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Abstract
In this paper, we describe a novel method of visually following/tracking a flying target by a ground robot, equipped with
a Pan-Tilt-Zoom (PTZ) camera. The local planning task is
formulated as a nonlinear optimization problem. A major
contribution of this paper is that obstacle avoidance, robot
motion and camera orientation are all solved in a single optimization problem. The entire code architecture has been described. Extensive results have been demonstrated in a ROSbased simulation. Finally, a real-world implementation is described along with some experimental results. The described
architecture is shown to be performing satisfactorily in both
cluttered and non-cluttered environments.
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Introduction

Vision-based robotics has been one of the major research
areas for the last few decades. A vision sensor accounts
for a very versatile feedback instrument for a wide variety of robot control and manipulation problems. There are
a large number of applications involving vision-based systems, ranging from self-driving cars to home automation. A
very important subdomain of these applications is dynamic
scene perception, which is a key challenge for all kind of
autonomous robot operations in dynamic environments. Robust following of moving objects in scenes is vital for several applications, for example: a robot butler serving a person (Srinivasa et al. 2012) etc. The problem is particularly
challenging because of randomness in motion of the target,
which may lead to sub-optimal tracking performance or even
absolute failure in many cases of robot’s motion. In addition,
the environment for such an application is usually not free
of obstacles, which means the local planner needs to model
them as well. The problem becomes even more complex
when the motion of the object to be tracked is in 6 dimensions (x,y,z, yaw, pitch, roll), for example: a flying quadrotor that needs to be followed by a ground robot. Motion in a
plane (x, y, θ) is usually not enough to feasibly follow such
an object.
We propose the use of a pan-tilt-zoom (PTZ) dome camera for tracking such an object, which is a regular camera
mounted on a 2DoF rotating platform, with capability of
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zooming into targets and autofocus. Such cameras are usually used for CCTV and surveillance purposes. However,
if rigidly attached to a mobile ground robot, such a camera adds a great deal of flexibility to the tracking system,
alleviates the effect of slow ground robot dynamics and expands the field-of-view (FOV) of the robot by a huge factor (Rohmer et al. 2010). However, inclusion of additional
degrees-of-freedom in the vision system means that local
planning and control of the robot becomes much more pronounced and challenging as a problem.
In real world situations, the environment around the robot
tracking the object is usually not empty, rather it is populated
by obstacles. An algorithm that might perform really well in
absence of obstacles, let’s say in simulation, may not work at
all in real life due to the ever-present risk of a collision during tracking. Hence, inclusion of dynamic obstacle avoidance using LiDAR (Light Detection And Ranging) scanner
range data in the aforementioned optimization problem is
proposed, to enable realistic tests in cluttered environments.
Thus, the contributions of this paper can be summarized
as threefold: 1) Formulation of the moving object tracking/following problem as a single nonlinear optimization
problem which models both camera and vehicle dynamics; 2) Dynamic obstacle avoidance for experiments in real
life environments; 3) Proposal of a new method of UGV
(Unmanned Ground Vehicle) teleoperation in coordinated
UAV(Unmanned Aerial Vehicle)-UGV experiments. To the
best of our knowledge, this is the first work that solves all
the aforementioned problems.
The paper is organized as follows: In section 3, the conventions and symbols used throughout the paper are listed.
The entire optimization problem is described in sections 4
and 5. Results of the algorithm on a simulated robot, across
various different kinds of environments, are shown in section 6. Finally, the real-life test setup and corresponding
observations are noted in section 7 and finally conclude the
paper in section 8.
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Related Work

A lot of work has been done on visual object tracking using
mobile robots. In (Jung and Sukhatme 2004) and (Jung and
Sukhatme 2010), the authors have proposed an algorithm
for tracking objects by simultaneously estimating robot egomotion using image features, and detecting moving parts in

