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Abstract— The combination of Unmanned Aerial Vehi-
cles (UAVs) and Unmanned Ground Vehicles (UGVs) provide
advantages for inspection and surveillance tasks in confined
and GPS-denied environments. In this work, we propose an
UAV-UGV teaming approach where the localization of the UAV
is delegated to its UGV partner via visual perception, thus
alleviating the UAV’s computational burden for localization.
This approach not only frees up computational resources for
inspection tasks, but also prolongs the UAV’s flight time. The
UAV-UGV teaming enables collaborative, high-precision and
autonomous flights in GPS-denied environments. We demon-
strate the feasibility of this approach using AR-Tag tracking
system via a camera mounted on a tripod, and later with the
camera mounted on a mobile platform for dynamic localization.

I. INTRODUCTION

While UAV flight has become ubiquitous, reliable, re-
peatable, and autonomous flights require the availability of
GPS or similar absolute positioning systems. By enabling
autonomous flight, certain inspection, maintenance and repair
tasks can be guided by a remote operator, or performed
completely autonomously [1]. However, in many environ-
ments, GPS signal is often not available, and deploying
absolute positioning systems are labor intensive, have limited
area coverage, and not practical in various scenarios such
as a hazardous or otherwise hostile environment. Recently,
researchers have turned to Visual Simultaneous Localization
And Mapping (VSLAM) techniques for the drone’s local-
ization [2]. Even though results are promising, the computa-
tionally expensive VSLAM algorithms running onboard the
UAVs further limit their flight times.

Deploying an UAV-UGV team for autonomous tasks un-
doubtedly offers many benefits due to their complimentary
capabilities [3]. This is useful especially for indoor inspec-
tion tasks within a confined space where the UAV can
execute inspection task at higher altitude while providing
a third-person view for the UGV’s navigation. On the other
hand, the UGV can operate for longer period of time, carry
high accuracy positioning payload and assist the UAV for
its localization. In this work, we propose an UAV-UGV
teaming approach where the localization of the UAV is
delegated to its UGV counterpart. The approach alleviates
the UAV’s computational burden for localization, freeing
up the limited computation resources onboard the UAV for
inspection tasks. As a proof of concept, we employed a
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Fig. 1: The system architecture. A fixed, off-board compute
system provides a drift free pose estimate to the UAV which
takes in the pose estimate as part of the kalman filter
estimation of its current state estimate, used for drift-free
navigation in GPS denied environments.

visual perception system for tracking the UAV using AR
Tags, and provide its positioning information via wireless
communication. However, other means of tracking systems
that utilize laser or IR technologies can be used too.

II. SYSTEM ARCHITECTURE

The proposed system consists of a ground localization
system (static or mobile), and an aerial system (typically an
UAV) connected via a wireless link for positioning informa-
tion exchange. The ground system is equipped with UAV
tracking capability, which includes sensing and targeting
systems. The UAV is equipped with its own flight controller,
guided by its own position estimates using onboard atti-
tude sensors. Whenever an external position observation is
available, it will be assimilated into the onboard position
estimation. A graphical representation of the architecture is
shown in Figure 1.

We demonstrate our concept using an Intel Aero Ready-
To-Fly Drone [4]. The UAV offers a general computational
platform, running embedded linux, and a PX4 autopilot flight
stack running on the integrated flight controller. In order
for flight controller software to take in external position
estimates, a newer version of the PX4 flight software was
required than provided by intel, which needed to be compiled
and installed from the PX4 repository [5]. The general
compute platform layer uses the Robot Operating System
(ROS) [6] and specifically makes use of the MAVROS
package [7] to communicate with the PX4 flight controller.



Fig. 2: (a). The Intel Aero drone integrated with motion
capture balls and AR Tag legs. Each AR Tag is unique, and
is a known position relative to the center of the UAV. (b).
The UGV equipped with drone tracking system. The system
includes a camera and a pan-tilt unit.

Software and configurations were built into docker containers
and run on the docker runtime provided on the intel aero
compute system.

For the ground localization system, a visual camera
mounted on a pan-tilt system is used as the UAV tracking
system. The system is mounted on top of an UGV in order
to demonstrate the concept of both static and mobile ground
localization system (Figure. 2(b)). Assuming that the UGV is
equipped with high-precision localization system, its onboard
tracking system will be able to provide drift-free position
observation of the UAV, with respect to the UGV’s local
positioning information. This turns the UGV into a mobile
beacon for the UAV, and is critical for the UAV’s navigation
tasks within a confined, GPS-denied environment.

III. LOCALIZATION SYSTEMS

A. Motion-Capture Camera Systems

Motion capture systems are an extremely common ap-
proach to enable drone flight in laboratory environments,
especially when high localization precision is required [8].
Unfortunately, motion capture systems are expensive, and la-
bor intensive to correctly install and configure. Furthermore,
the area coverage provided by the system is often limited
and required frequent recalibration to ensure the system
performance. Nevertheless, we used a motion-capture system
in this work to serve as a baseline to evaluate the performance
of the visual tracking for the UAV-UGV teaming, as well as
acting as the positioning proxy for the UGV (this will be
replaced with an onboard SLAM system in the future).

B. Alvar Tags Tracking System

As a proof of concept, tracking of the UAV by the UGV’s
visual perception uses AR Tag markers. AR Tags are 2-
dimensional tags that can be uniquely identified using a
visual camera. Given the information regarding the size of
the tag, AR tag tracking is able to provide 6-DOF pose
estimates. A total of eight unique AR tags are attached
strategically to the base of the UAV, as shown in Figure. 2(a),
to allow both the orientation and position tracking. The
ground localization system uses a machine vision camera

Fig. 3: Scene capture of the UAV-UGV teaming experiment.
With the position information provided by the UGV’s local-
ization system, the UAV was commanded to navigate along
a set of pre-planned waypoints, before landing on the initial
take-off location. A video of the demonstration is available
at https://youtu.be/Sy8iFyeVZGE

capable of providing a high resolution image at 90 fps. In
this work, we made use of the Alvar library to detect AR
markers (which is part of the ROS packages [9]). The outputs
from the Alvar library are the distances and orientations for
each of the visible AR tags. With the AR tags attached to all
the corners of the UAV, at least one or more AR Tags will
be visible to the camera system at all time, enabling tracking
of the UAV regardless of its orientation. In order to provide
a robust tracking system, and to overcome the limited field
of view of the camera, we mounted the camera on top of a
pan-tilt system so that the camera’s view angle can be easily
controlled to detect and track the UAV during operation.

IV. EXPERIMENTAL STUDIES AND RESULTS

We conducted two separate preliminary experimental stud-
ies to demonstrate the concept of the proposed UAV-UGV
teaming. In the first experiment, the UGV remains stationary,
to act as a static ground localization system, while the UAV
executes a set of waypoints before landing on its initial take-
off location (Figure. 3). Throughout the test flight, the UAV
relies solely on the position estimates of its onboard filter,
assimilating the position observations provided by the UGV
counterpart. Figure. 4 shows the resultant paths executed by
the UAV, with motion capture system tracks as the baseline.
The UAV was able to navigate through all the waypoints
without incurring significant drift. Even though the position
observations (generated by AR tags tracking) were noisy, the
UAV’s onboard EKF filter was able to filter the noise and
allowed the UAV to perform stable flight. Using the motion
capture system’s tracking as a baseline, the average accuracy
of the AR Tag tracking in the x-y plane was ∼ 0.06 m, and
∼ 0.02 m in the z-plane.

During the experiment, we noticed that a larger deviation
between the position tracked by the motion capture system
and AR tags when the UAV is at around 4 m from the
camera (top right corner of Figure. 4(a)). This is due to the
inaccuracy of AR tag tracking when the size of the tags
appeared smaller at distance. However, this limitation can
be rectified by using a zoom-lens, larger AR tags, a higher
camera image resolution or having the UGV maneuver

https://youtu.be/Sy8iFyeVZGE


Fig. 4: (a). Top-view of the UAV’s executed paths, generated by (blue) the AR Tag tracking system, (red) the UAV’s onboard
position filter and (yellow) motion capture system’s tracking. (b). Side-view of the UAV’s executed paths showing altitude
changing during the test flight. (c). Graphs showing the performance of the tracking in individual dimensions, with the
motion capture system’s tracking as a baseline.

Fig. 5: The UAV-UGV coordinated test flight. The UAV
performed waypoint transact and hover, before the UGV
moves (shown in bottom-left). The coordinated moves allows
the UGV to provide drift-free position estimates of the UAV,
freeing up the UAV’s computational burden for localization
and positioning. A video of the demonstration is available at
https://youtu.be/Sy8iFyeVZGE

within the effective visual range of the AR tag tracking.
In the second experiment, we demonstrate a coordinated

flight with the UAV-UGV teaming, where each of the vehicle
is instructed to maneuver from one location to another
sequentially. This is to prevent localization inconsistency
when both the vehicles are moving at the same time. Figure 5
shows the screen captures of the UAV-UGV teaming exper-
iment. The coordinated moves allows the UGV to provide
drift-free position estimates of the UAV, freeing up the UAV’s
computational burden for localization and positioning.

V. CONCLUSION

In this paper, we demonstrated UAV-UGV teaming in
a confined indoor, GPS-denied environment. The UAV’s
localization within the environment is delegated to an UGV
counterpart that is equipped with high-precision localization
system. This approach provided the UAV with drift-free
position observations during an indoor flight, and freed-up
the UAV’s limited computational power for the tasks at hand.
Preliminary results show that the UAV was able to perform
stable flights in an indoor environment, relying only on its
onboard attitude sensors and position observations provided

by the UGV counterpart. Future work includes exploring
different tracking sensors to extend the effective range of
the tracking system, and develop collaborative path planning
algorithms for the UGV such that it can maneuver around
the UAV in a complex environment to perform inspection
tasks.
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