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Abstract — In this paper, we present a complete strategy of
tracking a ground moving target in complex indoor and outdoor
environments with an unmanned aerial vehicle (UAV) based on
computer vision. The main goal of this system is to track a
ground moving target stably and get the target back when it is
lost. An embedded camera on the UAV platform is used to
provide real-time video stream to the onboard computer where
the target recognition and tracking algorithms are running. A
vision-based position estimator is applied to localize the position
of UAV. According to the position of the ground target obtained
from the 2-dimensional images, corresponding control strategy of
the UAYV is implemented. Simulation of UAV and ground moving
target with the target-tracking system is performed to verify the
feasibility of the mission. After the simulation verification, a
series of real-time experiments are implemented to demonstrate
the performance of the target-tracking strategy.

Index Terms — Tracking, Control strategy, Unmanned aerial
vehicle, Computer vision.

[. INTRODUCTION

Target-tracking systems have been applied in various
fields, such as traffic monitoring [1], military surveillance [2]
and disaster relief [3] in recent years. Especially, with the
development of UAV and computer vision, a series of
intelligent target-tracking systems based on UAV have been
proposed [4], [5]. Generally, three important parts are
essential in a target-tracking system, including target-tracking
algorithms, accurate position estimator of UAV and the
control strategy of the system.

In order to obtain the relative location of the moving
target from the real-time video stream, a target detection
method is indispensable. Many kinds of image features can be
used to detect the object. Edge detection method [6], [8] can
lock the targets which have regular shapes, such as rectangle
or ellipse. However, the objects in real environment have
various appearances and even change their shapes along with
time. Thus, other characters are required to determine the
position of the target. In [7], local binary feature of the image
has been used to make pixel comparisons to obtain a robust
character of the target which does not change even if the scale
of the target has transformed. Also, the target-tracking
algorithm is important to estimate the motion of target. The
major method is pyramid optical flow [9], [10] which is

integrated in OpenCV library. Because of the lack-of-memory
property of the target-tracking algorithm, the combination of
the tracking algorithm and detection method is necessary for
good performance [7].

All the video streams are got from the embedded camera
on the UAV platform. So, a precise estimator for the position
of UAV can ensure the stability of the target-tracking system.
GPS is very popular to provide the global position [11] when
UAV works in outdoor environment. However, the UAV
usually performs a task indoor. With the development of
computer vision, various vision-based position estimators
have been proposed recently [12], [13], [14]. Multi-sensor
fusion algorithm [15] based on extended Kalman filter (EKF)
can fuse the information from the inertial measurement unit
(IMU), GPS and vision-based position estimator to make the
localization of UAV more accurate. Visual odometry [16] and
simultaneous localization and mapping (SLAM) [17] methods
are also used to get the pose of UAV.

In this paper, a complete control strategy for the target-
tracking system is proposed. Firstly, we use the dynamics
model of the quadrotor in [18] to set up the model of UAV.
Then, the target-tracking problem is divided into three kinds
of control modes, including target-searching mode, target-
tracking mode and target-lost mode. For each mode, a
corresponding control strategy is designed and the switch
between different modes is operated well. Finally, simulations
and experiments are implemented to verify the feasibility of
the strategy.

The paper is organized as follows. The system overview
is presented in Section II. In Section III, the process of
recognizing and tracking the target is given. Section IV
describes the UAV localization in complex environment.
Section V presents the strategy of real-time tracking. Then,
simulations and experiments are described in Section VI.
Finally, Section VII concludes this paper and proposes some
future research works.

II. SYSTEM OVERVIEW

As shown in Fig. 1, the whole system framework
considered in this paper consists of three parallel parts,
including target recognition and tracking, position estimator of
UAV and control strategy of the system. The target
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recognition and tracking part provides relative position of the
target in 2-dimensional images for the system control strategy
part and combine with the position of UAV from the position
estimator to implement a path planning of the UAV. Then, the
UAV will follow the path to track the target immediately. All
the parts are running synchronously on an onboard computer
attached on UAV.

Target recognition and tracking

ﬁ,

Target position

L F Path planning
Control strategy
\ 4
T Waypoint of
UAV

UAV position

;I

Position estimator of UAV

Fig. 1 System framework.

A. Target Recognition and Tracking

In this part, the robust and real-time target-tracking
algorithm [7] is used to estimate the motion and relative
position of the ground moving target in video stream. Both
target detection and tracking methods are integrated in the
algorithm, and a precise position can be got through
synthesizing the two methods for different situations. An
online learning algorithm makes the result more accurate.

B. Position Estimator of UAV

An accurate pose of UAV can make the target-tracking
system performs more stable. Multi-sensors, such as GPS,
optical flow camera and IMU, have been used to estimate the
position of the quadrotor. A vision-based SLAM method [17]
is adopted to obtain the position of the quadrotor in this paper.
In order to enhance the robustness of the position estimator in
complex indoor and outdoor environments, we use EKF
algorithm to fuse the information of GPS, IMU and optical
flow method together to calculate the position.

C. Control Strategy

The function of control strategy is to plan a path for the
quadrotor to follow the ground moving target real-timely.
Three modes are proposed to adapt different conditions of the
target-tracking system. Control methods have been designed
for each mode and the target can be tracked stably for a long
time.

III. TARGET RECOGNITION AND TRACKING

The quadrotor needs to get the motion and relative
position of the ground moving target before tracking it. We
adopt a robust target recognition and tracking method based
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on an online learning algorithm [7]. This method consists of
four components, including detection, tracking, learning and
integration. The relationship between these components is
shown in Fig. 2.

Tracking »{ Integration
A
A 4
Learning |« P Detection

Fig. 2 Target recognition and tracking algorithm.

In the initialization stage of the algorithm, we need to
select a target through the mouse. Then, the target model
database is established by some basic image transformation of
the target patch. At the same time, the tracking component
starts to estimate the motion of the target between consecutive
frames immediately. But the tracker may be fail and never
recovery by itself once the target disappeared from the video
stream. Therefore, we need the detection component to
determine the position of the target in every independent
frame.

In the detection component, we divide the image frame
from the real-time video stream into many small patches.
Then, the variances of the patches are calculated to roughly
exclude the background patches. The patches with small
variances, which may be the background patches will be
abandoned and the rest of image patches will be collected to
compare with the target model database by local binary
feature. The patch which carries the feature most similar with
the target will be selected as the target patch finally.

The information from detection and tracking components
may be different sometimes, and the integration component
can choose the closer result by compare them with the target
model database respectively. Also, the integration component
is used to recover the tracker when it fails to track the target.

Both detector and tracker are corrected instantly based on
the online learning algorithm which is used to adjust the
parameters of the both components. The positive sample also
increases constantly through online learning, as is shown in
Fig. 3. The target may change its direction along with time,
but the detector can always extract the position of it by the
updated parameters. Then, the target patch will be added to
the positive sample space. Therefore, the sample space can
always storage the latest positive sample of the target and the
target recognition and tracking algorithm can be applied more
generally and accurately to track a ground moving target for a
long time.

Fig. 3 The positive sample of a ground target.



IV. UAV LOCALIZATION

Because of the complete autonomy of the target-tracking
system, the quadrotor needs to know its accurate position in
the world frame. The error of the information from GPS limits
its application in the localization of UAV. In this paper, we
consider the system works in complex indoor and outdoor
environments. Therefore, vision-based position estimator is
more suitable to provide the position data for UAV. In our
system, we use a monocular SLAM method based on the ORB
feature [17] to obtain the localization of the quadrotor. As
shown in Fig. 4, a large number of features can be obtained in
different scenes to estimate the motion of the camera and the
localization of UAV can be computed based on the state of the
camera. Since the information from the SLAM method may be
invalid sometimes when the images in the video stream lack
feature points. Thus, we may use a multi-sensor fusion
algorithm [15] to compensate the fault. The architecture of
UAYV localization is shown in Fig. 5.
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Fig. 4 ORB features in different scenes.
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Fig. 5 UAV localization architecture.

V. REAL-TIME TRACKING STRATEGY

With the purpose of real-time tracking and getting the
target back in the video stream when it is lost, the target-
tracking strategy is divided into three different modes, as is
shown in Fig. 6.

1) Target-searching: The quadrotor needs to take off and
fly to the desired altitude firstly. Then, the quadrotor begins to
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search the target through the embedded camera attached on
the quadrotor platform.

Take off

A 4

Target-searching mode

Target detected?

Target-tracking mode

Target lost?

Target-lost mode

Fig. 6 The target-tracking strategy.

2) Target-tracking: In this mode, the target-tracking
algorithm provides the relative-position of the ground target in
the 2-dimensional images. Then, the planning path of the
quadrotor can be generated real-timely according to the target
position. The method of creating the path is shown in Fig. 7.
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Fig. 7 Path planning of UAV based on 2-dimensional image.

The coordinate system (x,,y,) is established for 2-
dimensional image and (x,,y,) is the reference frame of

UAV. The image is divided into five regions, so that different
strategies can be created to calculate the increase value of the



position (Ax,Ay) for the quadrotor. Suppose that the target is
at the region 1 and the position of the target is (x,y). Then,
the waypoint of the planning path (x,,»,) can be computed as

follows:
X, =x+Ax 1)
Y, =y+hy (@)
tan @ _160-x 3)
120—y
Ay = Ax-tan@ 4)

Following the waypoint, the quadrotor can track the ground
moving target at a fixed altitude.

3) Target-lost: When the ground moving target is lost
from the video stream, the quadrotor would increase its
altitude to extend the vision of the camera until the target
comes back again. As shown in Fig. 8, the highest altitude can
ensure the safety of the target-tracking system.

T 3m: Highest altitude
|
|

I
‘<Target detected
—— 1.5m

0

Fig. 8 The control strategy of target-lost mode.

VI. SIMULATION AND EXPERIMENTS

To verify the proposed target-tracking strategy, we
develop a simulation platform and all the algorithms can be
operated on it. After good performance is obtained in
simulations, a series of real-time experiments have been
implemented in complex indoor and outdoor environments to
demonstrate the robustness and accuracy of the strategy.

A.  Simulation

The simulation platform [19] is established based on
Gazebo. A camera has been attached to the quadrotor model
and the video sequence is published at 30 fps with a resolution
320*240. The robot named Innok-Heros is added to the world
frame as the ground moving target. All the algorithms use
robot operating system (ROS) as the interfacing robotics
middleware.

In order to verify the controllability and stability of the
quadrotor model, a test of flying a short line is put into effect.
The quadrotor takes off and flies along with a line which is 3
meters long. The fly trajectory of the model is shown in Fig.
9. The position (x,y,z) has been described respectively in

Fig. 10.

365

Y (m) 02 -1 X (m)

Fig. 9 The fly trajectory of the quadrotor model.
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Fig. 10 The position of the quadrotor model.

Then, the target-tracking system is operated based on the
simulation platform. Fig. 11 shows the components of the
system which include a UAV model and a ground moving
robot. The target-tracking trajectory is shown in Fig. 12 and
the position of the model is shown in Fig. 13. The result of the
simulation demonstrates that the strategy proposed for the
target-tracking system is feasible.

Fig. 11 Components of the target-tracking system.



Y (m) X (m)

Fig. 13 The position of UAV model during target-tracking.

B.  Experiments
The experimental platform is based on a quadrotor
equipped with the Pixhawk autopilot consisting of an IMU
and a programmable ARM-Cortex-M4 microcontroller. The
main computation unit onboard is an Intel NUC with a 3.1
GHz Core i7 processor with 16 GB of RAM and a 256 GB
SSD. A high frame rate camera PS3-Eye is used to capture
real-time video sequence. ROS tool is the interface
middleware for all the running algorithms. In order to avoid
the time delay of the information interaction between
quadrotor and images, all apps are operated on the onboard
computer.

Before the target-tracking system is run, a hovering
experiment is implemented to verify the accuracy of position
estimator for UAV. As shown in Fig. 14, the values of x, y,z

axis are stable around a constant and the error is in an
acceptable range.
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Fig. 14 The values of x,y,z axis in hovering experiment.

In the experiment of tracking a ground moving target with
UAV, a small red robot is selected as the target and the
position is published to ROS topics by target-tracking
algorithm, as is shown in Fig. 15. The coordinate of the target
is based on the 2-dimensional images. The target-tracking
trajectory is collected and described in Fig. 16 and Fig. 17
shows the position of UAV at x,y,z axis. The process of

tracking a ground moving target by the quadrotor is
reproduced in these figures. The quadrotor can fly to a desired
altitude and tracks the target at this fixed altitude. At 102
second, the ground target moved quickly to escape from the
video sequence. Then, the tracking strategy turns into target-
lost mode, the quadrotor can increase its altitude to search the
target and get the target back immediately. When the target
stays at a fixed area, the quadrotor can fly to the above of the
target and decreases its altitude to initial position at 1.5m, and
then, hover at current position. According to the results of
extensive experiments, the performance of the target-tracking
system can be demonstrated stably.
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Fig. 15 The coordinate of target in 2-dimensional images.
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Fig. 16 The target-tracking trajectory of the system.
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Fig. 17 The position of UAV at x,y,z axis.

VII. CONCLUSION AND FUTURE WORK

In this paper, we have proposed a complete control
strategy for target-tracking system with UAV. Three different
control modes were discussed respectively. A robust target
recognition and tracking method has been used to obtain the
relative position of the ground moving target. A vision-based
position estimator was applied to determine the real-time
position of the quadrotor. A large number of experiments were
successfully performed in indoor and outdoor environments
which show that the quadrotor was stable and can follow the
ground moving target real-timely in the target-tracking
system. So, the control strategy presented is a feasible and
stable scheme to the field of target-tracking. Future work will
focus on the control algorithms of UAV to increase its
robustness and accuracy when executes a mission in complex
environment. Also, the target-tracking algorithm will be
studied by combining the computer vision with machine
learning.
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