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Comparison of Obstacle Avoidance Strategies for Mars Landers
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A novel autonomous obstacle avoidance controller for the safe landing of a Mars mission in hazardous terrain
is developed. The controller uses iterative, closed-loop reactions based on feedback of the landing site terrain. The
method was evaluatedusing a Monte Carlo simulation, includingmodels of reference vehicle dynamics, landingsite
terrain, and a light detection and ranging sensor. An expected safe landing rate of approximately 60% was shown
with no obstacle avoidancecontrol. With the controller, success rates improved to 72.2%for a low control authority
thruster design and 97.4% for a high control authority thruster design. The effectiveness of the novel strategy is
compared to previous methods. Implications regarding the importance of control logic design and thruster design
are inferred.

Nomenclature
CD = drag coef� cient
FD = aerodynamic drag, N
[I] = body component inertia matrix, kg ¢ m2

j = map ring number
K P = controller gain constant
m = vehicle mass, kg
n = number of map points designated as hazards
S = representativearea, m2

vrel = relative velocity magnitude, m/s
Ovrel = normalized relative velocity, m/s
z = map height, m
® = transverse map coordinate, rad
½ = atmospheric density, kg/m3

Subscripts
i = map points
X; Y = high-authorityengines

Introduction

A LTHOUGH methods for autonomously landing probes on the
moons and planets of the solar system have been developed,

autonomousobstacle avoidanceis a current area of researchand de-
velopment.Autonomousobstacle avoidancefor Mars landers refers
to the capability of a lander to guide itself to a safe landing site
while avoiding landing hazards such as boulders, craters, hills, and
valleys. To date, the only lander to use obstacle avoidance has been
the Apollo Lunar Excursion Module. This obstacle avoidance was
accomplished using pilot control and provided the Apollo program
with greater capability to explore interesting landing sites with im-
proved mission safety. Current concepts for the human exploration
of Mars call for split mission architectures that depend on the use
of autonomous landers.1¡3 To provide such a mission with the same

Received 13 June 2002; revision received 6 January 2003; accepted for
publication 7 January 2003. Copyright c° 2003 by Andrew J. Sinclair and
Norman G. Fitz-Coy.Publishedby theAmerican InstituteofAeronautics and
Astronautics, Inc., with permission. Copies of this paper may be made for
personal or internal use, on condition that the copier pay the $10.00per-copy
fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers,
MA 01923; include the code 0022-4650/03 $10.00 in correspondence with
the CCC.

¤Graduate Student, Department of Aerospace Engineering, 701 H. R.
Bright Building TAMU-3141; sinclair@tamu.edu. Student Member AIAA.

†Associate Professor, Department of Mechanical and Aerospace Engi-
neering, 231 Aerospace Building, P.O. Box 116250; nfc@u� .edu. Member
AIAA.

advantages enjoyed by the Apollo program, autonomous obstacle
avoidance capability needs to be developed.

As with any new technology, there are a wide variety of design
options that can be considered in the development of autonomous
obstacle avoidance. Preliminary studies can serve to improve un-
derstanding of the overall design space before researchers commit
to any one design option. The purpose of this paper is to analyze
and compare several possible strategies for autonomous obstacle
avoidance.A two-dimensionaldesign space is considered with two
different control logic designs and two different actuation thruster
designs.

The � rst obstacle avoidance strategy to be considered uses con-
trol logic that steers the lander to a desired landing site and uses a
thruster design that imparts high control authority. This method of
autonomousobstacleavoidanceis beingdevelopedby Johnsonet al.
at the Jet Propulsion Laboratory, California Institute of Technol-
ogy, for the Mars Smart Lander mission.4 This strategy mechanizes
the approach of the Apollo landers. A light detection and ranging
(LIDAR) sensor is used to scan the surface underneath the lander
as it descends. This surface map is then analyzed for roughnessand
slope, and a desired landing site is selected. A guidance law is then
used to steer the vehicle to this site. In their work, the guidance law
calculated the current acceleration magnitude and direction based
on the desired acceleration, jerk (the � rst derivative of accelera-
tion), and snap (the second derivative of acceleration). When the
acceleration magnitude was solved for, thruster saturation was not
considered. Additionally, to solve for the acceleration direction, a
vehicle with gimbaled or triaxial thruster sets must be used. There-
fore, in this study, the vehiclewas assumed to have been speci� cally
designedforobstacleavoidancewith highcontrolauthorityand high
maneuverability.

To evaluate their strategy, Johnsonet al.4 performedMonte Carlo
simulations of the landing maneuver. The results of these simula-
tions showed safe landing probability for the Mars Smart Lander
related to the density of rocks included in their model of the Mar-
tian surface. For a 10% rock density, a 100% safe landing rate was
achieved, whereas rock densities of 15 and 20% resulted in safe
landing rates of 98 and 93%, respectively.

An obstacle avoidance strategy can be categorizedby three main
subsystems: sensors, controller, and actuators. The strategy, devel-
oped by Johnsonet al.,4 used a LIDAR sensor,a controlapproach to
select and � y to a desired landing site (� y-to control), and high con-
trol authorityactuators.LIDAR is a key technologyfor autonomous
obstacle avoidance because it can be directly used to provide data
regarding the terrain beneath a lander. It allows much simpler data
analysis than photographic methods. However, other options exist
in the selection of control logic and actuation thrusters. The current
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authors developed a novel controller that, instead of selecting and
� ying to a desired landing site, steers the vehicle away from haz-
ardous obstacles in an iterative fashion (� y-away control).

The controller was implemented with both high and low control
authority thruster designs. The two resulting obstacle avoidance
strategies can be compared to the work of Johnson et al.4 to gain
a better understanding of the impact of control logic and thruster
design on obstacle avoidance performance. The fourth option in
the design space, a � y-to controller with low control authority, is
not physically realizable because a controller can not be designed
to guide the vehicle to an arbitrary landing site without suf� cient
authority to reach the target.

The next section of the paper describes the development of a
simulation environment for the terminal descent phase of a Mars
landing. The controller design and its implementation with high
and low control authoritythrustersare then discussed.The resultsof
Monte Carlo simulation are covered.Finally, conclusionsregarding
the effectivenessof the strategies are drawn.

Simulation Development
Dynamics Model

For the currentwork, the conceptualMarsAscentVehicle(MAV),
an autonomous lander described in the Mars Reference Mission
(MRM), was chosen as the reference vehicle.1;2 The MAV would
land autonomously on Mars to be used by a human crew in leav-
ing the surface of the planet. Although no humans would be on-
board during landing, a success rate for this phase approaching
100% would still be necessary for overall mission success. Ele-
ments of the detailed design of the sensors, controller, and thruster
architecture were based on the Viking landers. A simulation envi-
ronment was developed for the terminal descent stage of a Mars
landing. The terminal descent stage begins with parachute release
and ends with landing on the surface. This phase of � ight in-
cludes the range from 1 km to zero altitude and less than 100 m/s
speed, with typical landing speeds of 1–3 m/s. Therefore, the local-
vertical Mars-� xed frame was assumed to be an inertial reference
frame.

A six-degree-of-freedommodel of the lander dynamics was ob-
tained using the Newton/Euler method. The forces included were
control thrust from the engines, gravity, and aerodynamicdrag. The
only torque considered was the applied moment from the engines’
thrust. The vehicle attitudewas representedusing Euler parameters.
During simulation, these equations were integrated using a fourth-
order Runge–Kutta integration scheme with a � xed time step of
0.01 s. This time step was chosen for simulation stability and rea-
sonable numeric ef� ciency.

The enginemodelbasedon theMRM descriptionusedfourRL10-
class engines, with a maximum thrust of 93,400 N for each en-
gine and speci� c impulses of 450 s. These four engines were the
only thrusters included in the vehicle model and were used to pro-
duce all control force and control torque necessary to accomplish
maneuvers.

This thruster design provided low control authority because per-
forming lateral maneuvers required attitudemaneuvers to orient the
thrust vector. Each engine’s force vector was oriented parallel to the
positive vertical body axis. The engines were all modeled as being
located 5 m out from the geometric/mass center of the lander in the
positive and negative x and y body directions.

For the high control authority thruster design, gimbaled thrusters
or triaxial thruster sets were used. In addition to the 373,600-N
total maximum thrust in the vertical direction, the same thrust was
allowed in both of the horizontal directions in both the positive and
negativesense. Although such a design would have large propulsion
system requirements, it is useful to look at such a scheme for the
purpose of comparison to the previous work of Johnson et al.4 The
two-thruster designs are shown in Fig. 1.

For bothhighand low controlauthoritydesigns,the initialmassof
the landerwas 48,100 kg (the 44,440-kglandedmass plus a 3660-kg
propellant load). The mass was reducedaccordingto fuel consump-
tion by the engines.The MRM gives rough geometry speci� cations

Fig. 1 High- and low-authority thruster designs.

for the MAV of 10 £ 10 £ 10 m. Based on these dimensions, the
following inertia tensor was used:

[I] D m
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The use of the mass as a scaling factor for the inertia assumes that
as the mass changes due to fuel consumption, the mass distribution
is unaffected. This assumption is equivalent to assuming that the
fuel is always spread evenly throughout the vehicle and is always
centered at the mass/geometric center of the lander. Also, no fuel
sloshing has been modeled. Because the scope of the desired model
was limited to altitudes of less than 1 km, gravitationalacceleration
was treated as a constant. This acceleration was ¡3:724 m/s2 in
the Z inertial direction. Aerodynamic drag was also included in the
model. The following formula was used to calculate drag:

FD D ¡ 1
2 ½v2

relCD SOvrel (2)

The following values were used for the model: ½ D 0:017 kg/m3,
CD D 2, and S D 78:5 m2. The relative velocity was computed from
the vehicle velocity and wind speed.

Determination of Obstacle Size
Another model was developed to determine the size of terrain

features, such as boulders, that could represent a landing hazard for
the reference vehicle. The following scenario was considered. A
lander is initially in a purely vertical descent. One landing leg then
impacts a point on a raised terrain feature such as a boulder. The
vehicle then rotates about that point until the opposite landing leg
strikes the ground. The lander then rotates about the point on the
ground.

The initial descent speed required for the lander to just reach the
point where the center of mass was balanced over one landing leg
was calculated for various heights of the terrain feature. Velocities
greater than this descent speed would cause the lander to move
through the equilibrium point and tip over. This calculation was
performedby assumingangularmomentum conservation(about the
point of impact) through the impacts and conservationof energy in
between them. The impacts were assumed to be perfectly plastic.

The results of this analysis are shown in Fig. 2. Figure 2 shows
the maximum safe landing speed as a function of boulder size. The
landingspeedsof the referencevehicleandmost landersin general is
around 1–3 m/s. At these speeds, the MAV could survive landingon
a boulder of 3–4 m in height. Given the approximationsmade in the
precedinganalysis, as well as the desire for a safety factor, boulders
with a height greater than 2 m were designated as landing hazards.
This hazard size is much larger than the rock size traditionallycon-
sidered hazardous to landers (approximately 0.5 m); however, this
large size is due in part to the large size of the MAV.

Terrain Model
A landingsite terrainmodel was developedfor a circularareawith

a 1-kmdiameter.Several terrain featurescanpose landinghazardsto
a Mars lander.These features includerelativelysmall-scalefeatures,
such as boulders and craters, as well as large-scale features, such
as the surface slope of hills and valleys. The terrain model used
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Fig. 2 Determination of obstacle size.

in the current work treated the surface as a � at plane populatedwith
boulders.

The size and density of the boulders in the terrain model were
based on data published in the collection “Scienti� c Results of the
VikingProject”for the rockdensityvs rocksizeat theVikinglanding
sites on Mars and the Surveyor 7 and Apollo 12 landing sites on the
moon.5 These data show the similarityat all four sites for thenumber
of rocksfoundwithin a givensize rangein a givenareaon the surface
as a function of the rock size. The published data cover rocks of
0.1–1-m sizes. The current authors applied these data in forming a
terrain model by applying a curve � t and then extrapolating to � nd
the number of rocks expected in a 1-km-diam circle in 1-m rock-
size diameter steps. A rock of diameter 30 m was the largest rock
expected in the landing site. Although encountering a rock of this
size on the surface of Mars is unlikely, it was included in the model
to represent other large terrain features such as outcrops. Table 1
shows the results that were obtained.

To assemble the terrain model, rockswere randomly placed in the
landing site according to the sizes and numbers shown in Table 1.
The current authorsmade the assumption that the rocks were spher-
ical in shape with 60% of their diameter above the surface. This
assumption gave a height-to-diameter relationship for each rock.
They were placed in the landing site so that no rocks overlapped
the same area. The total group of rocks covered 9.89% of the land-
ing site area. Of this, 2.48% was covered by the 1-m-diam rocks,
1.24% was covered by the 2-m-diam rocks, 0.83% was covered by
the 3-m-diam rocks, and the remaining 5.34% was covered by the
larger rocks.

Based on the assumed boulder height-to-diameter relationship,
rocks with diameters of 4 m or greater were considered hazards.
With approximately 5% hazard density, this landing zone is rela-
tively clear of obstacles because it was based on the Viking Lander
1 and 2 and Surveyor 7 landing sites (all vehicles that landed suc-
cessfullywithout obstacleavoidancecapability).However, the large
sizeof the referencevehiclemakes landingsafelymoredif� cult.The
summed area of the hazardous rocks and a 6-m apron (the radius
of the lander’s footprint) around each equals 34.4% of the landing
zone. This calculation indicates an expected safe landing rate of
65.6% without obstacle avoidance control.

Sensor Model
The sensor suite modeled in the simulation was based on the

Viking sensors.The Viking landers carried an inertial referenceunit
aidedby a radar altimeterand the terminaldescentand landing radar
(a four-beamDoppler radar). In the current work, the controllerwas
assumed to have perfect knowledge of the true altitude, velocity,
attitude, and angular velocity. No sensor errors were modeled in
these values.

To provide the controller input regarding the presence of landing
hazards a LIDAR system was modeled. This model uses a system
similar to the LIDAR discussed by Johnson et al.4 The LIDAR

Table 1 Terrain model rock sizes

Diameter, m Number of rocks

1 24,836
2 3,105
3 920
4 388
5 199
6 115
7 72
8 49
9 34
10 25
11 19
12 14
13 11
14 9
15 7
16 6
17 5
18 4
19 4
20 3
21 3
22 2
23 2
24 2
25 2
26 1
27 1
28 1
29 1
30 1

modeled in the current work performs range measurements using
the time of � ight of laser pulses. It uses a two-axis gimbaled optical
system to scan over a region taking discrete measurements. The
scanning pattern swept out a series of concentric rings. Eight rings
are collected by skewing the sensor axis in steps through a 20-deg
half-cone angle. Along each ring, 46 measurements are taken in
the transverse direction. The number of rings and the number of
measurements per ring were chosen based on the desired spatial
resolution on the surface at particular heights.

Sweeping out each ring was modeled to take 0.01 s. Stepping
from one ring to the next was also modeled to take 0.01 s. Because
the integration time step was also equal to 0.01 s, one of these
tasks occurred each time step. This model translates into a sensor
capableof collectingmeasurements at 4600 Hz. This also translates
into speci� cations for the slewing and stepping speeds of 100 rpm
and 288 deg/s, respectively, and a complete scan time of 0.16 s.
Additionally, a range of approximately 250 m was assumed. In the
work of Stentz et al.,6 a LIDAR system was built and tested that had
a sample rate of 12 kHz, a spinning rate of 1800 rpm, a step rate of
120 deg/s, and a range of 200 m. The LIDAR proposed by Johnson
et al.4 used a sample rate of 10 kHz and a range of 500 m. Whereas
that work did not specify scanning rates, it did call for scanning a
similar angular region of 10 £ 10 deg.

To model the measurement of each discrete scanning point, the
position of the lander, the attitude of the lander, and the orientation
of the sensor were compared to the terrain model. A ray–surface
intersection was used to estimate the range from the sensor to the
target point on the surface model.

Figure 3 shows a 20 £ 20 m section of the surface array. Figure 4
shows an example of the LIDAR model output.This scan was taken
with the lander at an altitude of approximately 50 m over the point
(10 m, 10 m) in Fig. 3. The scan was taken while the lander was
descending at approximately 10 m/s. The larger boulders in Fig. 3
can be noted near the center of Fig. 4

This method introducedtwo sourcesof error into the model. First,
the sensor is assumed to always intersectwith one of the grid points.
The size of this error is related to the grid resolution. It is possible
to use a linear interpolation scheme to solve for a point of intersec-
tion between the grid points, but this was not done for the sake of
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Fig. 3 Surface array for 20 ££ 20 m section of landing site.

Fig. 4 Sensor model example output.

simplicity. The second error is the possibility for the search scheme
to converge to the wrong point. This is possible if the angle of inci-
denceof the sensor axis with the surface is low such that it intersects
the surface in multiple locations or if the sensor is below the local
horizon at some point on the array. Because of the sensor angles
and heights that the model was used for, it was determined that this
problem would not arise frequently enough to misshape the LIDAR
terrain map signi� cantly.

Two physical sources of error in LIDAR systems are beam di-
vergence and scattering and pointing errors. Beam divergence and
scattering result in noisy output, giving a spectrum of ranges for
each pulse. Pointing errors are due to imperfections in the encoders
used to aim the sensor beam. Neither of these errors were directly
modeled in the model. However, the errors just described can be
seen to be somewhat similar to the errors in the true system.

Fly-Away/Low-Authority Strategy
The � rst strategy to be implemented used a � y-away controller

with the low control authority thruster design called for in the
MRM.1;2 The � y-away controller is based on the Viking Guidance
System (VGS). The VGS contained laws designed to allow the lan-
ders to meet safe landing criteria on the landing vertical velocity,
lateral velocity, attitude, and angular velocity. Their design is fully
described by Holmberg et al.7 These control laws were used, and
the � y-away controller added another control law to meet criteria
on the position of the landing site relative to any landing hazards.

The � y-away obstacle avoidance controller (OAC) used a feed-
back loop to drive the lander to a safe landing site. This guidance
method is similar to the gradient � eld maps developed by Payton
for autonomous robots.8 Instead of selecting a safe landing site and
� ying toward it, the controller detects hazards and � ys away from
them.

A method was developed to identifyhazards.The map of LIDAR
range readings was converted from spherical coordinates (sen-
sor gimbal angles and ranges) to Cartesian coordinates. Each
point in the map was then compared to its neighboring points
in the radial and transverse directions. If the value of that point
in the map was different from the value of one of its neigh-
bors by greater than 1 m, then that point was designated as a
landing hazard. This method is demonstrated in Fig. 5. Figure 5
shows the analysis of the example output from Fig. 4. In this

Fig. 5 Example: analysis of sensor model output.

analysis, point A was designated as an obstacle, whereas point B
was not.

The determinationof controleffortwas basedon the identi� cation
of landing hazards as pitch,

K P

nX

i D 1

zi

ji
cos ®i (3)

and yaw,

K P

nX

i D 1

zi

ji
sin ®i (4)

A value of 10,000was used for the gain constant K P . The transverse
coordinatewas used to orient each term of the control effort radially
opposite to the obstacle that it was associated with. The pitch and
yaw terms are translated into throttle commands for each engine, as
follows:

Throttle1 D Pitch (5)

Throttle2 D Yaw (6)

Throttle3 D ¡Pitch (7)

Throttle4 D ¡Yaw (8)

These attitude control commands were limited to §15% because
the remaining 85% of the throttle setting was reserved for the other
controller portions. The analysis of the output shown in Fig. 4 gen-
eratedpitchD 20:8 and yaw D ¡4:3. These commandswould rotate
the lander to reorient the engine thrust. This would drive the vehicle
in the negative X and positive Y directions, away from the three
large boulders.

Because of the low control authority of the thrusters chosen, pro-
ducing lateral movement required rotating the spacecraft to give the
thrust vector lateral components,waiting for lateralvelocityto build
up, rotating in the opposite direction to cancel the forward thrust,
waiting for lateral velocity to die out, and, � nally, rotating back to
the initial attitude. It was decided to use a controller that directly
used this sequence of maneuvers.

The OAC was activated at an altitude of 200 m and the VGS
attitude controller was turned off. If the sensor map indicated that
there was a hazardous terrain feature directly below the lander by
analyzingthe � rst two ringsof the map, then the OAC was initialized
as described by analyzing the entire sensor map. The OAC was then
� xed to this initial value for 0.5 s. The controller then entered a
coast phase with the OAC turned off for another 0.5 s. Finally, the
VGS attitude controllerwas turned back on to reestablishthe lateral
velocity, attitude, and angular velocity states desired for landing.

Fly-Away/High-Authority Strategy
A second strategy was implemented using a � y-away con-

troller with the hypothetical high control authority thruster design



392 SINCLAIR AND FITZ-COY

described in an earlier section. The controller used in this strategy
is similar to the one used in the � y-away/low-authority strategy;
however, the different actuator dynamics called for a different im-
plementation. Because the high control authority thrusters can pro-
duce thrust in any arbitrary direction, lateral maneuvers do not � rst
require an attitude maneuver to orient the thrust vector. This high
authority allowed the � y-away controller to be implemented in a
continuous fashion running at a high control rate (as opposed to the
single maneuver used in the preceding implementation). Changes
in the baseline Viking-derivedcontrol laws were also implemented
to account for the decoupling in the rotational and translational dy-
namics.

The OAC used a concept similar to the preceding strategy, but a
different implementation. The OAC operated between altitudes of
150 and 20 m. As the LIDAR sensor provided new terrain maps,
these were analyzed in the same manner as before. The control
law was similar to that used in the preceding strategy, but some
modi� cations were made to adapt it to the new implementation:

ThrottleX D K P

nX

i D 1

zi

j 2
i

cos ®i (9)

ThrottleY D K P

nX

i D 1

zi

j 2
i

sin ®i (10)

The gain constant K P was set to a value of 50. Additionally, if the
landerwas directlyovera rock, then the controleffortwas multiplied
by a gain of 100.

Monte Carlo Simulation
To evaluate the performance of these obstacle avoidance strate-

gies, Monte Carlo simulations were carried out. Four simulations
wereperformed.Each strategywas executedwith theobstacleavoid-
ance turnedoff as a baselineand thenwith theobstacleavoidanceen-
abled: � y-away/low-authority strategy with the obstacle avoidance
turned off, � y-away/low-authority with the obstacle avoidance en-
abled, � y-away/high-authoritystrategy with the obstacle avoidance
turned off, and � y-away/high-authoritywith the obstacle avoidance
enabled.

Each simulation consisted of 500 cases. All Monte Carlo cases
were initializedwith an altitudeof 1000m and zero angularvelocity.
A set of 500 Monte Carlo parameters was created for the initial
lander velocity and attitude and the wind velocity. However, for the
� y-away/high-authority cases, the initial attitude Euler parameters
were set to [0 0 0 1]T because this strategy did not involve attitude
maneuvers.The selectionparametersused for choosing thesevalues
are shown in Table 2.

Fly-Away/Low-Authority Results
The baseline simulations were performed to verify the opera-

tion of the Viking-style controller and to establish the failure rate
that could be expected if no obstacle avoidance control was used.
Figure 6 shows the time history of the vehicle states and the engine
throttle settings from one of the baseline simulation cases. In this
example, the vehicle was initializedwith negativevelocities in both
the X and Y directions. In the � rst few seconds of the � ight, the en-
gines were differentially throttled to cancel out this lateral velocity.
Relatively large angular velocities were produced, and the attitude
rotation began to build up. Then, through the � rst 30 s, the lateral
velocitydecayeddue to the engine thrust. As this happened, the lan-
der slowly rotated back to the vertical.During this time, the engines
were also throttled to track the desired altitude/velocity contour.
Between 35 and 40 s into the � ight, the � nal approach controller
was activated. The lander descended at constant velocity, and the
attitude converged to an upright orientation. The � ight ended when
the vertical position reached zero.

The � nal vehicle state and mass were stored for each case. These
were then analyzed to determine if the vehicle landed successfully.
The criteria for a safe landing were divided into two categories:

Table 2 Monte Carlo parameter selection

Parameter Distribution Values

Velocity magnitude Gaussian Mean 60 m/s, standard
deviation 3.50 m/s

Velocity elevation Gaussian Mean 10.5 deg, standard
deviation 4.49 deg

Velocity azimuth Uniform 0–360 deg
Attitude eigenangle Gaussian Mean 0 deg, standard

deviation 11.63 deg
Attitude eigenaxis Uniform 0–360 deg
Wind speed Gaussian Mean 25.5 m/s, standard

deviation 10.90 m/s
Wind direction Uniform 0–360 deg

Fig. 6 Example: low control authority baseline simulation.

Fig. 7 Landing position hazard analysis.

vehicle state criteria and landing hazard criteria. The following ve-
hicle state criteria were used: vertical velocity 2:5 § 0:9 m/s, lateral
velocity §1:25 m/s, eigenangle§5 deg, angular velocity §7 deg/s,
and mass > 44; 440 kg. To determine whether the landing hazard
criteria were met, the vehicle’s landing position was compared to
the rocks in the terrain model. The landing position was compared
to the location of the each of the landinghazards as shown in Fig. 7.
If the distance from the center of the vehicle to the center of any
rock of height greater than 2 m was less than sum of the radius of
that rock and the radius of the vehicle (6 m), then that case was
designated as landing in a hazardous site.

Figure 8a shows the analysis of the baseline simulation results.
The positionof each landing site is shown along with its designation
for meeting the landing hazard criterion. All 500 of the simulation
cases met the vehicle state criterion. There were 314 cases that met
the landing hazard criteria, whereas 186 landed too close to one or
more of the hazardousrocks. Therefore, 62.8% landed in safe sites.
This roughlycorrespondswith the percentageof the safe area in the
landing zone.

The second group of Monte Carlo simulations was performed
with the OAC enabled to judge its effectiveness.Figure 9 shows the
resultsfromone of thesesimulations.This case used the sameMonte
Carlo parametersas the simulationcase shown in Fig. 6. The vehicle
states and throttle histories are similar to the baseline case except
that, approximately 20–25 s into the � ight, the obstacle avoidance
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a) Without obstacle avoidance b) With obstacle avoidance

Fig. 8 Landing positions with low control authority: ², safe and ££,
hazard.

Fig. 9 Example: low control authority obstacle avoidance simulation.

Fig. 10 Landing positions relative to landing hazards.

maneuver was performed. At this point, the lander performed an
attitude maneuver. This skewing of the thrust vector caused blips in
the lateral velocities.After a period of 1 s, the lander began to rotate
back and the lateral velocities began to decay. The result of this was
a change in the � nal position from the baseline case to the obstacle
avoidance case.

The results of each case were stored and analyzed in the same
manner as the baseline simulations. The position of each landing
site is shown in Fig. 8b. A 100 £ 100 m section of the landing zone
is shown in Fig. 10 with the local landing hazards labeled with dia-
monds. As with the baselinecases, all 500 of the obstacle avoidance
cases satis� ed the vehicle state criterion.The OAC had a negligible
effecton fuelconsumption.On average,theobstacleavoidancecases

Fig. 11 Example: high control authority baseline simulation.

Fig. 12 Example: high control authority obstacle avoidance
simulation.

consumed only one additional kilogram of fuel (out of the 3660-kg
fuel load) as compared to the baseline cases. Of the obstacle avoid-
ance cases, though, 361 met the landing hazard criteria, whereas
139 landed too close to one or more of the hazardous rocks. These
results translate to a 72.2% success rate, or a 9.4% improvement in
landing success.

Fly-Away/High-Authority Results
To evaluate the � y-away/high-authoritystrategy, a baseline sim-

ulation was again conducted with the obstacle avoidance disabled.
Figure 11 shows an example simulation case. With the high-
authority thrusterdesign,attitudemaneuversare not required;there-
fore, the rotational states are not shown. These results are similar to
the low-authority baseline, except that the higher control authority
allows quicker convergenceof the lateral velocities.

Figure 12 shows the results with the OAC enabled. The vehicle
states and throttle histories are similar to the baseline case, except
that approximately 20–30 s into the � ight the lateral maneuvering
is performed. The analysis of the LIDAR data leads to modulation
of the X and Y componentsof thrust. This causes blips in the lateral
velocities and a change in the � nal position from the baseline case
to the obstacle avoidance case.

The � nal landing positions for the high control authority simu-
lations are shown in Fig. 13. The landing positions with obstacle
avoidance enabled are compared with the local landing hazards in
Fig. 10. Because of the high-controlauthority, the landingpositions
are con� ned in a smaller area than the low-authority cases. This
portion of the terrain model includes 16 landing hazards (labeled



394 SINCLAIR AND FITZ-COY

Table 3 Safe landing rate summary

Thruster design Fly-to control, % Fly-away control, %

Low authority Not tested 72.2
High authority 100 97.4

a) Without obstacle avoidance b) With obstacle avoidance

Fig. 13 Landing positions with high control authority: ², safe and ££,
hazard.

Fig. 14 Monte Carlo convergence of failure rate.

with diamonds) that lie in the plotted area, as well as many smaller
rocks.

For both the baseline and obstacle avoidance simulations, all
500 of the simulation cases met the vehicle state criterion. For
the baseline simulation cases, 205 landed too close to one or
more of the hazardous rocks. Therefore, 59% landed in safe sites,
similar to the low-authority baseline case. However, with the ob-
stacle avoidance control turned on, 487 met the landing hazard
criteria, whereas only 13 landed too close to one or more of the
hazardous rocks. These results translate to a 97.4% success rate, or
a 38.4% improvement in landing success. A summary of the suc-
cess rates for the three strategiesconsideredin this paper is shown in
Table 3.

The appropriateness of using 500 Monte Carlo simulations can
now be analyzed by looking at the convergence of the predicted
failure rate. Figure 14 shows the failure rate that would have
been predicted if the Monte Carlo simulation had used fewer
than 500 simulations. Figure 14 shows that the predicted failure
rates converged by when 500 simulations were used, and, there-
fore, some con� dence can be given as to the precision of these
rates.

Conclusions
The baseline simulationspredicted safe landing rates of approxi-

mately 60% if no obstacle avoidance strategy were used. The three
strategies that have been evaluated all showed improvements on
the success rate. The � y-away/low-authority obstacle avoidance

strategy had a success rate of 72.2%, whereas the � y-away/high-
authority strategy had a 97.4% success rate. For a similar terrain
model, the � y-to/high-authoritystrategy of Johnson et al.4 achieved
a 100% success rate for a smaller vehicle. These simulation re-
sults allow several conclusionsto be drawn regarding the individual
strategies and the relative importance of actuator and controller de-
signs.

Although the � y-away/low-authority strategyhad the lowest safe
landingrate,it provideda 9.4%improvementin theexpectedsuccess
rate for the landing of the reference vehicle. Additionally, the im-
pact of this obstacle avoidance system on the vehicle design would
be small, only requiring the addition of the LIDAR sensor system
and the obstacle avoidance software. Clearly, this improvement in
mission safety would be well worth the required tradeoff in system
cost and complexity.

Analysis of the results from the � y-away/high-authority strat-
egy lead to conclusionsabout its effectiveness.First, the simulation
cases that resulted in hazardous landings generally occurred with
hazards in the positive X direction relative to the landing site. These
hazardous landings were probably a result of the LIDAR sensor
model that was used. Sensor scans began along the positive X axis
and swept in a counterclockwisedirection. The discontinuityalong
the initial and � nal direction left the controller partially blinded to
obstaclesin the positive X direction. In the design of an actual � ight
sensor,carefulattentionwould be needed to providethe system with
a full � eld of view.

Second, it was shown that the hazardous landings did not occur
at the largest hazards in the local area, but near the smaller haz-
ards. The trajectories of the failed cases often showed the OAC
initialized with the lander above a location near one of the larger
hazards. This prompted the controller to perform large lateral ma-
neuvers. However, as the vehicle rapidly � ew over the terrain, it
would occasionally reach an area with a new hazard and not have
time to react before landing. This tradeoff represents a drawback
of the � y-away control strategy. Careful tuning of the gain must be
performed to give the vehicle suf� cient maneuverability to avoid
large obstacles. At the same time, it must not maneuver into new
areas without suf� cient time to landing for the feedback system to
converge on a safe landing site. Further improvements in the � y-
away/high-authority strategy could probably have been shown by
further tuning of the controller to the speci� c local terrain. How-
ever, this would not have represented the general capability of the
strategy.

Clearly, the safe landing rates of 72.7 or 97.4% for the � y-away
strategies would not be acceptable for even an autonomous lander
phase of a human mission. These results indicate that the � y-to
strategy would be a more fruitful area for future research, pro-
vided that the high success rate can be maintained for a vehicle
such as the MAV. The current results also indicate a strong de-
pendence of landing success on control authority. An important
aspect of the future development of the � y-to strategy will be to
maintain the safe landing rate near 100% as more realistic en-
gine models are introduced. Additionally, providing high-control
authority in the form of gimbaled thrusters or triaxial thruster
sets will be of paramount importance in the design of a vehi-
cle such as the MAV if autonomous obstacle avoidance is to be
achieved.
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