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Uninhabited Aerial Vehicles will require autonomots collision detection and avoidance
capabilities in order to gain wide acceptance andaage in the National Airspace System.
The collision detection and avoidance problem is jmarily a motion estimation problem,
relying on the accuracy of the sensing, processinggtuation and control algorithms onboard
the vehicle. Computer vision is a growing field irrobotics and autonomous vehicles, and has
made vision a feasible technology for object detaoh in different platforms. In this work,
we investigate the feasibility of using optic flowtechniques 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 15cm) for terrain disturbances of maximum
amplitude 4 m. Experimental results obtained fromflight data using the UIUC UAV
platform are used to validate the controller, and eurces of error along with potential
improvements in equipment and procedures are cited.

[. Introduction

N essential challenge inherent to the integratibruminhabited aerial vehicles (UAVS) into the Natb

Airspace System (NAS) is the inability to providgeguate safety assurances for these vehicles énifeakle
manner. The FAA requires that UAVs be capableeg-and-avoid functionality, unfortunately most siolns to
the problem of autonomous surveillance, guidanekravigation are insufficiently scalable, reliabkeyifiable or
cost-effective. Implementation of safe and reliablgect avoidance is crucial for the survival oftanomous
vehicles intended to navigate in densely populatdronments such as the NAS. In order to meesetiséringent
requirements, UAVs must be equipped with reactimessig technologies that enable real-time conflaiection
and object avoidance. Numerous techniques have teecloped in the past few years to optimize theisibn
making process and solve the path planning prolifereal-time, while accounting for aircraft dynamiobstacle
avoidance constraints and safe flight consideratidRegrettably, many of these techniques underasirthe
difficulty of accurately sensing a dynamic and imipet environment in an accurate and practical reantaking
decisions based on distorted estimations of theosnding environs is a pitfall that can destabikzen the most
robust of path planning algorithms.

Presently, state-of-the-art conflict detection aesolution systems employ a combination of radanas and
laser systems: while reliable, these systems dem @irohibitive due to weight, size and equipmentt dor certain
UAV applications. Video recording devices are &eotalternative for environmental sensing, and Haegome
standard equipment on many UAVs due to their exptoy nature. Although video images from this seuace
often intended for secondary mission purposes, sichkarget tracking and surveillance, they haven ldewn
capable of providing valuable information for mangportant tasks, like collision avoidance. Howewbe nature
of a fixed wing UAV platform brings rigorous safetgquirements and constraints to the field of aomoous
conflict detection and resolution: limited minimutying speeds and restricted maneuverability, themaaking the
need for real-time sensing and decision-makingrpatent for safety purposes.

In this paper we investigate the applicability ofmputer vision technigues that have been developedder to
estimate motion from two dimensional images. In tiext section we provide a brief discussion of agitiflow
theory, and section 3 provides a direct impleméortadf the optical flow theory to an aircraft aliite controller.
Section 4 provides the setup and simulation of isdwseenarios used to evaluate the performanckeo€dontroller
designed in the previous section. Experimentatwidata taken from actual flight tests is usedrdeoto asses the
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validity of the assumptions made during the degigptesses, as well as provide insight as to théeimgntability
of the system in a realistic environment. Condasiare drawn in section 6, and recommendationséthods to
improve the methodology and experimental procedareslucidated.

II. Optical Flow Theory

The optic flow of a sequence of images is a setaf dimensional velocity vectors that correlate ar pf
consecutive images. Each of these vectors represeatmotion of a pixel in the elapsed time betwtentwo
frames. Using the assumption that pixels consdre# intensity level between frames, the followisguation can
be derived,

[(X,y,t) =1 (x+dx y+dy,t+dt) 1)

This equation is known as the “brightness consemwatquation”, wheré represents an image franxegndy are
the coordinates of the pixetlX, dy] is the displacement vector of the pixel atids the temporal difference between
the two frames. The straight forward solution tis #quation is simply matching pixels from framefrimme while
looking at their displacement. However, searchtegjias like this are computationally intensive dinds not very
practical. Different methods for calculating theiogl flow have been studied for decades. Howevadignt based
methods are a popular choice due to their balart@den accuracy and computational performance. mbthods
solve the differential form of Eq. (1) derived bgylor expansion. After eliminating higher ordemtsrthe equation
becomes,
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It can be observed from Eqg. (2) that the systetretsolved fou andv (the components of each velocity vector)
has one equation with two unknowns. The probleitihésefore ill-posed and additional constraints reeded in
order to achieve deterministic solutions. Seveeahhiques to solve Eq. (2) have been studied si®&d, and
involve different approaches towards finding théiropl constraint equation that can be added tesyiséem in order
to make solutions feasible. The most relevant mistltaye described and compared by Barron, et.#hein survey
of the topic[1]. As suggested by several publiaadiin the literature including McCarthy et.al. {#hich have found
gradient based techniques of interest for robotigation we have decided to use the Lucas and Kaip3lde
algorithm as it is preferred by its accuracy anchpotational performance.

lll.  Optical Flow and Altitude Estimation

A. Optical Flow Based Control

For many years the UAV community has explored visgystems as a preferred alternative for sensiag th
environment. Characteristics such as size and afote equipment make them desirable for highlyst@ined
applications. However, one of the biggest hurdlék wideo analysis is computational cost. Real-tipegformance
of these algorithms on platforms that have limitagnputational resources can be infeasible due donted to
process thousands of sensing points (pixels). wdtrely, developers of Micro Air Vehicle (MAV) thoology
have used the concept of optical flow in conjunttiith low resolution electronic sensors that sagly a few
light sensing points, thereby negating the neegetdorm video processing. Inspired by behaviorscglpof small
insects and their sensing capabilities, contratsties for tasks, such as corridor centering and to collision
estimation have been developed, most of which asedb on the regulation of optical flows. The gaatcess of
these implementations suggests the potential a¢aldtow for larger scale platforms. Ongoing warkthe subject
has been published by Franceschini, et.al. [4hubh the development of an optical flow basedualétcontroller
for a very small scale helicopter with interestiegperimental results. Barrows et.al. [5] also impd@ted an
autonomous landing system for a small winged dirarsing similar optical flow sensors. However,ta¢ UAV
scale conditions are increasingly complex. Vehiddlesome larger, and flying them in controlled eorments is
not feasible. Additionally, low resolution sens@® not an option due to the separation that thclkee must
maintain with respect to its surroundings in oridefly safely.

The accelerated growth of embedded computing agifwits, and the ability to use relatively fast gssors that
are small in size and have low power consumpti@tufes, presents an opportunity to increase thepatational
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resources available onboard UAVs. Processing insegeences with thousands of pixels of resolutidresoming
almost tractable. The question is now whether artim® implementations that have been viable in Mglatforms
can be ported to UAVs in order to execute simiasks. Recent work, including the publication by ket et.al.[6],
has shown through simulation how a larger scalécleelean use optical flow regulation for tasks sashcorridor
navigation in urban environments.

B. Description of the UAV Platform
The aircraft is a quarter scale model of a Pattyg®tadf Extra 300S; this is a highly acrobatic fixethg
airplane capable of extreme maneuverability and &btarry up to 15 pounds of payload.

Figure 1. Aircraft and servo actuated video camera

The UAV is equipped with a Piccolo Plus avionicxlimm CloudCap technologies intended to executicha
attitude control and waypoint navigation. Additilmaan onboard video capturing system consistifig servo
actuated camera and a digital video recorder egalidieo capturing for off-board processing. Thehation of the
video capture is 320x240 pixels at 30fps (framesgeeond). Several embedded computing platformshaiay
investigated as alternatives to increase the caatipatl resources onboard and enable online videcegsing.

C. Optical Flow Altitude Estimation

The optical flow of an image sequence provides stimate of the motion of pixels throughout fram€&kese
motion vectors can be used to measure distance thiensamera to the objects in the image using pipeopriate
geometrical models. The optical flow generated lbgmera moving in pure translation is given byHEae (3):

= Msinj (3)
D

whereV is the translational velocity) is the distance to the object ands the angle between the camera axis and
the direction of translation (see Fig. 2).

The optical flowf represents the apparent motion of the pBiint the image plane. When the camera is mounted
on the bottom of an airplane its translational sipeecomes the aircraft’s ground speed Moreover, ensuring an
angle equal to 90 degrees makBsequal to the distance to the grourn). (This height measurement can be
estimated using the optical floithrough the relationship in Eq. (4). Note that $iee term is not included since it
is equal to 1 for =90 (see Fig. 2).

h=— (4)

As the terrain approaches the camera, the apparetibn of the pixels in the image (optical flow)ogrs in an
inverse proportion to the distance to the groundhe same way the optical flow decreases as theaftibecomes
less proximate to the terrain. Clearly it is theimadly possible to execute a nap-of-the-earth tgpeavigation by
implementing an altitude control strategy thatratiés to keep the optical flow at a constant value.
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Figure 2. Model approximations.a) Camera model. b) Aircraft-camera model.

However, several important assumptions have tomiaele in order for this strategy to be practical and
practicable. First of all, we must ensure thatdhgle can be kept constant. This can be done with a dadba
actuated camera with a gyroscope leveling mechamgrarnatively, for straight and level flight coitidons the
angle between the aircraft's body axis and the mglogspeed ) can be computed in order to place the camera at

=90. If this is the case, variations ofbecome negligible as long as the straight and I8t conditions are
maintained. The second assumption is that theadirisr capable of flying at values afandh at whichf can be
measured by the sensor. If the ratio between thengr speed and the distance to the ground is uritesmall («1),
estimating the optical flow becomes impossiblehatsampling rate desired for a real-time applicatio

D. The Optical Flow Altitude Controller

In order to use the estimatesfaqfrovided by the optical flow sensor (camera amttw@iprocessing algorithm) to
maintain a constant distance to the ground we fimgstdesign a controller capable of holding a desialtitude.
Once this controller is shown to be stable, modtfans will be made in order to include the optifaw
measurements in the loop.

The model developed in the following subsection alibw us to evaluate whether or not a stabilizoogtroller
can be designed such that it will hold a constantigd separation in the presence of ground relgiicbances
estimated through the optical flow measurements.

1. Aircraft's Dynamics Model

Designing a controller for an aircraft is not arsyegéask due to its complicated, nonlinear, couplgdamics.
However certain reasonable assumptions can be maatder to simplify the model. The first assumptimade in
this model is that only longitudinal motion will m@nsidered; thus, yawing and rolling motion wiitribe included
in the model. For straight and level flight conalits, this assumption is a relatively accurate appration. Second
of all, we will use the short period approximatimnmodel the aircraft plant dynamics. The followiagsumptions
are made by this approximation: the ground speedn be held constant by a separate controllerchiages in
pitch are negligible to the extent that the sind aasine of the pitch angle can be assumed to e a® one,
respectively, and the aircraft can gain or loskualé solely by using the elevator surfaces.

Using the previous assumptions the dynamics ofaiheraft can be described by the following shortiqu
approximation in state space form [7].
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The short period approximation is augmented bypiteh () state variable in order to be able to recover the
altitudez. This is achievedhrough the integration of its derivative whoseueals given by the following equation
(Eq. 6), resulting from the linearization of thecaaft's longitudinal dynamics and the assumptiba oonstant.

Z=U,g- W (6)

The task of accurately obtaining most of the afttgyatability derivatives and moments of inerta bur testbed
is non-trivial in nature. In order to obtain a @osstimate of the quantities necessary to modekyséem, the
geometry of the airframe and the internal loadsewmocessed using the software AVL[8]. Most of thentities
given by this application were used except for thiues ofCy, .4 andly, which are not standard outputs of the
software. Estimates for these values were madevarified against the model that the Piccolo autmpilses for
autonomous flight. The result was a model thatésljgted to be sufficiently correct for the fidglinf the following
control design.

Figure 3. Aircraft longitudinal axis.

2. Design Objectives and Control Strategy

The objective of the altitude hold controller isaoquire and maintain a commanded altitude to withipre-
specified tolerance. For this specific design, veail like to minimize the overshoot and maximize #ettling time
in order to be able to quickly react to disturbanpeovided by varying terrain topology. However, mast keep in
mind that in order for our assumptions to hold gieh angle must be kept small during climb andcdat
Additionally, since the purpose is to fly nap-oétharth at low altitudes we would like a steadyestaror of less
than 5%. The control strategy is illustrated in.Hig
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Figure 4. Altitude hold controller diagram.

In Fig.4, the airframe block contains the aircsaffynamics model and uses the elevator deflectiongaound
speed inputs to compute the system’s states. Isghsors’ block the value of the altitudg i6 computed and fed
back with the pitch rategj to the altitude controller.

The altitude controller block computes an erromlaetin z and the altitude set-point and outputs an elevator
deflection. Inside the controller an inner and oldep are implemented. The inner loop is set betwie pitch rate
g and the elevator deflectiore. The purpose of this loop is to damp the effedhefcomplex-pole pair of the short
period mode. Fortunately a simple proportional g@dq) is sufficient to accomplish this goal. The outeop
measures the altitude error and commands a piteh Mais important to note that in order to congatusing
equation 4, two integrations must be performed. presence of a double integrator and a right-hialfig zero
introduced by the aircraft's dynamics present theatest challenge in the design of the altitudetrodriKz). In
order to overcome this problem a lead-lag contraleintroduced. A diagram of the altitude conteolblock is
shown in Fig. 5.

Figure 5. Altitude controller block diagram.

Finally, theDelta_esignal is sent to the actuator block. This blocksvincluded in order to set limits on the
elevator deflection angle and the rate of changaddition to accounting for the physical limitstbé& actuators this
block provides the mechanism by which the system loa further constrained in order to achieve thsighe
objectives that enforce the assumption of all maaeinducing small pitch angles. Using classroalt locus
control design techniques in Matlab, the followoantrollersKkz andKq are obtained.

(s+0.00)
(s+2)

Kz=16 Kg=02

3. Optical Flow in the Control Loop

Now that the altitude controller is designed wel witroduce the optical flow measurements into lihap. In
order to facilitate this inclusion, we will modéie optical flow input to the system as a measurdisieirbance to
the altitudez. From Fig. 2, it can be observed that the follaydmuation holds faz.

Z= h + hrelief (7)
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Using the value of calculated from the aircraft's dynamics and thueaof h estimated through optical flow
processing, the value of the ground religft;) can be estimated. Including this value as a distuce toz will
make the controller compensate for the relativieudié change due to the terrain. This model istiated in Fig. 6.

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

The optical flow measurements from video data psicg are inherently very noisy. This must be antexali for
in the controller in order to avoid instabilitiessulting from insignificant terrain changes or esr:m the optical
flow estimation. In order to accomplish this objeet a filter was added to the controllé€z]. The new control
transfer function, designed using root locus teghes in Matlab, is as follows:

(s+0.00)

Kz1=20
(s+2)(s+10)

The step response of the closed loop is showngn#iUsing the altitude contr&lz1 and the pitch rate control
Kq described above we obtain a small overshoot (appaigly 5%), a stabilization time of approximatedy
seconds and a very small steady state error (aippatedy 1%). Clearly, the design objectives haverbexceeded.

Figure 7. Closed loop step response
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V. Simulation Results

In order to validate the design of the optical floantroller several Matlab simulations were exegduteverify
stability to different optical flow inputs. In ordéo run the simulation we assume perfect optical fmneasurements
with added noise. Using a one dimensional terraap given by either a periodic signal (e.g. sinee@yar a custom
sequence, and information from the aircraft’s alsohltitude to the grourmland ground speedl an optical flow
simulator block was implemented. This block progideal-time optical flow measurements using equafio
Additionally, noise is added to this signal in arde evaluate stability of the controller. FiguresBows the
simulation setup.

The first set of simulations consisted of severaisrintended to test the ability of the controllerhold a
constant specified ground separation throughoustimelation time while the terrain is changing. Doethe low
resolution of the video camera it is predicted tbptical flow measurements will only be meaningéil low
altitudes from the ground. In addition, since thepwse of the controller is to execute nap-of-thgkeflight, the
ground separation to be held during the simulasoset to 10 m. The ground speed of the aircraft se at 30m/s,
which is the typical steady level flight speed tioe UAV testbed.

Figure 8. Simulation setup.

Figure 9. Nap-of-the-earth simulation results on I&. Simulated optical flow signal with noise on ridnt.
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The results of these simulations were very encongadgifferent forms of input disturbances characiag
ground variation (i.e. step, ramp, sine, etc.) wesed and the controller exhibited an excellenacip to maintain
the desired ground separation, with a maximum eaoforl.5%, which is equivalent to an absolute erobr
approximately 15cm for steady level flight withrin variation.

The terrain curve for the simulation above represenvariation of 4m in height in a 500m span. Tioése
added to the optical flow signal has a frequendyZL@&nd amplitude of 0.5. These parameters wereechdse to
the sampling rate of the optical flow processirgpathm, which is 10fps, and the deviation betwesrasurements
which has been estimated to be less than 0.5.I¥irlals important to note that there is a lagapproximately 1s
between the terrain and flight path curves. Thieesentative of the time it takes for the cdtdrdo correct the
altitude after a new optical flow measurement. Tagsis not considered significant since the staibif) time given
by the step response is much larger (about 8 sec).

A second set of simulations, was performed in otdesbserve the behavior of the controller while #ititude
set-point varied throughout the simulation. Tlyiget of condition is a representative characteristithe landing
scenario. During landing, the UAV is required tesdend at a specified rate using altitude commandsder to
achieve the required glide slope. This scenariooisentirely faithful to the real landing procedum which the
airspeed will be held constant throughout the desae20m/s, at a threshold just above stall speedur platform.
However, this simulation provides an initial testdetermine the feasibility of using optical flowvaid in the design
of (perhaps partially autonomous) landing or takpadcedures.

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

The results of these simulations are very promigiailowing the commanded altitude signal, whicpresents
the requisite commanded altitudes at each timestépe descent path to match a 3 degree glidegloge that the
horizontal axis represents seconds, thus the slbffee command line doesn’t equal the slope oftibscent), it can
be observed that the aircraft is required to hdldra altitude of 16m above the terrain for thetfiésseconds.
However, since the true ground is 2m above the akitoide line, the flight path begins to self-amxt, due to the
optic flow inputs, and climbs to a higher flightvéd. At time 5 (seconds) the first command to lowétitude is
issued. The flight path is altered to match the mamd, and the aircraft captures the 3 degree deglideslope. At
time 14 (seconds), the aircraft should have thexaiét landed as the zero altitude command has lipesn.
However, due to the terrain relief, the flight patif-corrects based on the optic flow input, ame aircraft lands
closer to time 16 (seconds). It can be observetthieae is an error between the terrain heightthadlight path at
touch down measured to be 20cm. Nevertheless, etfitr is small enough to be tolerated during a ifamd
procedure. Finally, it is important to note that fbis simulation, that the noise shown in Fig. &svadded to the
simulated optical flow signal directly.
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V. Experiments

The simulations previously described were intendedtest the performance of the controller under the
assumption of perfect optical flow measurementa wirtual setting, with additive noise. In orderedwaluate the
correctness of this assumption in a realistic gtta preliminary set of field experiments was exed, and the
actual flight data was processed. The data wasirgchusing the UAV’s on-board video camera andgitali video
recorder mounted inside the aircraft. Video footages captured for 2 landings and 2 takeoffs in whtoe pilot
was instructed to attempt slow and steady asceratidgdescending maneuvers. For both flights theecamwas
located at approximately 90 degrees from the ditsrbody frame. The video resolution and sampte were set to
324x240 pixels at 30 fps (frames per second). Vidgochronization with the Piccolo autopilot for IFéene
telemetry data was performed by cycling both systémfore each run. The estimated error for the lspmized
data was approximated at about 0.5 seconds. Adier #light, telemetry and video data were savec Vfileo was
processed off-line using the optical flow algorittb@sed on the Lucas and Kanade implementationvitle® was
processed at 20 fps, in order to match the resuitts the data given by the telemetry file samplé¢®@Hz. The
estimated altitude of the optical flow was computisthg equation 1. The values\ofind were obtained from the
telemetry data using the ground speed (measurgheb@PS at 1Hz) and the pitch angle (measure biMhkeunit
at 20Hz). The optical flow altitude was comparediagt relative pressure altitude data from thentekey file
(sampled at 1Hz).

A. Sources of Error

Results of this experiment were very difficult toasyze due to many sources of error present duitieg
experiment. As expected, the performance of thealpliow algorithm to estimate ground separaticasvguperior
during takeoff than landing. The landing procedisrenore difficult to control by the pilot, thus Véding some of
the assumptions under which the optical flow aldponi works properly (such as small changes in caraegie or
predominantly longitudinal displacement).

Although the aircraft pitching was accounted foithie optical flow altitude estimation process, toking and
yawing motions of the aircraft affect the measuretmgrimarily in the landing maneuver. The factt the ground
speed was not kept constant further influencesofite flow measurements. Even though telemetry @atahe
absolute (GPS) altitude was used to correct thergteseparation estimates, a sample rate of only dndlzthe
inaccuracy inherent in the GPS measurements catésta significant error, due to lack of resolution

Other sources of error include synchronization leetwthe telemetry and the video data and the ertbe flow
estimates produced by the algorithm which has lpemtified to be between 5 and 10 percent (ther exf@n
optical flow algorithm is very difficult to estimatand greatly depends upon the video input).

B. Measuring altitude with Optical Flow

In order to estimate the altitude, only one optilalv measurement is needed. However, the proogssin
algorithm produces many flow vectors correspondingeach pixel. Choosing the most representativeovec
(measurement) becomes a difficult task. During éixigeriment, a filter was implemented in order iszdrd vectors
in directions which are not meaningful to the tagkhen the camera is moving forward with the optiaais
perpendicular to the ground, only measurements @irtbctions between 70 and 110 degrees are reletrarg all
other measurements exceeding this range were destaifter filtering the flow an average flow vectwas
calculated and used for altitude estimation. Histoaganalysis and mode calculations were testeddsults were
not as effective as the mean value. The conditpmihthe filtering and selection process can highffiect the
altitude estimates.

A further difficulty arises from the fact that ocamera has a fixed focal length and resolutions Tinéans that
the range of distances between the camera andabedyat which the images contain tractable featigdimited.
As shown by the experimental data, the results aldd meters become very poor and highly dependernh®
presence of sizable, contrasting features, sudbuédings or roads. Finally, the lack of texture tbg terrain in
general affects the measurements as it becomesssily® for the algorithm to accurately estimate iorotwhen
there are no prominent features to track, and éviexy looks relatively homogeneous. Samples okedéiht texture
patterns encounter during takeoff are shown in Flg.
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Figure 11. Sample terrain textures encountered dung takeoff. From left at 5, 8 and 12 meters from grund.

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

Figure 12. Pressure Altitude versus Optical Flow &itude estimation on takeoff.

It can be observed from the plots that the optit@l estimates are very noisy and become incredsing
inaccurate as the altitude from the ground increalsefig. 9, between 9 and 12 seconds a peakdihaates from
the other measurements can be observed. This isodile change in texture when the aircraft isnilyover the
road after it has passed the low texture grasaseirfFig. 11). This feature was reflected in dtetHdf flights. The
dashed line is an exponential trend line that walsutated for the optical flow measurements. liniportant to
notice that the trend line remains very close ® ghessure altitude line during both takeoff andliag. The step
like behavior of the pressure altitude line is tué¢he fact that the altitude is sampled at 1Hz)entne optical flow
measurements are sampled at 20Hz (20fps).
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Figure 13. Pressure Altitude versus Optical Flow &itude estimation on takeoff.

VI. Conclusion

In this paper we have explored the idea of usingcapflow measurements made from video data piingsn
order to estimate and maintain ground separatioslyfamic model representative of the ALEAS UAV gaft was
developed and used to design an altitude hold clbertr Further, optical flow measurements wereddtrced into
the control loop as a disturbance thereby modelirg ground relief. Using simulated optical flow aathe
performance of the controller was tested with &atiery results. Several Matlab simulations showedcapability
of the controller to hold a specified altitude peint, as well as being robust to different typégmund relief and
additive noise in the optical flow signal. In adaiit, the controller was capable of executing lageike descent
maneuvers using the simulated optical flow measarasm

Experimental data, using real video footage takemfthe UAV’s on-board camera, was used to estirtfate
quality of the optical flow measurements. Severairses of error were exposed that account for sofmne
discrepancies between the telemetry and the offkismlestimates. The inability of the pilot to maver the aircraft
in a manner that satisfies the modeling assumptodsthe accuracy and sample rate of the telemedry the most
influential sources of error. It was also discodetkat the limitations of the sensor (video camenaly allowed
accurate optical flow measurements in a small raridgesights, due to the lack of texture and feaumnethe terrain
and the inherent inability to change the cameralftength. Nevertheless, some of the limitations lba overcome

by using more appropriate optical equipment, andagimg the autopilot to retain closer control oé tfight
conditions.
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