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Abstract -

The growing use of unmanned aerial vehicles (UAVs) in
built environments has created a need for simulation tools
that support realistic and systematic human—-UAYV interac-
tion (HUI) research. However, many existing HUI studies still
rely on simulation setups that simplify flight control, onboard
computation, sensing, or environmental conditions, limiting
the ecological validity and transferability of their findings. In
addition, existing UAV simulators are rarely designed with
human interaction as a central concern. This paper presents
a modular high-fidelity simulation framework for HUI re-
search in built environments. The framework integrates
closed-loop flight control, onboard computation, multimodal
interaction, and communication-aware system integration
within a unified simulation architecture. A tunnel inspection
case study is used to demonstrate the feasibility of implement-
ing the framework in a representative built-environment
scenario involving human-in-the-loop UAV operation under
GPS-denied conditions, real-time LiDAR-based odometry,
and realistic system constraints. The proposed framework
provides a reusable and reconfigurable experimental basis
for advancing HUI research in complex built environments
while reducing reliance on physical experiments.

Keywords -
Human-UAV interaction; Human robot collaboration;
Robot simulation; Multi-modal interface

1 Introduction

Unmanned aerial vehicles (UAVs) are increasingly de-
ployed in a wide range of built-environment applications,
such as the infrastructure inspection [1]]. Their ability to
access hazardous, confined, or elevated areas makes them
suitable for tasks that are difficult, inefficient, or unsafe
for human workers. Existing research on UAVs in these
domains has predominantly focused on improving robotic
capabilities, such as perception and localization [2], path
planning[3]], and flight control to enable more reliable and
autonomous operation in complex built environments. De-
spite substantial progress, the structural diversity, clutter,
and dynamic changes characteristic of real-world built en-
vironments still pose significant challenges to fully au-
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tonomous UAV operation [4]]. In addition, the integration
of UAVs into these everyday environments, particularly
with respect to how human occupants and operators per-
ceive, supervise, collaborate with, and otherwise interact
with UAVs, remains relatively underexplored.

Effective deployment of UAVs in built environments
requires understanding not only UAV—environment inter-
action but also human—UAYV interaction. Human-UAV in-
teraction have been researched from two complementary
perspectives. The first concerns the interaction between
UAV operators and the UAV, where research has focused
on investigating the effect of different teleoperation and
supervision interfaces on on workload, situation aware-
ness, and task performance [5, 16l [7]. The second concerns
the interaction between UAVs and human beings who co-
exist with them, such as workers and residents. These
studies have emphasized perceived safety and comfort [8]],
appropriate distance and motion behavior in proximity to
humans [9]], social acceptability, and issues such as trust
and perceived intrusion into personal or work spaces.

Simulation is a key enabler for the development and
evaluation of human-UAV interaction systems in built en-
vironments, as it allows potentially risky scenarios to be
explored safely and repeatedly at low cost. Conventional
UAV simulators, however, have largely been designed
around other objectives, such as flight-dynamics testing
[10]] or large-scale training of learning-based controllers
[[L1L[12L113]], and typically devote limited attention to mod-
eling human interaction in built environments. In most ex-
isting HUI studies, the UAV control loop is detached from
real flight-control software, perception algorithms rely on
idealized or highly simplified sensor models, or interac-
tion takes place in gamified, static virtual environments
that do not reflect the spatial complexity and variability of
real built spaces. These simplifications can undermine the
ecological validity of HUI experiments and limit the ex-
tent to which findings about interfaces, autonomy levels,
or collaborative behaviors transfer to real-world deploy-
ments.

To address these limitations, this work proposes a mod-
ular high-fidelity simulation framework for human—-UAV
interaction research in built environments. The frame-
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work integrates realistic built-environment modeling with
closed-loop flight control, onboard real-time computation,
and communication-aware system integration by organis-
ing these core components in a modular manner, enabling
systematic investigation of how humans perceive, super-
vise, and intervene in UAV operation under realistic en-
vironmental and system constraints. A system demon-
stration in a representative tunnel-inspection scenario is
further presented to validate the feasibility of implement-
ing and integrating the core components of the proposed
framework in a realistic human—UAV interaction setting.

2 Related works

2.1 Human-UAV interaction research in built envi-
ronments

Human-UAYV interaction research has gained an increas-
ing focus in recent years with the rising of maturity of
drone technology and emergent need of construction au-
tomation. Existing HUI studies in construction can be
broadly grouped into two research branches. The first
branch investigates the impact of drone deployment on
spatially coexisting construction workers, with a primary
focus on safety and human factors. Representative studies
employ immersive virtual reality (VR) environments to ex-
amine workers’ safety awareness [[14], physical risks aris-
ing from worker—drone proximity [9], and mental work-
load under different interaction levels [8]] or communica-
tion modalities [7,16]. Collectively, these studies advance
the understanding of how UAVs can safely coexist with
construction workers, offering empirical evidence to sup-
port risk-aware deployment, safety-oriented training, and
informed design of human—drone coexistence in shared
workspaces. The second branch focuses on interactions
between drone operators and UAV systems, particularly
in inspection and monitoring tasks. Prior research has
examined operator cognitive ergonomics with intelligent
assistance [5)], and VR-based training systems to support
skill acquisition and performance assessment [[15]].

Despite their contributions, existing human—UAYV inter-
action studies commonly rely on low-fidelity or simplified
simulation settings, where UAV flight control, sensor mod-
eling, and communication are abstracted from real system
implementations. As a result, such setups may fail to re-
flect the coupled effects of vehicle dynamics, perception
uncertainty, and control latency, thereby limiting the eco-
logical validity and transferability of interaction findings
to real construction environments.

2.2 Existing UAV simulation frameworks

Simulation plays a central role in UAV research by
enabling safe, repeatable, and cost-effective evaluation
of control, perception, and interaction methods prior to
real-world deployment. Existing UAV simulators can be

broadly categorized according to their primary design ob-
jectives. Physics-based simulators and software-in-the-
loop (SITL) environments, such as Gazebo [[10], and PX4-
based SITL frameworks, emphasize accurate multirotor
dynamics and closed-loop flight control, making them
suitable for validating low-level control strategies under
realistic disturbances. However, their environment rep-
resentations are typically geometrically simple and offer
limited support for visually rich scenes or human interac-
tion.

In contrast, visually realistic simulators built on game
engines, including Unity or Unreal-based platforms and
AirSim [16]], provide high-quality rendering, material ap-
pearance, and lighting conditions that benefit perception-
oriented studies. These platforms, however, often rely on
simplified UAV dynamics and do not consistently support
tight integration with real flight-control software or high-
frequency, noise-aware virtual sensing. A further class
of learning-oriented simulators, such as Flightmare [[11],
Gym PyBullet Drones [[12], and PyFlyt [13], prioritizes
training efficiency by abstracting environment geometry,
sensing pipelines, and human input channels, which lim-
its their suitability for interaction studies that depend on
spatial and perceptual fidelity.

Overall, existing UAV simulators have been devel-
oped primarily to support specific control, perception, or
learning objectives, rather than the systematic study of
human—UAV interaction in realistic built environments.
Moreover, most simulation platforms are not coupled with
Building Information Modeling (BIM) or digital-twin rep-
resentations, constraining their ability to reflect the spatial
complexity and as-built conditions of construction and in-
frastructure assets. As a result, despite their complemen-
tary strengths, current tools rarely provide an integrated,
high-fidelity simulation framework that simultaneously
supports realistic built-environment modeling, autopilot-
based closed-loop control, virtual sensing, and multimodal
human-UAYV interaction.

3 Modular high-fidelity human-UAYV inter-
action simulation framework

This section presents a modular high-fidelity simulation
framework designed to support systematic research on hu-
man—UAV interaction in built environments. As illustrated
in Fig[T] the framework comprises five core components: a
multimodal user interface, a simulator, a companion com-
puting unit (CCU), a UAV flight controller, and a com-
munication layer. These components are organised in a
modular manner and defined by functional roles rather
than fixed implementations, allowing them to be replaced
or reconfigured for different platforms, interaction modal-
ities, and experimental setups. High-fidelity simulation
of human—UAV interaction is achieved by incorporating
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Figure 1. Overview of the proposed modular high-fidelity human-UAYV interaction simulation framework

realistic system-level constraints, including flight dynam-
ics, onboard computation, and communication-related in-
tegration. By preserving these constraints while decou-
pling human interaction, autonomous computation, and
low-level flight control, the framework enables flexible
integration and evaluation within a unified simulation en-
vironment. The following subsections describe each com-
ponent in detail.

3.1 Simulator

3.1.1 Realistic simulation of built environments

Simulation of the built environment is a foundational
element of human—UAV interaction research, as it con-
strains where the UAV can operate, what sensors can per-
ceive, and how humans interpret distance, risk, and task
progress, thereby shaping navigation strategies, inspection
viewpoints, and perceived task difficulty. As built envi-
ronments are often dynamic and cluttered, the way how
environmental complexity is represented in simulation has
adirect impact on the external validity and generalizability
of experimental findings.

Built-environment simulation can be characterized
along three complementary dimensions: geometric, Vi-
sual, and physical representation. Geometric represen-
tation concerns the accurate modelling of spatial layout
and structural elements that constrain vehicle motion and
sensing; visual representation relates to surface appear-
ance and illumination conditions that affect both human
perception and vision-based algorithms; and physical rep-
resentation captures the dynamic interaction between the
UAV and its surroundings through gravity, rigid-body dy-
namics, collisions, and simplified environmental distur-
bances. Realistic simulation can therefore be developed
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by combining geometry-preserving 3D models (e.g. from
BIM, CAD, or digital twins) with modern rendering and
physics engines, so that both virtual sensors and human
operators experience conditions representative of real built
environments.

3.1.2 UAV and sensor simulation

The modeling of the UAV platform and its onboard
sensors directly shapes both UAV behavior and human
perception of the UAV and its surrounding environment.
Flight behavior is governed by UAVs’ physical structure
and sensing configuration, which together influence local-
ization capability, stability, collision avoidance, and fine
motion control. Sensor data further drives low-level flight
control as well as higher-level autonomy modules, and
simultaneously forms the primary source of information
through which operators assess safety, task progress, and
system state via visual feedback and telemetry. As a re-
sult, UAV and its sensor modeling affects not only internal
system operation but also the realism and validity of the
resulting human—UAV interaction experience.

In typical human—UAV interaction scenarios, the aerial
platform is most commonly a multirotor UAV equipped
with a mission-dependent combination of sensors, such as
IMUs, cameras, range sensors and lidars to support op-
eration in both open and GPS-denied built environments
[L7]. A simulation framework should therefore be capa-
ble of representing common multirotor configurations and
sensor suites, and of reproducing their characteristic sens-
ing and motion constraints in a controllable manner. In the
proposed framework, the UAV is modeled as a rigid body
with appropriate geometric, mass, and collision properties,
while detailed flight dynamics are governed by a software-



in-the-loop flight controller coupled with a physics engine
rather than by ad-hoc kinematic models. Onboard sen-
sors are implemented as modular components with con-
figurable fields of view, update rates, and noise charac-
teristics, publishing measurements through standard ROS
message interfaces. By decoupling UAV geometry and
physics from sensor abstraction and from the control and
autonomy stack, the framework supports flexible configu-
ration of platforms and payloads while preserving realistic
sensing and motion behavior suitable for systematic hu-
man—UAV interaction studies.

3.2 UAV flight controller

The flight controller, or autopilot, is the core onboard
control system responsible for transforming sensor mea-
surements and high-level commands from multi-modal
user interfaces into actuator outputs that stabilize and nav-
igate the UAV. Modern flight-control software (e.g., PX4,
ArduPilot) integrates sensor-fusion algorithms to estimate
vehicle states, such as attitude, angular rates, altitude, and
velocity from multiple onboard sensors. Based on these
estimates, the flight controller executes low-level control
laws and manages higher-level flight modes, while also en-
forcing safety mechanisms such as failsafe behaviors and
emergency procedures.

Accurately simulating UAV flight-control mechanisms,
rather than relying on idealized or gamified motion mod-
els, is essential for capturing real system dynamics and
constraints and for deriving meaningful insights into in-
teraction quality. Identical commands may result in dif-
ferent closed-loop behaviors depending on the operational
context (e.g., GPS-available versus GPS-denied environ-
ments) and the level of command abstraction. Continu-
ous low-level inputs, such as joystick control, fundamen-
tally differ from discrete high-level commands issued via
language or AR-anchored waypoints. Consequently, per-
ceived responsiveness and stability are strongly influenced
by how controllers interpret, filter, and execute user in-
puts. Flight modes, control laws, and safety mechanisms
also play a critical role in shaping operator controllability,
workload, and trust, particularly in cluttered built environ-
ments.

In the proposed framework, the flight controller is inte-
grated in a software-in-the-loop configuration and main-
tains bidirectional links with the simulator, the companion
computing unit and the multi-modal user interface. It
receives synthetic sensor inputs from the simulator and
reference inputs from the companion computing unit or
the multimodal user interface for state estimation and con-
trol, and returns actuator commands and estimated states
to the rest of the system. Off-the-shelf SITL autopilots
such as PX4 or ArduPilot can be integrated to provide
realistic flight-control behavior in simulation.

3.3 Companion computing unit

The companion computing unit (CCU) is an addi-
tional onboard computer that complements the flight con-
troller by hosting computationally demanding, higher-
level functions, including vision- or LiDAR-based local-
ization, mapping, path planning, semantic perception, and
human-UAV interaction logic. In practice, the CCU is
typically realized using embedded computers (e.g., Rasp-
berry Pi) mounted on the UAV and connected to the flight
controller. In human-UAV interaction studies, this layer
mediates between human intent and the flight controller
by interpreting user commands, combining them with task
and environment information, and generating motion or
behavior references that are consistent with the current
autonomy mode and mission objectives.

In the proposed framework, the CCU is implemented
as a ROS-based computation layer that can run either on a
dedicated companion computer or on the simulation host.
This allows researchers to emulate different onboard com-
puting platforms by constraining host CPU, memory, or
GPU resources, and to study how algorithm performance
and interaction behavior vary under embedded-like com-
putational budgets. The CCU interfaces with both the
simulator and the flight controller by subscribing to vir-
tual sensor streams and simulated UAV states, executing
localization and planning modules, and transmitting mo-
tion references via the communication middleware intro-
duced in Section In parallel, it exposes ROS topics,
services, or actions to multimodal interaction interfaces
for command input and feedback. Through this integra-
tion, the CCU serves as a modular and replaceable core
of the autonomy and interaction stack, enabling new algo-
rithms or behaviors to be introduced without modifying
the simulator or flight controller, and thereby supporting
systematic human—UAYV interaction studies on a stable un-
derlying platform.

3.4 Multi-modal user interface

In human-UAYV interaction research, the interface is the
primary medium through which humans perceive the UAV
and its environment and convey their intent back to the sys-
tem. Unlike fully autonomous UAV applications, human-
UAV interaction explicitly requires a human in the loop,
and the design of the interaction interface often becomes
the main independent variable under investigation, shaping
task performance, workload, and trust [6]. A human-robot
interaction interface can be decomposed into a control in-
terface and a feedback interface [[1]]. The control interface
captures human intent and translates it into high-level com-
mands. The flight controller then takes these commands
as references and performs the corresponding low-level
closed-loop control for UAV motion execution. Common
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UAV control interfaces include joysticks, touchscreens,
VR controllers [15], body gestures [[7] and higher-level
inputs such as language [7] or gaze[l8]. The feedback
interface conveys information about the UAV state, envi-
ronment, and task progress back to the operator. Visual
feedback is typically provided through onboard camera
views, 3D scene visualization, maps, and overlaid anno-
tations, while auditory and haptic cues are increasingly
used to signal proximity to obstacles, changes in auton-
omy level, or critical events. Recent work has begun
to investigate multimodal interfaces that augment visual
feedback with additional sensory channels, such as audio
or haptic cues, to enhance operators’ situational awareness
and support performance under high-workload or cluttered
environmental conditions [19]].

There are mainly two ways to integrate the above inter-
faces into the simulation framework. One approach is to
connect interaction devices through their software devel-
opment kits or native APIs to the simulator, where user
inputs are captured and abstracted into high-level interac-
tion events. These events are then forwarded to the robotics
stack by mapping them to ROS messages, services, or ac-
tions, decoupling device-specific details from control and
autonomy logic. Alternatively, devices can be interfaced
directly with ROS, where dedicated interface nodes read
raw input from hardware drivers or middleware libraries
and publish normalized command messages that can be
consumed by simulation and flight-control modules. By
adopting these patterns, a high-fidelity simulation frame-
work remains open to a wide range of control and feedback
devices while providing a structured multimodal interface
layer suitable for human-UAV interaction studies.

3.5 Communication layer: middleware and connec-
tors

To enable the coordinated operation of heterogeneous
components such as simulator, flight controller, auton-
omy, and human interaction, these modules must com-
municate within a unified and consistent communication
framework. Accordingly, this study incorporates a com-
munication layer into the proposed framework to inter-
connect and coordinate all system components. This layer
comprises a shared middleware backbone and a set of
communication connectors. In the proposed framework,
this backbone is organized around the Robot Operating
System (ROSﬂ which offers a common message abstrac-
tion and naming scheme for exchanging state, sensor, and
command information among modules. To integrate het-
erogeneous components that use their own native commu-
nication formats and protocols, the framework employs a
set of communication connectors that translate between
component-specific interfaces and ROS messages. For

Unttps://www.ros.org/
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example, autopilots based on uORB can be connected via
uXRCE-DDS or MAVROS bridges, game engine-based
simulators such as Unity interface through ROS bridges,
and external devices such as AR headsets can be inte-
grated using dedicated converters (e.g., a HoloLens-ROS
bridge EI) These connectors ensure that each subsystem
can communicate using its native conventions while still
participating in a unified ROS-based data flow.

The design of the communication layer has direct impli-
cations for both system integration and interaction quality.
From a systems perspective, reliable message routing and
consistent time stamping are prerequisites for coordinating
sensing, control, and interaction modules within the sim-
ulation framework. From a human-UAV interaction per-
spective, transport mechanisms (e.g., TCP or UDP-based
links and their associated middleware configurations) in-
fluence communication latency and bandwidth, which in
turn affect perceived responsiveness and stability when
operators issue commands or interpret feedback. By struc-
turing communication around ROS and dedicated message
converters, the framework provides a modular and exten-
sible data-flow architecture that tightly integrates simula-
tion, control, autonomy, and interaction, while enabling
systematic analysis and tuning of latency and reliability
across experimental scenarios.

4 System demonstration

To demonstrate the applicability of the proposed frame-
work for human—-UAV interaction studies, this section
presents a representative UAV-based tunnel visual inspec-
tion system, while explicitly incorporating real-time flight
control, mapping and localisation, and communication-
related integration that are often simplified or omitted in
conventional simulation studies. At the same time, the
system is designed to be extensible, allowing advanced
Al-based modules and alternative interaction modalities
to be integrated within the same architecture to support
more intuitive human—UAV interaction and to extend the
framework to other built-environment scenarios.

4.1 Unity-based simulator

Unity 2022.3.6f1 is adopted as the core simulation en-
gine in the proposed system due to its open ecosystem,
cross-platform compatibility, active developer community,
and flexible authoring tools for interactive 3D content.
These characteristics make it well suited for construct-
ing visually and physically plausible built-environment
scenarios while supporting tight integration with exter-
nal robotics software stacks. The developed simulation
environment is shown in Fig. 2]

Zhttps://github.com/soliagabriel/holoROS
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Figure 2. Unity simulation environment for UAV-based tunnel inspection

On top of Unity, the AirSim plugin El is used to model
the UAV platform (DJI Phantom 4) and to interface with
an external flight controller. AirSim provides two control
modes, SimpleFlight and External Flight Controller; in
this work, the latter is selected and connected to a PX4
software-in-the-loop instance to supply realistic low-level
flight dynamics and control behavior. The tunnel environ-
ment is generated using the tunnel makerEI package, which
enables parametric adjustment of tunnel geometry for dif-
ferent inspection scenarios. Blenderﬂis employed to edit
UV mappings and surface materials, while Unity’s Univer-
sal Render Pipeline is used for real-time rendering. Mesh-
based collision geometry is used to represent physical tun-
nel constraints and support UAV collision interactions. In
addition, LiDAR and IMU sensors are modeled via the
UnitySensors || package to provide virtual range and iner-
tial measurements for running a LiDAR—inertial odometry
algorithm in GPS-denied tunnel conditions. Communica-
tion between Unity and ROS-based applications is realized
through the ROS-TCP Connectorﬂ and UnitySensorROS
ﬂpackages, which stream simulated sensor data and UAV
states to the companion computing layer and receive con-
trol commands in return.

4.2 PX4-based flight control

Flight control in the demonstrated system is provided
by a PX4 El software-in-the-loop (SITL) autopilot inter-
faced with AirSim via MAVROS [ To assess closed-

3https://microsoft.github.io/AirSim/

4Unity tunnels maker asset

Shttps://www.blender.org/
Shttps://github.com/Field-Robotics-Japan/UnitySensors
7https://github.com/Unity-Technologies/ROS-TCP-Connector,
Shttps://github.com/Field-Robotics-Japan/UnitySensorsROSArchive
9 https://docs.px4.io/main/en/

10https://github.com/mavlink/mavros
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Figure 3. Result of PX4 hovering position control

loop position-control performance, a hover experiment
was conducted in which a fixed position setpoint was
maintained over a 20 s interval in the simulated tunnel
environment. As illustrated in Fig. 3] the UAV remains
tightly clustered around the commanded position with
centimeter-level deviations. Quantitatively, the position
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tracking errors are small, with RMSE values of 0.0006 m,
0.0004 m, and 0.0078 m in x, y, and z, respectively, and a
three-dimensional position RMSE of 0.0079 m. The max-
imum absolute errors are 0.0026 min x, 0.0010 min y, and
0.0534 m in z, corresponding to a maximum 3D deviation
of 0.0534 m, indicating that the PX4 SITL integration pro-
vides sufficiently stable and accurate closed-loop behavior
for subsequent localization and human-UAV interaction
experiments.

4.3 Real-time computing for localization and map-
ping in GPS-denied tunnel environment

Real-time localization in the tunnel environment is
provided by a Fast-LIO2 [2] LiDAR—inertial odometry
module running on the ROS-based companion comput-
ing layer, which subscribes to simulated LiDAR and IMU
streams from Unity and publishes pose estimates and a
dense point-cloud map used by the flight controller and vi-
sualization tools. Figure[dshows a representative example
in which the reconstructed map in RViz closely matches
the corresponding Unity tunnel geometry, indicating con-
sistent localization and mapping performance under GPS-
denied conditions. On an Intel® Core™ i9-14900HX CPU
with 32 cores, the Fast-LIO2 process used on average
235.1% CPU (minimum 222.0%, peak 248.0%), corre-
sponding to approximately 2.35 fully utilized cores, i.e.,
about 7.4% of the total processing capacity, and an average
memory footprint of roughly 546 MB (peak ~699 MB).
The pose topic was published at an average rate of 30 Hz
(mean inter-message interval ~ 33 ms, with observed in-
tervals between 14 ms and 100 ms), matching the config-
ured LiDAR frame rate and confirming that localization
operates in real time within the proposed framework.

Figure 4. Mapping and localization

4.4 Joystick-based UAV control

To emulate the most common interaction modality used
in real-world UAV operation, the system implements a
joystick-based control interface. An Xbox controller is
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adopted as the input device. Flight-related joystick inputs
are mapped and transmitted directly through QGround-
Control to the PX4 flight controller, using the standard
Mode 2 configuration, in which the left stick controls col-
lective thrust and yaw rate, while the right stick controls
pitch and roll for translational motion. In addition to basic
flight control, task-related interaction inputs are handled
separately through Unity’s Input System. Specifically, the
two trigger axes are mapped to control the pitch angle of
the simulated gimbal-mounted camera, and the A button
is assigned to trigger image capture. These inputs are
processed within Unity and forwarded to the ROS-based
system for execution during flight. A supplementary video
demonstrates the joystick-based UAV operation within the
proposed framework. Please refer to this video link.

5 Conclusion

This paper presented a modular high-fidelity simula-
tion framework for human—UAV interaction research in
built environments, addressing the common disconnect
between interaction-focused studies and realistic UAV sys-
tem constraints. By integrating built-environment simu-
lation with closed-loop flight control, onboard computa-
tion, and modular communication, the framework enables
interaction research to be conducted under system con-
ditions that more closely reflect real-world UAV deploy-
ment. The tunnel inspection case study demonstrated the
framework’s ability to support human-in-the-loop opera-
tion, real-time localization, and interaction in GPS-denied
environments, illustrating its suitability as a baseline ex-
perimental platform. Overall, the proposed framework
shifts human—UAV interaction research from simplified,
abstracted simulations toward more system-grounded and
reproducible experimentation in complex built environ-
ments.
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