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 Uninhabited Aerial Vehicles will require autonomous collision detection and avoidance 
capabilities in order to gain wide acceptance and usage in the National Airspace System.  
The collision detection and avoidance problem is primarily a motion estimation problem, 
relying on the accuracy of the sensing, processing, actuation and control algorithms onboard 
the vehicle.  Computer vision is a growing field in robotics and autonomous vehicles, and has 
made vision a feasible technology for object detection in different platforms.  In this work, 
we investigate the feasibility of using optic flow techniques in order to design an altitude hold 
controller for a fixed wing aircraft flying a nap-of-the-earth trajectory in the presence of 
variable terrain.  Simulated results yield an error of approximately 1.5% in altitude 
variation for steady level flight (approximately 15 cm) for terrain disturbances of maximum 
amplitude 4 m.  Experimental results obtained from flight data using the UIUC UAV 
platform are used to validate the controller, and sources of error along with potential 
improvements in equipment and procedures are cited. 

I. Introduction 
N essential challenge inherent to the integration of uninhabited aerial vehicles (UAVs) into the National 
Airspace System (NAS) is the inability to provide adequate safety assurances for these vehicles in a verifiable 

manner.  The FAA requires that UAVs be capable of see-and-avoid functionality, unfortunately most solutions to 
the problem of autonomous surveillance, guidance and navigation are insufficiently scalable, reliable, verifiable or 
cost-effective. Implementation of safe and reliable object avoidance is crucial for the survival of autonomous 
vehicles intended to navigate in densely populated environments such as the NAS.  In order to meet these stringent 
requirements, UAVs must be equipped with reactive sensing technologies that enable real-time conflict detection 
and object avoidance.  Numerous techniques have been developed in the past few years to optimize the decision 
making process and solve the path planning problem in real-time, while accounting for aircraft dynamics, obstacle 
avoidance constraints and safe flight considerations. Regrettably, many of these techniques underestimate the 
difficulty of accurately sensing a dynamic and imperfect environment in an accurate and practical manner.  Making 
decisions based on distorted estimations of the surrounding environs is a pitfall that can destabilize even the most 
robust of path planning algorithms. 

Presently, state-of-the-art conflict detection and resolution systems employ a combination of radar, sonar and 
laser systems: while reliable, these systems are often prohibitive due to weight, size and equipment cost for certain 
UAV applications.  Video recording devices are another alternative for environmental sensing, and have become 
standard equipment on many UAVs due to their exploratory nature. Although video images from this source are 
often intended for secondary mission purposes, such as target tracking and surveillance, they have been shown 
capable of providing valuable information for more important tasks, like collision avoidance.  However, the nature 
of a fixed wing UAV platform brings rigorous safety requirements and constraints to the field of autonomous 
conflict detection and resolution: limited minimum flying speeds and restricted maneuverability, thereby making the 
need for real-time sensing and decision-making paramount for safety purposes. 

In this paper we investigate the applicability of computer vision techniques that have been developed in order to 
estimate motion from two dimensional images. In the next section we provide a brief discussion of optical flow 
theory, and section 3 provides a direct implementation of the optical flow theory to an aircraft altitude controller.  
Section 4 provides the setup and simulation of several scenarios used to evaluate the performance of the controller 
designed in the previous section.  Experimental video data taken from actual flight tests is used in order to asses the 
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validity of the assumptions made during the design processes, as well as provide insight as to the implementability 
of the system in a realistic environment.  Conclusions are drawn in section 6, and recommendations for methods to 
improve the methodology and experimental procedures are elucidated. 

II.  Optical Flow Theory 
The optic flow of a sequence of images is a set of two dimensional velocity vectors that correlate a pair of 

consecutive images. Each of these vectors represents the motion of a pixel in the elapsed time between the two 
frames. Using the assumption that pixels conserve their intensity level between frames, the following equation can 
be derived, 

 ),,(),,( dttdyydxxItyxI +++=  (1) 

This equation is known as the “brightness conservation equation”, where I represents an image frame, x and y are 
the coordinates of the pixel, [dx, dy] is the displacement vector of the pixel and dt is the temporal difference between 
the two frames. The straight forward solution to this equation is simply matching pixels from frame to frame while 
looking at their displacement. However, search strategies like this are computationally intensive and thus not very 
practical. Different methods for calculating the optical flow have been studied for decades. However gradient based 
methods are a popular choice due to their balance between accuracy and computational performance. This methods 
solve the differential form of Eq. (1) derived by Taylor expansion. After eliminating higher order terms the equation 
becomes, 
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It can be observed from Eq. (2) that the system to be solved for u and v (the components of each velocity vector) 
has one equation with two unknowns. The problem is therefore ill-posed and additional constraints are needed in 
order to achieve deterministic solutions. Several techniques to solve Eq. (2) have been studied since 1981, and 
involve different approaches towards finding the optimal constraint equation that can be added to the system in order 
to make solutions feasible. The most relevant methods are described and compared by Barron, et.al. in their survey 
of the topic[1]. As suggested by several publications in the literature including McCarthy et.al. [2] which have found 
gradient based techniques of interest for robot navigation we have decided to use the Lucas and Kanade [3] 
algorithm as it is preferred by its accuracy and computational performance.   

III.  Optical Flow and Altitude Estimation 

A. Optical Flow Based Control 
For many years the UAV community has explored vision systems as a preferred alternative for sensing the 

environment. Characteristics such as size and cost of the equipment make them desirable for highly constrained 
applications. However, one of the biggest hurdles with video analysis is computational cost. Real-time performance 
of these algorithms on platforms that have limited computational resources can be infeasible due to the need to 
process thousands of sensing points (pixels). Alternatively, developers of Micro Air Vehicle (MAV) technology 
have used the concept of optical flow in conjunction with low resolution electronic sensors that sample only a few 
light sensing points, thereby negating the need to perform video processing. Inspired by behaviors typical of small 
insects and their sensing capabilities, control strategies for tasks, such as corridor centering and time to collision 
estimation have been developed, most of which are based on the regulation of optical flows. The great success of 
these implementations suggests the potential of optical flow for larger scale platforms. Ongoing work in the subject 
has been published by Franceschini, et.al. [4], through the development of an optical flow based altitude controller 
for a very small scale helicopter with interesting experimental results. Barrows et.al. [5] also implemented an 
autonomous landing system for a small winged aircraft using similar optical flow sensors. However, at the UAV 
scale conditions are increasingly complex. Vehicles become larger, and flying them in controlled environments is 
not feasible. Additionally, low resolution sensors are not an option due to the separation that the vehicle must 
maintain with respect to its surroundings in order to fly safely.  

The accelerated growth of embedded computing applications, and the ability to use relatively fast processors that 
are small in size and have low power consumption features, presents an opportunity to increase the computational 
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resources available onboard UAVs. Processing image sequences with thousands of pixels of resolution is becoming 
almost tractable. The question is now whether or not the implementations that have been viable in MAV platforms 
can be ported to UAVs in order to execute similar tasks. Recent work, including the publication by Muratet et.al.[6], 
has shown through simulation how a larger scale vehicle can use optical flow regulation for tasks such as corridor 
navigation in urban environments.  

B. Description of the UAV Platform 
The aircraft is a quarter scale model of a Patty Wagstaff Extra 300S; this is a highly acrobatic fixed wing 

airplane capable of extreme maneuverability and able to carry up to 15 pounds of payload.  
 

 
Figure 1. Aircraft and servo actuated video camera 
 
The UAV is equipped with a Piccolo Plus avionics box from CloudCap technologies intended to execute basic 

attitude control and waypoint navigation. Additionally, an onboard video capturing system consisting of a servo 
actuated camera and a digital video recorder enables video capturing for off-board processing. The resolution of the 
video capture is 320x240 pixels at 30fps (frames per second). Several embedded computing platforms are being 
investigated as alternatives to increase the computational resources onboard and enable online video processing.  

C. Optical Flow Altitude Estimation 
The optical flow of an image sequence provides an estimate of the motion of pixels throughout frames. These 

motion vectors can be used to measure distance from the camera to the objects in the image using the appropriate 
geometrical models. The optical flow generated by a camera moving in pure translation is given by the Eq. (3): 

 jsin
D
V

f =    (3) 

where V is the translational velocity, D is the distance to the object and �  is the angle between the camera axis and 
the direction of translation (see Fig. 2). 

The optical flow f represents the apparent motion of the point P in the image plane. When the camera is mounted 
on the bottom of an airplane its translational speed becomes the aircraft’s ground speed (u). Moreover, ensuring an 
angle �  equal to 90 degrees makes D equal to the distance to the ground (h). This height measurement can be 
estimated using the optical flow f through the relationship in Eq. (4). Note that the sine term is not included since it 
is equal to 1 for �  =90 (see Fig. 2). 

 
f
u

h =   (4) 

As the terrain approaches the camera, the apparent motion of the pixels in the image (optical flow) grows in an 
inverse proportion to the distance to the ground. In the same way the optical flow decreases as the aircraft becomes 
less proximate to the terrain. Clearly it is theoretically possible to execute a nap-of-the-earth type of navigation by 
implementing an altitude control strategy that attempts to keep the optical flow at a constant value. 
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 However, several important assumptions have to be made in order for this strategy to be practical and 

practicable. First of all, we must ensure that the angle �  can be kept constant. This can be done with a gimbaled 
actuated camera with a gyroscope leveling mechanism. Alternatively, for straight and level flight conditions the 
angle between the aircraft’s body axis and the ground speed (u) can be computed in order to place the camera at 
� =90. If this is the case, variations of �  become negligible as long as the straight and level flight conditions are 
maintained. The second assumption is that the aircraft is capable of flying at values of u and h at which f can be 
measured by the sensor. If the ratio between the ground speed and the distance to the ground is untenably small («1), 
estimating the optical flow becomes impossible at the sampling rate desired for a real-time application. 

D. The Optical Flow Altitude Controller 
In order to use the estimates of f provided by the optical flow sensor (camera and video processing algorithm) to 

maintain a constant distance to the ground we must first design a controller capable of holding a desired altitude. 
Once this controller is shown to be stable, modifications will be made in order to include the optical flow 
measurements in the loop.  

 
The model developed in the following subsection will allow us to evaluate whether or not a stabilizing controller 

can be designed such that it will hold a constant ground separation in the presence of ground relief disturbances 
estimated through the optical flow measurements.  
 
1.  Aircraft’s Dynamics Model 

Designing a controller for an aircraft is not an easy task due to its complicated, nonlinear, coupled dynamics. 
However certain reasonable assumptions can be made in order to simplify the model. The first assumption made in 
this model is that only longitudinal motion will be considered; thus, yawing and rolling motion will not be included 
in the model. For straight and level flight conditions, this assumption is a relatively accurate approximation. Second 
of all, we will use the short period approximation to model the aircraft plant dynamics. The following assumptions 
are made by this approximation: the ground speed u can be held constant by a separate controller, the changes in 
pitch are negligible to the extent that the sine and cosine of the pitch angle can be assumed to be zero and one, 
respectively, and the aircraft can gain or lose altitude solely by using the elevator surfaces.  

 
Using the previous assumptions the dynamics of the aircraft can be described by the following short period 

approximation in state space form [7]. 

a)             b) 

     
 
Figure 2. Model approximations. a) Camera model. b) Aircraft-camera model. 
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The short period approximation is augmented by the pitch (� ) state variable in order to be able to recover the 
altitude z. This is achieved through the integration of its derivative whose value is given by the following equation 
(Eq. 6), resulting from the linearization of the aircraft’s longitudinal dynamics and the assumption of a constant u. 

 wuz -= q0�    (6) 

The task of accurately obtaining most of the aircraft’s stability derivatives and moments of inertia for our testbed 
is non-trivial in nature. In order to obtain a close estimate of the quantities necessary to model the system, the 
geometry of the airframe and the internal loads were processed using the software AVL[8]. Most of the quantities 
given by this application were used except for the values of Cm� -dot and Iy, which are not standard outputs of the 
software. Estimates for these values were made and verified against the model that the Piccolo autopilot uses for 
autonomous flight. The result was a model that is predicted to be sufficiently correct for the fidelity of the following 
control design.  
 

 
Figure 3. Aircraft longitudinal axis. 
 
 
2. Design Objectives and Control Strategy 

The objective of the altitude hold controller is to acquire and maintain a commanded altitude to within a pre-
specified tolerance. For this specific design, we would like to minimize the overshoot and maximize the settling time 
in order to be able to quickly react to disturbances provided by varying terrain topology. However, we must keep in 
mind that in order for our assumptions to hold the pitch angle must be kept small during climb and descent. 
Additionally, since the purpose is to fly nap-of-the-earth at low altitudes we would like a steady state error of less 
than 5%. The control strategy is illustrated in Fig. 4. 
 



 
American Institute of Aeronautics and Astronautics 

 

6 

 
Figure 4. Altitude hold controller diagram. 
 

In Fig.4, the airframe block contains the aircraft’s dynamics model and uses the elevator deflection and ground 
speed inputs to compute the system’s states. In the sensors’ block the value of the altitude (z) is computed and fed 
back with the pitch rate (q) to the altitude controller.  

 
The altitude controller block computes an error between z and the altitude set-point and outputs an elevator 

deflection. Inside the controller an inner and outer loop are implemented. The inner loop is set between the pitch rate 
q and the elevator deflection � e. The purpose of this loop is to damp the effect of the complex-pole pair of the short 
period mode. Fortunately a simple proportional gain (Kq) is sufficient to accomplish this goal. The outer loop 
measures the altitude error and commands a pitch rate. It is important to note that in order to compute z using 
equation 4, two integrations must be performed. The presence of a double integrator and a right-half-plane zero 
introduced by the aircraft’s dynamics present the greatest challenge in the design of the altitude control (Kz). In 
order to overcome this problem a lead-lag controller is introduced. A diagram of the altitude controller block is 
shown in Fig. 5. 
 

 
Figure 5. Altitude controller block diagram. 
 

Finally, the Delta_e signal is sent to the actuator block. This block was included in order to set limits on the 
elevator deflection angle and the rate of change. In addition to accounting for the physical limits of the actuators this 
block provides the mechanism by which the system can be further constrained in order to achieve the design 
objectives that enforce the assumption of all maneuvers inducing small pitch angles.  Using classical root locus 
control design techniques in Matlab, the following controllers Kz and Kq are obtained. 
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3. Optical Flow in the Control Loop 
Now that the altitude controller is designed we will introduce the optical flow measurements into the loop. In 

order to facilitate this inclusion, we will model the optical flow input to the system as a measurable disturbance to 
the altitude z. From Fig. 2, it can be observed that the following equation holds for z. 

 reliefhhz +=  (7) 



 
American Institute of Aeronautics and Astronautics 

 

7 

Using the value of z calculated from the aircraft’s dynamics and the value of h estimated through optical flow 
processing, the value of the ground relief (hrelief) can be estimated. Including this value as a disturbance to z will 
make the controller compensate for the relative altitude change due to the terrain. This model is illustrated in Fig. 6. 
 

 
Figure 6. Altitude hold controller with optical flo w modeled in the loop as a disturbance.   
 

The optical flow measurements from video data processing are inherently very noisy. This must be accounted for 
in the controller in order to avoid instabilities resulting from insignificant terrain changes or errors in the optical 
flow estimation. In order to accomplish this objective, a filter was added to the controller (Kz). The new control 
transfer function, designed using root locus techniques in Matlab, is as follows:   

 
)10)(2(

)001.0(
2001

++
+

=
ss

s
Kz  

 

The step response of the closed loop is shown in Fig. 7. Using the altitude control Kz1 and the pitch rate control 
Kq described above we obtain a small overshoot (approximately 5%), a stabilization time of approximately 8 
seconds and a very small steady state error (approximately 1%). Clearly, the design objectives have been exceeded. 
 

 
Figure 7. Closed loop step response 
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IV. Simulation Results 
 

In order to validate the design of the optical flow controller several Matlab simulations were executed to verify 
stability to different optical flow inputs. In order to run the simulation we assume perfect optical flow measurements 
with added noise. Using a one dimensional terrain map given by either a periodic signal (e.g. sine wave) or a custom 
sequence, and information from the aircraft’s absolute altitude to the ground z and ground speed u, an optical flow 
simulator block was implemented. This block provides real-time optical flow measurements using equation 2. 
Additionally, noise is added to this signal in order to evaluate stability of the controller. Figure 6 shows the 
simulation setup. 

The first set of simulations consisted of several runs intended to test the ability of the controller to hold a 
constant specified ground separation throughout the simulation time while the terrain is changing. Due to the low 
resolution of the video camera it is predicted that optical flow measurements will only be meaningful at low 
altitudes from the ground. In addition, since the purpose of the controller is to execute nap-of-the-earth flight, the 
ground separation to be held during the simulation is set to 10 m. The ground speed of the aircraft was set at 30m/s, 
which is the typical steady level flight speed for the UAV testbed.      
 

 
Figure 8. Simulation setup. 
 

 
 

 
Figure 9. Nap-of-the-earth simulation results on left. Simulated optical flow signal with noise on right.     
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The results of these simulations were very encouraging. Different forms of input disturbances characterizing 
ground variation (i.e. step, ramp, sine, etc.) were used and the controller exhibited an excellent capacity to maintain 
the desired ground separation, with a maximum error of 1.5%, which is equivalent to an absolute error of 
approximately 15cm for steady level flight with terrain variation. 

 
The terrain curve for the simulation above represents a variation of 4m in height in a 500m span. The noise 

added to the optical flow signal has a frequency 10Hz and amplitude of 0.5. These parameters were chosen due to 
the sampling rate of the optical flow processing algorithm, which is 10fps, and the deviation between measurements 
which has been estimated to be less than 0.5. Finally, it is important to note that there is a lag of approximately 1s 
between the terrain and flight path curves. This is representative of the time it takes for the controller to correct the 
altitude after a new optical flow measurement. This lag is not considered significant since the stabilizing time given 
by the step response is much larger (about 8 sec).     

 
A second set of simulations, was performed in order to observe the behavior of the controller while the altitude 

set-point varied throughout the simulation.  This type of condition is a representative characteristic of the landing 
scenario.  During landing, the UAV is required to descend at a specified rate using altitude commands in order to 
achieve the required glide slope.  This scenario is not entirely faithful to the real landing procedure, in which the 
airspeed will be held constant throughout the descent at 20m/s, at a threshold just above stall speed for our platform. 
However, this simulation provides an initial test to determine the feasibility of using optical flow to aid in the design 
of (perhaps partially autonomous) landing or takeoff procedures. 
 

  
Figure 10. Landing simulation results, left. Commanded altitude signal, right.   
 

The results of these simulations are very promising. Following the commanded altitude signal, which represents 
the requisite commanded altitudes at each timestep in the descent path to match a 3 degree glideslope (note that the 
horizontal axis represents seconds, thus the slope of the command line doesn’t equal the slope of the descent), it can 
be observed that the aircraft is required to hold at an altitude of 16m above the terrain for the first 4 seconds. 
However, since the true ground is 2m above the zero altitude line, the flight path begins to self-correct, due to the 
optic flow inputs, and climbs to a higher flight level. At time 5 (seconds) the first command to lower altitude is 
issued. The flight path is altered to match the command, and the aircraft captures the 3 degree descent glideslope. At 
time 14 (seconds), the aircraft should have theoretically landed as the zero altitude command has been given. 
However, due to the terrain relief, the flight path self-corrects based on the optic flow input, and the aircraft lands 
closer to time 16 (seconds). It can be observed that there is an error between the terrain height and the flight path at 
touch down measured to be 20cm. Nevertheless, this error is small enough to be tolerated during a landing 
procedure. Finally, it is important to note that for this simulation, that the noise shown in Fig. 9 was added to the 
simulated optical flow signal directly.    
 



 
American Institute of Aeronautics and Astronautics 

 

10 

V. Experiments 
 

The simulations previously described were intended to test the performance of the controller under the 
assumption of perfect optical flow measurements in a virtual setting, with additive noise. In order to evaluate the 
correctness of this assumption in a realistic setting, a preliminary set of field experiments was executed, and the 
actual flight data was processed. The data was acquired using the UAV’s on-board video camera and a digital video 
recorder mounted inside the aircraft. Video footage was captured for 2 landings and 2 takeoffs in which the pilot 
was instructed to attempt slow and steady ascending and descending maneuvers. For both flights the camera was 
located at approximately 90 degrees from the aircraft’s body frame. The video resolution and sample rate were set to 
324x240 pixels at 30 fps (frames per second). Video synchronization with the Piccolo autopilot for real-time 
telemetry data was performed by cycling both systems before each run. The estimated error for the synchronized 
data was approximated at about 0.5 seconds. After each flight, telemetry and video data were saved. The video was 
processed off-line using the optical flow algorithm based on the Lucas and Kanade implementation. The video was 
processed at 20 fps, in order to match the results with the data given by the telemetry file sampled at 20Hz. The 
estimated altitude of the optical flow was computed using equation 1. The values of V and �  were obtained from the 
telemetry data using the ground speed (measured by the GPS at 1Hz) and the pitch angle (measure by the IMU unit 
at 20Hz). The optical flow altitude was compared against relative pressure altitude data from the telemetry file 
(sampled at 1Hz).     

A. Sources of Error 
Results of this experiment were very difficult to analyze due to many sources of error present during the 

experiment. As expected, the performance of the optical flow algorithm to estimate ground separation was superior 
during takeoff than landing. The landing procedure is more difficult to control by the pilot, thus violating some of 
the assumptions under which the optical flow algorithm works properly (such as small changes in camera angle or 
predominantly longitudinal displacement).  

 
Although the aircraft pitching was accounted for in the optical flow altitude estimation process, the rolling and 

yawing motions of the aircraft affect the measurements primarily in the landing maneuver. The fact that the ground 
speed was not kept constant further influences the optic flow measurements. Even though telemetry data for the 
absolute (GPS) altitude was used to correct the ground separation estimates, a sample rate of only 1Hz and the 
inaccuracy inherent in the GPS measurements contributes a significant error, due to lack of resolution. 

 
Other sources of error include synchronization between the telemetry and the video data and the error in the flow 

estimates produced by the algorithm which has been quantified to be between 5 and 10 percent (the error of an 
optical flow algorithm is very difficult to estimate and greatly depends upon the video input). 

B. Measuring altitude with Optical Flow 
In order to estimate the altitude, only one optical flow measurement is needed. However, the processing 

algorithm produces many flow vectors corresponding to each pixel. Choosing the most representative vector 
(measurement) becomes a difficult task. During this experiment, a filter was implemented in order to discard vectors 
in directions which are not meaningful to the task. When the camera is moving forward with the optical axis 
perpendicular to the ground, only measurements with directions between 70 and 110 degrees are relevant, thus all 
other measurements exceeding this range were discarded. After filtering the flow an average flow vector was 
calculated and used for altitude estimation. Histogram analysis and mode calculations were tested but results were 
not as effective as the mean value. The conditioning of the filtering and selection process can highly affect the 
altitude estimates. 

 
A further difficulty arises from the fact that our camera has a fixed focal length and resolution. This means that 

the range of distances between the camera and the ground at which the images contain tractable features is limited. 
As shown by the experimental data, the results above 15 meters become very poor and highly dependent on the 
presence of sizable, contrasting features, such as buildings or roads. Finally, the lack of texture of the terrain in 
general affects the measurements as it becomes impossible for the algorithm to accurately estimate motion when 
there are no prominent features to track, and everything looks relatively homogeneous. Samples of different texture 
patterns encounter during takeoff are shown in Fig. 11. 
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Figure 11. Sample terrain textures encountered during takeoff. From left at 5, 8 and 12 meters from ground.      
 

C. Data Results 
The following figures illustrate representative results for a takeoff and landing procedure.  

 

 
Figure 12. Pressure Altitude versus Optical Flow altitude estimation on takeoff.  
 

It can be observed from the plots that the optical flow estimates are very noisy and become increasingly 
inaccurate as the altitude from the ground increases. In fig. 9, between 9 and 12 seconds a peak that deviates from 
the other measurements can be observed. This is due to the change in texture when the aircraft is flying over the 
road after it has passed the low texture grass surface (Fig. 11). This feature was reflected in all takeoff flights. The 
dashed line is an exponential trend line that was calculated for the optical flow measurements. It is important to 
notice that the trend line remains very close to the pressure altitude line during both takeoff and landing. The step 
like behavior of the pressure altitude line is due to the fact that the altitude is sampled at 1Hz, while the optical flow 
measurements are sampled at 20Hz (20fps).   
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Figure 13. Pressure Altitude versus Optical Flow altitude estimation on takeoff.  
 

VI.  Conclusion 
 
In this paper we have explored the idea of using optical flow measurements made from video data processing in 

order to estimate and maintain ground separation. A dynamic model representative of the ALEAS UAV aircraft was 
developed and used to design an altitude hold controller. Further, optical flow measurements were introduced into 
the control loop as a disturbance thereby modeling the ground relief. Using simulated optical flow data, the 
performance of the controller was tested with satisfactory results. Several Matlab simulations showed the capability 
of the controller to hold a specified altitude set-point, as well as being robust to different types of ground relief and 
additive noise in the optical flow signal. In addition, the controller was capable of executing landing-like descent 
maneuvers using the simulated optical flow measurements. 

Experimental data, using real video footage taken from the UAV’s on-board camera, was used to estimate the 
quality of the optical flow measurements. Several sources of error were exposed that account for some of the 
discrepancies between the telemetry and the optical flow estimates. The inability of the pilot to maneuver the aircraft 
in a manner that satisfies the modeling assumptions and the accuracy and sample rate of the telemetry were the most 
influential sources of error. It was also discovered that the limitations of the sensor (video camera) only allowed 
accurate optical flow measurements in a small range of heights, due to the lack of texture and features in the terrain 
and the inherent inability to change the camera focal length. Nevertheless, some of the limitations can be overcome 
by using more appropriate optical equipment, and engaging the autopilot to retain closer control of the flight 
conditions. 
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