Figure 4(C-F) captures the sequential progression of an
authorized public safety sUAS approaching the boundary, holding
its position to request entry, and ultimately entering the SADE
Zone to approach the museum. Crucially, the system enforced not
just lateral boundaries, but strict vertical constraints. As shown in
the altitude timeline derived from the flight control logs (Figure 4G),
authorized sUAS strictly adhered to the policy mandate requiring
them to fly above 350 feet within the SADE Zone. This ensured
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