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Abstract— This paper develops an UAV navigation and guidance system for air-to-ground target tracking in an urban
environment. The integrated optical-flow/inertial navigation
filter is designed to simultaneously estimate the target and UAV
states without using GPS. The guidance law which achieves
target tracking and obstacle avoidance while enhancing the
navigation accuracy is proposed. The entire system is to be
implemented and tested in actual flights.

paper have been developed based on basic image processing
routines that can be found on the Kovesi’s website[9].
Suppose the fact that the target’s gray-level is significantly
higher than the background. Then the target tracker simply
consists in convolving the current image by a Gaussian
kernel, and in selecting a position attaining the maximum.
The optical flow estimation is focused on the surroundings
of the detected target position. First, the feature points are
detected by Harris-Stephen operator[9] on the current and
previous images. Then feature matching between the two
images is performed based on a back and forth correlation.
Finally, an affine motion model is robustly fitted to the
estimated flow vectors. An example of the image processing
results is illustrated in Figure 2.

I. I NTRODUCTION
Two main challenges associated with an UAV operation
in an urban environment are; i) an access to GPS signals
can be denied, and ii) there are obstacles to be avoided. This
paper considers a problem in which an UAV is required to
pursue a moving ground target while maintaining a positiondependent safety altitude (given a-priori from the visionbased 3D obstacle mapping system in [1], for example). In
order to achieve this mission, an accurate global localization
of a target as well as of an own-ship aerial vehicle is
necessary. There is a large body of research on visual SLAM
(simultaneous localization and mapping) applied to an UAV
navigation in a GPS-denied environment[2][3]. By combining ideas of visual SLAM and visual target tracking, the authors have developed an integrated vision/inertial navigation
system for simultaneous tracking and self-localization[4].
This system utilizes optical flow estimation to complement
the GPS information. The guidance law which makes an
UAV track the target’s horizontal position and follow the
safety altitude profile along its trajectory is designed and
integrated with the navigation. It is well-known that the
vision-based navigation performance significantly depends
on a camera motion relative to objects of interest. The
observer trajectory optimization for estimation enhancement
was firstly treated in [5], and since then many similar studies
have been done especially for a bearing-only localization
problem[6][7]. This paper suggests applying the one-stepahead suboptimal guidance design developed in [8] in order
to achieve the tracking mission while maximizing accuracy
of both the target- and self-localizations. Figure 1 depicts an
entire UAV flight system for visual target tracking.
II. I MAGE P ROCESSING
Two tasks are devoted to image processing: target tracking
and optical flow estimation. The algorithms used in this
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Visual Target Tracking System

Example of Image Processing Results

III. NAVIGATION F ILTER D ESIGN
A navigation filter is designed to estimate the global
position and velocity of the UAV and also those of the
target by fusing the onboard inertial sensor data with the
image processing outputs. The optical flow measurements
contain information about the UAV velocity and height
with respect to the ground surface, while the target pixelcoordinates provide the target position relative to the UAV.

Since these measurements are nonlinear to the estimation
state, an extended Kalman filter (EKF) is applied. In the
EKF design, a non-accelerating target model is used. See
[4] for details.
IV. G UIDANCE D ESIGN
Suppose that a safety altitude map hd (X, Y ) is given
based on a-priori knowledge of the environment. Figure 3
shows an example of the altitude map created from a 3D
obstacle mapping result. Then an
 UAV guidance objective
T
is to track the position X d = Xt Yt −hd (Xv , Yv ) ,
where (Xt , Yt ) and (Xv , Yv ) are the global horizontal positions of the target and the UAV respectively. Define the state
vector x(t) by


Xv − Xd
x=
V v − Ẋ d
Then the tracking mission can be formulated as the following
optimization problem.
Z

1 ∞ T
x (t)Ax(t) + aTv (t)Bav (t) dt (1)
min Jk =
2 tk
av (t)
subject to the dynamics of x(t) with an initial condition
x(tk ) = xk . av is the UAV acceleration input. Let a∗v (t, xk )
denote its optimal solution. This optimal guidance, however,
is not realizable in the real-world since the true state xk
is unaccessible. A conventional way to derive the guidance
input is to simply replace the true state in a∗v (t, xk ) by
its estimate x̂k . Figure 4 presents an example of the target
tracking results with the safety altitude map given in Figure
3. This approach coincides with solving the optimization
problem (1) under an assumption of zero estimation error,
and hence it can cause a large tracking error when having a
large estimation error.
A performance of the navigation filter designed in Section
III depends on the camera motion relative to the target and
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to the ground surface. In order to maximize the tracking performance by creating motions which improves the estimation
accuracy, this paper adopts the one-step-ahead suboptimal
guidance law developed in [8]. This guidance policy solves
the optimization problem (1) under an assumption that there
will be only one more final measurement at one-time-step
ahead. The resulting input at the current time step tk becomes
av (tk ) = a∗v (tk , x̂k ) + ∆a

(2)

An additional input ∆a in (2) is determined so that an
expected value of Jk is minimized under the onea-stepahead assumption. Through preliminary simulation results,
it has been discovered that an exicitation in the horizontal
motion enhances the target height estimation while the verical motion enhances the optical flow-based UAV horizontal
localization. What is interesting particularly in our problem
is that the vertical tracking performance depends also on
the accuracy of the horizontal localization because of the
position-dependent altitude command. The one-step-ahead
suboptimal guidance law is expected to introduce some 3D
motions to improve the overall tracking accuracy.
V. C ONCLUSION

AND

F UTURE W ORK

This paper proposed the UAV navigation and guidance
system to achieve a vision-based ground target tracking in
a GPS-denied obstacle field. The suboptimal guidance law
which creates motions to improve the navigation accuracy
and achieves a good tracking performance was suggested.
After a guidance performance analysis through simulations,
all the algorithms will be implemented and tested onboard
on the ONERA ReSSAC UAV helicopter[1]. Results from
closed-loop flight experiments will be included in the final
paper.
R EFERENCES
[1] P. Fabiani, V. Fuertes, G. Le Besnerais, R. Mampey, A. Piquereau and
F. Teichteil-Königsbuch. ”ReSSAC: Flying an Autonomous Helicopter
in a Non-Cooperative Uncertain World”, AHS Specialist Meeting on
Unmanned Rotorcraft, 2007.
[2] J. Kim and S. Sukkarieh, ”6 DoF SLAM Aided GNSS/INSS Navigation in GNSS Denied and Unknown Environments”, Journal of Global
Positioning Systems, Vol.4, No.1-2, 2005.
[3] J. Wang, M. Garratt, A. Lambert, J.J. Wang, S. Han and D. Sinclair,
”Integration of GPS/INS/Vision Sensors to Navigate Unmanned Aerial
Vehicles”, International Society for Photogrammetry and Remote
Sensing (ISPRS) Congress, 2008.
[4] Y. Watanabe, P. Fabiani and G. Le Besnerais, ”Simultaneous Visual
Target Tracking and Navigation in a GPS-Denied Environment”,
International Conference on Advanced Robotics (ICAR), 2009.
[5] J. Speyer, D. Hull, C. Tseng and S. Larson, ”Estimation Enhancement
by Trajectory Modulation for Homing Missiles” AIAA Journal of
Guidance, Control and Dynamics, 7(3), 1984.
[6] S.E. Hammel, P.T. Liu, E.J. Hillard and K.F. Gong. ”Optimal Observer
Motion for Localization with Bearing Measurements”, Computers and
Mathmatics with Applications, 18(1-3), 1989.
[7] Y. Oshman P. and Davidson, ”Optimal Observer Trajectories for
Passive Target Localization using Bearing-Only Measurement”, AIAA
Guidance, Navigation and Control Conference, 1996.
[8] Y. Watanabe, E.N. Johnson and A.J. Calise, ”Stochastic Guidance
Design for UAV Vision-Based Control Applications” AIAA Guidance,
Navigation and Control Conference, 2008.
[9] P. Kovesi, ”MATLAB and Octave Functions for Computer Vision
and Image Processing”, The University of Western Australia, 2000.
http://www.csse.uwa.edu.au/∼pk/research/matlabfns/

