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the information of the circle and the H is not used. Because
the pad moves in the 3D space, the H can not be used to
obtain the relative yaw angle of the UAV. We use PTAM to
perform visual SLAM which means we can create a global
coordinate system and get the 3D position of the pad and
the UAV in the global coordinate system. The advantage of
mapping the environment and creating the global coordinate
system is that we can acquire more information about the
environment while following and can predict the movement
of the object, so when the object moves out of the FOV of
the camera, we can re-find it effectively.

Abstract— This paper introduces an object following method
based on the computational geometry and PTAM for Unmanned
Aerial Vehicle(UAV) in unknown environments. Since the object
is easy to move out of the field of view(FOV) of the camera, and
it is difficult to make it back to the field of camera view just by
relative attitude control, we propose a novel solution to re-find
the object based on the visual simultaneous localization and
mapping (SLAM) results by PTAM. We use a pad as the object
which includes a letter H surrounded by a circle. We can get
the 3D position of the center of the circle in camera coordinate
system using the computational geometry. When the object
moves out of the FOV of the camera, the Kalman filter is used to
predict the object velocity, so the pad can be searched effectively.
We demonstrate that the ambiguity of the pad’s localization
has little impact on object following through experiments. The
experimental results also validate the effectiveness and efficiency
of the proposed method.
Index Terms— Object following, Computational geometry,
PTAM, Velocity prediction

II. R ELATED W ORK
The previous work on vision-based UAV control concentrate mainly on object detection and UAV relative localization. There are two main research directions. One is
UAV localization based on the geometry projection and
another is based on the visual servoing. Each of them has its
own characteristics. The geometry projection can calculate
precise 3D position of the UAV relative to the object. The
most commonly used visual servoing is Image-Based Visual
Servoing(IBVS). In the IBVS, the object should be detected
robustly and kept in the center of the FOV of the camera,
but the depth information of the object can not be acquired,
which means that the localization of the UAV is inaccurate.
Object recognition and tracking are the first step in the
object following. Kalal et al.[1] presented a novel method to
track the unknown object in a video stream which is called
Tracking-Learning-Detection(TLD). It is robust to handle the
object occlusion. But it cannot provide the 3D position of the
object directly. Yang[2] used a series of image processing
algorithms to recognise the pad such as binarization, finding
connected components and artificial neural network. It is
a feasible method and online real time processing can be
realized.
Localization and following are the next two steps of object
following. Visual servoing is one of the most commonly used
methods for following or landing[3], [4], [5], [6]. Jes et al.[6]
utilized the OpenTLD algorithm to track the object in video
stream and used the IBVS conroller to control the UAV. But
it cannot deal with the case that the object moves out of

I. I NTRODUCTION
Recently, UAVs play more and more important role in
many applications, such as agriculture, military and rescue.
More and more researches are performed,and object following is one of the hottest topics. Recognition, localization
and following are the basic three steps of object following.
Because the complexity and randomness of the object motion,
one of the biggest challenges is that the object may move out
of the UAV’s FOV. Just using relative attitude control, it is
hard to get the object back effectively.
The camera is one of the most widely used sensors for
UAVs, which is not only portable and low cost, but also can
provide plenty of information about the environment. Here
we use the monocular camera to perform pad recognition
and mapping. In this paper, we present an object following
method by which the UAV not only can track the pad, but
also can map the environment. To implement this task, four
main steps are involved: pad recognition, pad localization in
the camera coordinate system, visual SLAM by PTAM, and
pad following by kalman filter. Monocular camera and IMU
are used. We use the computational geometry to localize the
pad with H and circle and the experimental results show that
it works well even in the complex environment. It should be
mentioned that in the step of pad localization we only use
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the FOV of the camera and the localization of the object
is inaccurate. Another method is based on the computational
geometry [7], [8], [9], [2]. The circle is one of the most commonly used geometry to estimate the position of the circle
in the camera coordinate system. M.Dhome[10] addressed
this problem in 1990. Chen et al.[11] also described this
problem as camera calibration with two arbitrary coplanar
circles. With single circle we can get the 5DOF pose of the
circle in the camera coordinate system, and the yaw angle
could not be determined because of the symmetry. But with
single circle in the monocular camera coordinate system, the
ambiguity of the circle pose will occur. We will describe how
to deal with the ambiguity in the later sections. The advantage
of this method is that not only the pixel coordinate but also
the 3D position of the pad can be estimated.
The two methods mentioned above which had been studied
by many researchers belong to relative control algorithms.
Their common weakness is that they cannot deal with that
the object may move out of the FOV of the camera. Jakob
et al.[12] presented a visual navigation system based on the
monocular SLAM system in previously unknown and GPSdenied environments. A global coordinate system can be
established which is significant to solve the problem of object
missing.
In our work, we combine the computational geometry and
the monocular SLAM system to get the 3D position of the
object in the global coordinate system. Based on it, we use
the Kalman filter to estimate the velocity of the object, so
when the object moves out of FOV of the camera, the system
will know where it goes. Another advantage of this method
is that the UAV can handle multiple tasks at the same time:
following and mapping. The experimental results show that
the proposed method is effective for the UAV to realize object
following robustly.

maximum frame rate of 30fps, and the FOV is 920 . It is the
main camera we use to capture images. The bottom camera
aims downwards with the resolution of 240 × 320. Its image
quality is poor, so it is usually used to estimate the horizontal
velocity. The ultrasound sensors are used for ground altitude
measurement.

III. E XPERIMENTAL S ETUP

Fig. 2: The pad pattern

Fig. 1: AR.Drone 2.0 and its corresponding coordinate system

B. Pad Pattern
In this work, the pad we use is the typical helicopter
landing sign. As shown in Fig.2, it includes a letter H and
a circle. The radius of the circle is 8.35cm. The width of
the boundary is 1.35cm. The length and the width of H are
8.15cm and 6.95cm respectively. It is printed in an A4 paper.

A. Hardware Platform
C. Software Platform

In this work, we use the low-cost quadrocopter Parrot
AR.Drone 2.0 which is equipped with 4 brushless inrunners
motors, as shown in Fig.1. Its total weight is 420g. We
use the ground-based laptop to communicate with the onboard processor via wifi. The laptop receives the image,
IMU information etc. from the on-board processor and
then sends back the velocity commands to the on-board
processor after performing computation. The on-board processor is responsible for the attitude control and automatic
stabilization of the UAV. The quadrocopter contains two
cameras, a 3 axis gyroscope(20000 /second precision), a 3 axis
accelerometer(+-50mg precision), a 3 axis magnetometer(60
precision), a pressure sensor(+/- 10 Pa precision) and ultrasound sensors. The two cameras are installed in the front and
bottom of the quadrocopter respectively. The front camera
is an HD camera with the resolution of 1280 × 720 the

Our software runs on the Ubuntu14.04 and Robot Operating System(ROS) indigo version. The main advantage to
use this software platform is that there are many convenient
tools and open source packages. TF[13], which is a practical
tool provided by ROS, brings us a lot of convenience. We
establish three coordinate systems in the experiment: global
coordinate system, ardrone front camera coordinate system,
and adrone base coordinate system, as shown in Fig.3. We
use the TF to transform points, vectors between any two
coordinates frames. We use the ardrone autonomy package
developed by Mani Monajjemi from Autonomy Lab at SFU
as the ROS driver of AR.Drone 2.0. We also use and modify
the tum ardrone package developed by TUM Computer
Vision Group to realize visual SLAM and establish the global
coordinate system.
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calibrate the camera. The main advantage of this technique
is that it can acquire the depth information of geometrical
patterns just using a monocular camera. Many approaches
have been well developed[10], [14], [15], [11]. In fact, 5DOF
pose can be estimated from the circle pattern, but ambiguity
will exist if just using one circle [2]. Fortunately, it has little
influence on our experiment. We will describe how to deal
with it later. Chen et al.[11] descirbed the calculation process
of 5DOF pose estimation in details.
In general, the projection of a circle on the image plane of
the camera is an ellipse. Except for the case that the plane
of the circle is perpendicular to the camera optical axis, the
projection of a circle on the image is still a circle, but the
circle can also be regarded as a special form of ellipse whose
long axis is equal to the short one. The expression of the
ellipse on the image plane is:

Fig. 3: The pad and the coordinate system shown in Rviz

IV. PAD R ECOGNITION
Robust and real-time object recognition is the prerequisite
of object following for UAVs. In this paper, we use the pad
recognition algorithm developed by Yang[2]. The algorithm
comprises three steps: binarization of the camera image,
finding connected components and classifying connected
components using an artificial neural network as shown in
Fig.4. In the environment, there are many similar objects
with a circle or H, and there is only one object with H
surrounded by a circle, which is the real object. Yang[2]
utilized this feature to classify each connected component
into circle, letter ”H” or others, and find the letter ”H” which
is surrounded by a circle. To detect the object more robustly,
geometric relationship constraint is considered such as that
the relative size and the center positions between the circle
and ”H” are constrained in a certain range. With the above
steps, as shown in Fig.4, the pad can be detected stably even
in the environment with complex background.

Ax2 + 2Bxy + Cy 2 + 2(Dx + Ey) + F = 0

(1)

All of the lines between the optical center of the camera
and every point on the circle form an oblique elliptic cone.
Thus, if a plane which is perpendicular to the optical axis of
the camera intersects with the cone, an ellipse will be formed
proportional to the ellipse on the image plane. The equation
of the cone is as follows:
PT QP = 0

(2)

P = k(x, y, f )T
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P is the coordinate of the point on the ellipse of the
intersection plane, f is the focal length of the camera, and
k is the scale factor describing the distance from P to the
origin. In the camera coordinate system, the origin is the
optical center. Q can be converted to a diagonal matrix:
Q = VT ΛV

(5)

where
V = v1

λ1
Λ=

Fig. 4: The steps of pad recognition: the original image(top
left), binarization of the camera image(top right), classifying connected components(bottom left), the detection result(bottom right)
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V. 3D P OSITION E STIMATED FROM E LLIPSE

v1 , v2 , v3 are the column vectors and λ1 , λ2 , λ3 are the
eigenvalues of Q. The center of the circle in the camera
coordinate system is denoted by Cc and the normal vector of
the plane which contains the circle is denoted by Nc . Then
according to [11], by assuming λ3 < 0 <λ2 6λ1 , we can get:

Utilizing the perspective projection of geometrical patterns
is one of the most widely used techniques to localize or

λ2 r
z0 = S3 √
−λ1 λ3
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VI. 6DOF POSE ESTIMATION OF UAV AND MAPPING
USING PTAM
To search the object effectively when it moves out of
FOV of the camera, a monocular SLAM algorithm Parallel
Tracking and Mapping(PTAM)[17] is used. Another advantage of using monocular SLAM algorithm is that the UAV
can accomplish the mapping task while following the object.
It also makes it possible to avoid obstacles at the same time.
In this paper, PTAM is used to estimate the 6DOF pose
of the UAV and establish the map of the environment. Jakob
et al.[12] provided a good solution for this. An extended
Kalman filter was used for data fusion, state estimation
and compensating the time delays in the system. And a
maximum-likelihood estimator was derived to recover the
absolute scale of the visual map. PTAM will be initialized
firstly to establish a global coordinate system and the 6DOF
pose of the UAV can be obtained.

(9)






(10)

where S1 , S2 , S3 are undetermined signs which could be ±.
r is the radius of the circle.In practical situations, the pad
is placed in front of the camera and the angle between the
normal vector of the circle plane and the z axis of the camera
coordinate system is an obtuse angle. So we have:
Nc ·

0

0

1

T

>0

(11)

Cc ·

0

0

1

T

<0

(12)

VII. V ELOCITY E STIMATION BASED ON K ALMAN F ILTER
In the application of object following, one of the biggest
challenge is how to deal with object missing. The object
following methods based on visual servoing[3], [4], [5],
[6] don’t need to acquire the 3D position of the object,
however, it comes with the disadvantage that it will be very
difficult to search the object effectively when the object is
lost, The methods based on the computational geometry[7],
[8], [9], [2] can obtain the 3D position of the object, but
because the position is based on the relative coordinate
system between the object and the UAV body, when the
object is lost, the relative coordinate system cannot work. To
solve this problem, we establish a global coordinate system
using PTAM and the computational geometry, and then we
can use Kalman filter to estimate object’s velocity.
Due to the ambiguity of the object position and the errors
occurred in the visual SLAM using PTAM, if we use the
differential of the 3D object position to obtain the velocity,
strong noises will reduce the estimation accuracy greatly.
We use the Kalman filter to get the smooth velocity of
the object. The input state of the Kalman filter is 6 × 1
vector which includes 3DOF position and 3DOF velocity.
Only 3DOF position can be measured. By Kalman filter, the
smoother position and velocity of the object can be obtained.
In this way, the moving direction of the object can also be
determined from its velocity. If the object moves out of the
FOV of the camera, the UAV will search the object along
its moving direction. We have also considered that if the
UAV couldn’t find the object successfully along its moving
direction, the UAV will search the object again by rotating
itself, moving up and down. And as mentioned above, we
use a pad as object. The process is shown in Fig.6.

As we can see, there are three undetermined signs and two
constraints, so two solutions will be obtained, which is the so
called ambiguity. As shown in the Fig.5[16], Γ1 and Γ3 are
the two possible circles whose projection on the image plane
Π2 are both Γ2 . n1 and n2 are the normal vectors of Π1 and
Π3 respectively. Π1 is the plane containing the circle Γ1 , and
Π3 is the plane containing the circle Γ3 . Yang[2] solved the
ambiguity with the help of IMU. In his paper, the pad was
put on the ground which means that the normal vector of
the pad plane is parallel to the gravity direction. However,
in our paper, the pad moves in the 3D space so his method
can not be used directly. In fact, only Cc is used. Because
the difference of two solutions is very small, we average the
two results to reduce the bounce, and a detailed description
will be shown in VIII. We can get the 3D position Cc of
the circle center in the camera coordinate system with this
approach.

VIII. E XPERIMENTS AND R ESULTS
A series of indoor experiments are performed to validate
the proposed method mentioned above. An external tracking

Fig. 5: Perspective projection of the circular feature
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are quite small, the ambiguity will seldom affect object
following. During real applications, we take the mean values
of the two solutions as the final estimated pad’s position.

Fig. 7: The two solutions about the estimated pad’s position
and their differences in x,y,z coordinate

TABLE I: The mean value and variance of the differences of
the two solutions in x, y, z coordinate

Fig. 6: The flowchart of the proposed object following system

system named Motion Analysis is used to record ground truth
data of the 3DOF pose of the UAV and the 3D position of
the pad during the expriments.
In expriments, the pad was hold by people. Two markers
were put on the UAV to obtain the ground truth data
about the 3D position of the UAV and to calibrate the two
global coordinate system which were established by Motion
Analysis system and PTAM respectively. One marker was put
on the pad to get the ground truth data about the 3D position
of the pad. After PTAM was initialized successfully, the UAV
would follow the pad automatically and kept a distance of
1.5m with the pad. If the pad was out of the FOV of the
camera, the UAV would re-finded it according to the velocity
of the pad estimated by the Kalman filter.

x

y

z

Mean value(mm)

1.1441

-1.5096

0.2084

Variance(mm2 )

3.1864

3.5320

0.0261

Maximum value(mm)

3.5139

4.3728

0.5000

Minimum value(mm)

-4.6984

-3.9710

-0.4000

B. Accuracy Analysis of Object Following
As mentioned above, computational geometry and PTAM
were used to realize object following for UAVs. To analyze
the accuracy of object following, Motion Analysis system
was used to acquire the ground truth data. A PID controller
is used to control UAV following the pad. The measurement
results are shown in Fig.8.
From Fig.8, we can see that the following error is about
20cm in each coordinate according to the recorded results by
Motion Analysis system. Considering the errors caused by
vision system and the communication delay, these errors are
acceptable for object following in our experiments, and they
will not affect the stability of object following, which can be
found in the accompanying video:
http://www.trustie.net/organizations/23/videos

A. Ambiguity Analysis about Pad Localization
In section V, the estimation of the 3D position of the pad
has been described, but the problem is that there are two solutions about the 3D position obtained by this method which
is the so-called ambiguity. The two solutions are shown in
Fig.7 during object following. Note that the estimated pad’s
positions are in the camera coordinate system.
The mean value and variance of the differences are showed
in TABLE I, from which we can find that the absolute
mean difference is less than 1.6mm and variance is less
than 3.6(mm)2 . Because the differences of the two solutions

C. Accuracy Analysis of the Estimation of Pad’s Velocity
Kalman filter was used to estimate the pad’s velocity, by
which the pad’s motion can be predicted. When the pad
moves out of the FOV of the camera during object following,
the UAV can re-find the pad effectively using the estimated
pad’s velocity. The estimated pad’s velocity and real velocity
are shown in Fig.9.
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Fig. 8: The expected and real positions of the UAV and their
errors in x,y,z coordinate

According to Fig.9, the estimated velocities are roughly
accurate, and the maximal error can be up to 10cm/s, which
is caused by the low imaging quality of the used low-cost
camera. However, in our experiments, the UAV can still refind the pad effectively when the pad is lost, as shown in the
accompanying video.

Fig. 9: The real volocity and estimated velocity in x,y,z
coordinate
IX. C ONCLUSION
In this paper, an object following method based on computational geometry and PTAM for UAVs in unknown environments is proposed. This method enables the UAV to
follow the pad object in unstructured, GPS-denied unknown
environments. Besides, the UAV can re-find the pad when it
moves out of FOV of the camera. The contributions of this
paper is two-fold: first, while object following the UAV can
also build the map of the environments. Second, a velocity
a velocity estimation algorithm based on Kalman filter was
proposed to find the object back when it is lost. Our method is
able to make the UAV follow the pad object with the accuracy
of 20cm. We tested our method in an indoor environment and
Motion Analysis system was used to obtain the ground-truth
data. The experimental results validate the effectiveness and
robustness of the proposed method.
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