Faculty Publications

2006-9

Maximizing Miniature Aerial Vehicles

Stephen Griffiths
Scientific Systems Company, Inc.

Jeffery Brian Saunders
Brigham Young University - Provo, saunders.jeff@gmail.com

Andrew Curtis
Brigham Young University - Provo

Blake Barber
Brigham Young University - Provo

Timothy W. McLain
Brigham Young University - Provo, mclain@byu.edu

See next page for additional authors

Brigham Young University

BYU ScholarsArchive

Follow this and additional works at: https://scholarsarchive.byu.edu/facpub

6‘ Part of the Electrical and Computer Engineering Commons, and the Mechanical Engineering

Commons

BYU ScholarsArchive Citation

Griffiths, Stephen; Saunders, Jeffery Brian; Curtis, Andrew; Barber, Blake; McLain, Timothy W.; and Beard,
Randal W., "Maximizing Miniature Aerial Vehicles" (2006). Faculty Publications. 1530.

https://scholarsarchive.byu.edu/facpub/1530

This Peer-Reviewed Article is brought to you for free and open access by BYU ScholarsArchive. It has been
accepted for inclusion in Faculty Publications by an authorized administrator of BYU ScholarsArchive. For more
information, please contact scholarsarchive@byu.edu, ellen_amatangelo@byu.edu.


http://home.byu.edu/home/
http://home.byu.edu/home/
https://scholarsarchive.byu.edu/
https://scholarsarchive.byu.edu/facpub
https://scholarsarchive.byu.edu/facpub?utm_source=scholarsarchive.byu.edu%2Ffacpub%2F1530&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=scholarsarchive.byu.edu%2Ffacpub%2F1530&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/293?utm_source=scholarsarchive.byu.edu%2Ffacpub%2F1530&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/293?utm_source=scholarsarchive.byu.edu%2Ffacpub%2F1530&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsarchive.byu.edu/facpub/1530?utm_source=scholarsarchive.byu.edu%2Ffacpub%2F1530&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsarchive@byu.edu,%20ellen_amatangelo@byu.edu

Authors

Stephen Griffiths, Jeffery Brian Saunders, Andrew Curtis, Blake Barber, Timothy W. McLain, and Randal W.
Beard

This peer-reviewed article is available at BYU ScholarsArchive: https://scholarsarchive.byu.edu/facpub/1530


https://scholarsarchive.byu.edu/facpub/1530

IEEE ROBOTICS AND AUTOMATION MAGAZINE. ACCEPTED FOR PUBLICATION. 1

Obstacle and Terrain Avoidance for
Miniature Aerial Vehicles

Stephen Griffiths, Jeff Saunders, Andrew Curtis, Blake Barber,
Tim McLain, Senior Member, IEEEand Randy Bear&enior Member, IEEE

I. INTRODUCTION LADAR and RADAR are typically too large and heavy for
AVs. Related to limits on sensor payload are those on com-
ing resources. For most MAVs, the primary computational
source is the excess capacity in the autopilot microotietr
dditional computational capacity can be added, but comput
rs such as PC104-based systems generally exceed thegayloa
capacity of MAVs: smaller microcontrollers are typicallgad.
Another challenge posed by fixed-wing MAVs is that they
ve fast: ground speeds are often in the range of 10 to 20 m/s
(?gj to 44 mph). Contrary to the computational limits impgsed
bstacle avoidance algorithms must execute and act quickly
nlike ground robots and unmanned rotorcraft, fixed-wing
Civil and commercial applications are not as well deveIopeMAVS cannot stop or SI(.)W down while avoidance algpnthms
although potential applications are extremely broad irpsco Erqcess zgnsor w;)formi':ltlon or plan Tanﬁ Uvers. Rl.e aCt'SB: m#
Possible applications for MAV technology include environ];e |mrr]’ne late. O Sta(;:.e senS|ng||s u(;t ber Cﬁmplcatg .yt f
mental monitoring (e.g., pollution, weather, and scientifi agt tdat sensgr”rei mgi are aFere h yc angdesrim aircraft
applications), forest fire monitoring, homeland secubity;der attl_tu e, especially the rolling motions t _at_ occur dunoms.
patrol, drug interdiction, aerial surveillance and magpinAttItUde changes affect not qnly the pointing d|rec_t|onlcnét_
traffic monitoring, precision agriculture, disaster rgliad- sensor, but also cause mo_t|on of f-|xed objects in the field
hoc communications networks, and rural search and rescafﬁ.v'ew' Ob;tacle an_d terrain detection mu_st account for the
For many of these applications to develop to maturity, the ects of aircraft attitude changes for av0|da}nce maneuve
reliability of MAVs will need to increase, their capabiés 0 be successiul. '.A‘” of Fhe challenges associated with MAY
oéystacle and terrain avoidance are compounded by theyrealit

will need to be extended further, their ease of use will ne? ot for MAVS. mistakes are costlv or even catasirophic. as
to be improved, and their cost will have to come down. ’ y phic,

In addition to these technical and economic challenges, tﬁ@Shes can result in damage to or loss of the MAV and failure

. : : . to complete the objectives of the flight.
regulatory challenge of integrating UAVs into the natioaat .
international air space needs to be overcome. As evidenced by the recent DARPA Grand Challenge,

Critical to the more widespread use of MAVs is makin capable obstacle avoidance and terrain navigation systems
. — ve been developed for ground vehicles. Obstacle avagdanc
them easy to use by non-pilots, such as scientists, fores ) .
. ) ' . nd path planning have been active areas of research for many
fire fighters, law enforcement officers, or military groun : S . :
o e . ears and the associated robotics literature is immensdeWhi
troops. One key capability for facilitating ease of use is t roviding a auiding influence. most of the proposed methods
ability to sense and avoid obstacles, both natural and m3 gag 9 ' prop

made. Many of the applications cited require MAVs to fly af{%“ to deal with the sensing and computational challenges

low altitudes in close proximity to structures or terrairorF imposed by the limited payload capabilities of MAVs,

" . As autonomous MAVs and feasible obstacle sensors are
example, the ability to fly through city canyons and around . )
X ) . ‘ - . recent technological developments, the body of experiatent
high-rise buildings is envisioned for future homeland sigu

operations. For MAVs to be effective tools. the challen reesearch directed specifically toward MAV obstacle anchtarr
P : X geavoidance is small. Related to terrain avoidance is work
T%’Cused on utilizing vision processing techniques to estim
g_eight above ground. Chahl, et al. demonstrated that mimick
)ﬁng the landing behavior of bees, by maintaining constatitop
o S ow during a landing maneuver, could be used to successfully
limited p_ayl_qad and power ava|lab|I|ty of MAV pl"’Itformscontrol the descent of a MAV [1]. Development of lightweight
placgs significant restnp’uons on the size, weight, anden’Owsensors for measurement of optic flow has enabled their use
requirements of potential sensors. Sensors such as sganiif, i/ 2] [3], [4]. Barrows, et al. have demonstrated that
The authors are with Brigham Young University, Provo, Utad6@. (NeSe sensors can be used to follow undulations in terratm wi

T. McLain (mclain@byu.edu) is the corresponding author. low-flying MAVs [5].

Unmanned aerial vehicles (UAVsS) are playing increasing
prominent roles in defense programs and strategy around
world. Technology advancements have enabled the devel
ment of large UAVs (e.g., Global Hawk, Predator) and the
creation of smaller, increasingly capable UAVs. The foctis
this article is on smaller fixed-wing miniature aerial véag
(MAVs), which range in size from /4 to 2 m in wingspan.
As recent conflicts have demonstrated, there are numer
military applications for MAVs including reconnaissance,
surveillance, battle damage assessment, and communigat
relays.

allowing the operator to concentrate on the task at hand.
Performing obstacle and terrain avoidance from a fixe
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This article presents MAV obstacle and terrain avoidance
research performed at Brigham Young University (BYU). Our
work builds on the notion of utilizing useful but imperfecem
information to plan nominal paths through city or mountain
terrain. Because maps may be limited in resolution, out of
date, or offset in location, MAVS must also utilize sensory
information to detect and avoid obstacles unknown to the
path planner. In this article, we present research utiizaser
range finder and optic flow sensors to detect obstacles and
terrain. Avoidance algorithms using this sensor inforovati
are discussed briefly and flight test results from our MAVs
are presented.

Il. BYU MINIATURE AERIAL VEHICLE PLATFORMS Fig. 2. Sensors used for collision avoidance. The round bolthe right and
Over the past five years, BYU has been involved in tHge large hole on the belly are the optic flow sensors. Thereduale in the
development of MAV airframes, autopilots, user imerface%:mggzthe laser ranger, and the other two round holeargdctro-optical
sensors, and control algorithms. This section describes th
experimental platform developed specifically for the oblgta

avoidance research described in this article. a variety of interface ports. The autopilot measurésx 5.1 x
1.9 cm and weighsl8 grams. The autopilot also serves as
A. Airframe a data acquisition device and is able to log 175 kbytes of

Figure 1 shows the airframe used for obstacle avoidanéger—selectable telemetry at rates up to 60 Hz. The optic flow

experiments. The airframe has a 1.5 m wingspan and sors and the laser ranger used in this paper are connected
constructed with an EPP foam core covered with Kevlar. Th rectly to the autopilot and the collision avoidance aigns

design was selected for its durability, useable payloask e are executed on-board the Rabbit processor.

component installation, and flight characteristics. ThEane

can carry a 0.4 k_g payload ar_ld_ can re_main in flight for over Optic Flow Sensors

45 minutes at a time. The collision avoidance sensors tleat ar ) ) _ )

embedded in the airframe include three optic-flow sensors,Theé MAV is equipped with three optic-flow sensors. Two
one laser ranger, and two electro-optical cameras as show? the optic-flow sensors are forward looking but swept back
Figure 2. Additional payload includes the Kestrel autopilot’om the nose byy = 60 degrees. The third optic flow sensor

batteries, a 1000 mW, 900 MHz radio modem, a 12-chanr®ints down to determine the height above ground. The optic-
GPS receiver, and a video transmitter. flow sensors, shown in Figui& are constructed by attaching

a lens to an Agilent ADNS-2610 optical mouse sensor. The
ADNS-2610 has a small form factor, measuring only 10 mm
by 12.5 mm and runs at 1500 frames per second. It requires a
light intensity of at least 80 mW/fat a wavelength of 639 nm
or 100 mW/n% at a wavelength of 875 nm. The ADNS-2610
measures the flow of features across an 18 by 18 pixel CMOS
imager. It outputs two valuesp, anddp,, representing the
total optic flow across the sensor’s field of view in both the
x andy directions. The flow data in the camegadirection
corresponds to lateral motion of the MAV and is ignored.
Figure4 indicates how distance is computed using the optic
flow sensor. The optical mouse chip outputs an optic flow
displacementdp,., ép, )T at its internal sample rate (1500 Hz).
Since the collision avoidance loop is executed’at= 20 Hz,
_ _ N _ _ the total optical displacement is integrated o¥grno produce
Fig. 1. Airframe used for collision avoidance experiments. (Apz7Apy)- The distance to the objedD is related to the
measured distanaé by the expression

B. Kestrel Autopilot D = dcos¢sina,

The collision avoidance algorithms described in this pap@jhere ¢ is the roll angle of the MAV. From geometry, the
were implemented on Procerus Technologies’ Kestrel Autopheasured distance to the object is given by

lot version 2.2 [6]. The autopilot is equipped with a Rabbit
3400 29 MHz processor, three-axis rate gyros, three-axis d— Vaps!'s
accelerometers, absolute and differential pressure sgresud tan (%) ’
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Left

FOV: 6.5

Long. Size: 25 mm
Lat. Size: 30 mm

much power for MAV applications. The RS400 returns a single
distance measurement and must be steered by maneuvering the

Mass: 15 g airframe.
= F-stop: 2.0
ggyf‘;g I1l. PATH PLANNING AND FOLLOWING
Long Size:35mm  The first step in our approach for navigating through com-
;"afsi 2233 plex environments is to plan a nominal path based on known
-stop: 2. N . ’ f . .
P information about the environment, which is usually in the
Right .
k1 form of a street map or topographic map. The MAV must be

Long, Size: 50 mm able to accurately fqllow '_[he nominal path to avoid knowr_1

Mass: 23 g obstacles. This section discusses the methods for planning

F-stop: 2.5 and following the nominal path. Subsequent sections will
discuss reactive, sensor-based obstacle avoidancegstsater

obstacles unknown during the planning process.

Fig. 3. Optic flow sensors with three different lens configiores: 1.2,
2.5, and 6.5 degree field-of-view. The optic flow sensors aresitucted by
attaching a lens to an optical mouse chip. . .

A. Planning the Nominal Path

When planning paths through complex environments, the
where A\ is the effective field-of-view. The effective field of computational requirements for finding an optimal path can

view is given by be significant and unrealistic for near-real-time exeaufid.
Aps . Because of this, recent research has focused on randomized
Aeft = )\cam? —xTs, techniques to quickly find acceptable, though not necegsari
x

h is the field of Vi £ th is the si optimal, paths [8], [9]. Path planning for MAVSs is also diffit
w ere/\?am Is the field o view of the camere.i?x IS t € SIZ€ hecause of the dynamic constraints of flight. Many common
of the pixel array along the direction of motion, agds the |Jiath planning algorithms are inadequate for fixed-wing MAV

yaw rate with respect to the ground. Using similar reasoningqiems pecause they do not handle turn-radius limitatiods
for left-looking and down-looking optic flow sensors we Ca'&irspeed constraints effectively

derive the following expression: One randomized method that addresses these limitations is

Do — Vapel's L the Rapidly-exploring Random Tree (RRT) algorithm [7],].10
right = tan (AcamDrigmpz _ )'(TS) cos sin o RRTs use a dynamic model of the system to build a tree of
2P 2 traversable paths. The search space is quickly explored by

Diett = VapsT's cos psin o applying control inputs to states already in the tree. Wagki
tan (%4_ %) with the precise control inputs ensures that the dynamic
‘ constraints are not violated; however, it also results in an
Daown = VopsTs i cos 0 cos ¢. open-loop solution. This would be adequate if we had a
tan (%ﬁ"j””” - 9%) perfect model of the system and no disturbances, but this
method is not satisfactory for an actual MAV because of model

inaccuracies and disturbances, such as wind.
P Similar to Frazzoli, et al. [11], we have extended some of the
—q I VgpsTs concepts of RRTs to plan paths in the output space. Through
/‘»:Xefr//i/' this work, we have developec_i_a useful a pric_Jri path planner
%;{J//‘/ for the MAVs [12]. Our modified RRT algorithm searches

the output states instead of the inputs and produces a list of
waypoints to track. This is sufficient if we can bound the erro
of the controlled MAV from the waypoint path. For a given
Fig. 4. The optic flow sensor is used to compute the distance mhatacle Waypoint path, we can determine the expected trajectoriyeof t
based on the distance traveled between samplgs1(s) and the effective AV [13] and ensure that only traversable paths are buith int
field of view . the search tree. Branches in the tree are checked to ensiire th
they pass tests on turn radius and climb rate, and are colisi
free. Figure5 depicts the growth of an RRT path through

) _ _ ) a simulated urban environment. A planned path through an
For the experiments discussed in this paper we used thg q canyon is shown in Figufe.

Opti-Logic RS400 Laser rangefinder. The range finder has a

range of 400 m with an update rate of 3 Hz. It weights 170 ] ]

grams and consumes 1.8 W of power. Fig@reshows the B- Vector Field Path Following

laser ranger mounted in the airframe. It is important to note Given a nominal waypoint path, it is essential for the MAV
that the RS400 is not a scanning laser rangefinder. Scannioghave the ability to track the path with precision. MAVs
laser range finders are currently too heavy and consume toast track these paths despite dynamic limitations, imgeec

D. Laser Ranger
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RRT

Fig. 5. This figure shows the growth of an RRT path tree thraughmulated
urban environment. The algorithm is terminated once a feagibth to the
destination (red X) is found.

To account for wind, we use the course and groundspeed
instead of heading and airspeed to control the MAV. Ground-
track motion is the vector sum of the MAV motion relative
to the surrounding air mass and the motion of the air mass
relative to the ground. Since course direction includes the
effects of wind, control based on course is much more effecti
at rejecting wind disturbances. In implementing the vector
field approach, course measurements from GPS are compared
with the desired course from the vector field to determine the
appropriate control inputs to keep the MAV on the path.

For a given path, the vector field is divided into a transition
region and an outer region. This is similar in some respects
to the belt zone technique developed by Loizou, et al. [17]
Outside the transition region, the vector field drives the\WMA
toward the transition region along a constant course. Once
inside, the vector field changes linearly from the entry seur
direction to the desired course along the path. The effeit is
smoothly drive the MAV to follow the path, with larger effort
as the error from the path increases. In [14] it is shown that
for any initial condition, the MAV will enter the transition

sensors and controls, and wind disturbances, which are oftegion in finite time, then converge to the desired course
20 to 60 percent of airspeed [14]. Trajectory tracking, \Wwhicasymptotically.

requires the MAV to be at a specific location at a specific time, Flight tests have demonstrated the effectiveness of the
is difficult in such wind conditions. As an alternative, wevda vector field path following method, even in windy conditions
developed a path following approach where the focus is simigure7 demonstrates path following for straight line segments
to be on the path, instead of at a specific point that evolveswith acute angles. Wind speeds were approximately 20 percen
time. Similar research in [15] describes a maneuvering atkthof the airspeed during these tests. The vector field methed ha
focused on converging to the path then matching a desireglen shown to be effective in tracking paths of lines and®rbi
speed along the path. Our path following method is based with wind speeds of up to 50 percent of the airspeed of the
the creation of course vector fields that direct the MAV ontmAV.

the desired path.

The vector field method produces a field of desired course
commands that drive the MAV toward the current path seg-

500 - : : : ]

400 -

ment. At any point in space, the desired course can be easily
calculated. This desired course is used to command heading
and roll control loops to guide the MAV onto the desired path.

The vector field method uses only the current path segment

300

to find the desired course, avoiding possible singularaied

sinks resulting from sums of vectors. Many paths planned for
MAVs can be approximated by combinations of straight-line
segments and circular arcs [16]. Figuieshows examples of

vector fields for linear and circular paths.

150

sof LT TR sz
2o VLA AIVIN VNI 0NN L f e
IRERRAARRRR RIS o
R R R R R R RSO NN s St
oop e LA S
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BOR UL s W ( NN N
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Fig. 6. Path following in wind is accomplished by creating atee field of
desired course commands based on the lateral deviation frerpath. The
figure on the left shows a possible vector field for a stralgig-waypoint
path segment. The figure on the right shows a possible vectdrféie orbit
following.

200

100

-100

-400 -300 -200 -100 0 100

Fig. 7. This figure shows telemetry data for four consecutigeersals of a
waypoint path. Wind speeds during the flight were 20% of the/\#speed.
Note the repeatability of the trajectories even in significaind.

C. Reactive Obstacle and Terrain Avoidance

Despite having an effective a priori path planner, we cannot
guarantee that the flight path will be free of obstacles. Our
path planner assumes a perfect model of the terrain, but this
assumption is not realistic. If an urban terrain model issmig
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a newly constructed building or a large antenna or tree, la pgiaths as shown in Figui&(c). Since the map obstacle may be
leading to a collision could result. Our canyon models amamaller than the the actual obstacle, the laser may agadctdet
based on 10 m USGS data, which is fairly accurate, but whitthe obstacle as it maneuvers on the modified path. If that is
cannot represent small obstacles like trees and power. linesthe case, a new map obstacle is added to the internal map
addition, the GPS sensor used on the MAV has a constast shown in Figure3 (d). This process is repeated until the
bias that can be as large as 10 m. Path planners can produb#s maneuvers around the obstacle as shown in Fig8res
nominal path prior to flight, but the MAV must also have thand (f).
ability to sense and reactively avoid unanticipated olesac
and terrain in real time. (@  Obstack @

The following sections present reactive planners for pro-*_k_ﬂ\‘o,’—o W
ducing deviations from a nominal path to enable obstacle and /o
terrain avoidance. SectiolV presents a method for sensing Original waypoint path
and avoiding obstacles directly in the flight path and shows ® ©
results for reactive avoidance of a building. Sectibpresents o Y= /— = o= =
an approach for staying centered between obstacles as might
be required for flying through a corridor. Flight test result
are presented that demonstrate autonomous navigation of &

winding canyon. ¥ = f
Modified waypoint path

IV. REACTIVE OBSTACLE AVOIDANCE Fig. 8. Obstacle avoidance algorithm. (a) The laser detéwsobstacle.

Reactive obstacle avoidance from a MAV p|atform is chalb) A map obstacle of radiu® is inserted into the map, and two candidate

: : : S -waypoint paths are constructed. (c) A modified waypoint pathandomly
lenging because of the size and weight limitations for m&selected. (d) The obstacle is again detected by the laseraaother map

and computation hardware imposed by the platform. The spe@gtacle is constructed. (e-f) The process repeats umiMAY is able to
with which avoidance decisions must be made and carrig@neuver around the obstacle.

out also causes difficulties. For obstacle avoidance inrurba
environments, we have developed a heuristic algorithm that

utilizes a laser ranger to detect and avoid obstacles. Tez la @ TN
ranger points directly out the front of the MAV, and returns VR
range data for objects directly in front of the MAV with a

3 Hz update. For our preliminary flight tests, we considered a 4 g
simple scenario: a single unknown obstacle placed diréatly B

the flight path. /d2 R

A. Algorithm

Consider the scenario shown in FiguBewhere obstacle ®
avoidance is required. The MAV has a forward ground velocity / R
V' and a minimum turn radiug and is assumed to be tracking —— 2R
the given waypoint path at the time the obstacle is detected SN \
by the laser, which has a look ahead distahcé-igure 8 (a) V3R
shows the instant when the obstacle is detected by the laser
ranger. The basic idea is to construct an internal map of
obstacles detected by the laser and to modify the waypoint
path to maneuver around the obstacles in the internal map. We
will refer to the internal representation of obstacles aspim
obstacles.” When the laser detects the location of an olesta&fd- 9 (&) The waypoint path is constructed so that it is eedicular to

. . map obstacle. The radiug ensures collision free passage around the
we are unsure about the size and height of the obstacle. ﬁéj obstacle. (b) The maximum heading change in waypoint patihién
propose representing map obstacles as cylinders withg@tliuthe MAV must make a full bank to maneuver around the obstacleA(c)

i ; ; proximation of the minimum distance required to avoid agitaivall if the
equal to the minimum turn radius of the MAV, and helght equ%'?ser is only sampled when the MAV is on the waypoint path.{d)geometry

to the current altitude of the M_AV- As shown in Figue(b), used to calculate the distance between two consecutive Uasites.
there are two alternate waypoint paths that maneuver around

the map obstacle. The endpoints of the waypoint paths araf we assume zero wind, then the 2-D navigation for the
selected so that the new waypoint paths are tangent to ¥ay is given by
obstacles in the internal map. As shown in Figdréa), the

3

S
NG
ool

new waypoints are located a distant®/+v/d? — R? from the n=Vcosx
original waypoint path, wheré is the turn away distance from é=Vsiny

the obstacle. If both waypoint waypoint paths are collision . _ gtangb
free, then the algorithm randomly selects between the two Xy ’
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where g is the gravitational constant, antlis the roll angle geometry depicted in Figurg (d), the calculation off (d) is

of the MAV. On most MAVS, the roll angle is limited betweenstraightforward. To ensure overlap of map obstacles betwee
—¢ < ¢ < ¢. We will assume that the roll dynamics ofsamples we require that(D) < R which implies that

the MAV are sufficiently fast to assume near instantaneous

. - - . 2
transitions between-¢. Therefore, the minimum turn radius Ts < —Rsin‘1 (R) )
is given byR = — v 2VR? + D?

o gtang . . . .
We would like tglestabllsh a minimum turn away distance For our airframes, typical values afé = 13 m/s, R =

D so that we are guaranteed to avoid collision with a singk m, which implies from {) that D = 93 m and 7 <
rectangular obstacle. The first step is to determine the dwur).5 s. The laser ranger sample period of 0.33 s satisfies this
on the forward and lateral motion of the MAV when itconstraint, thus ensuring that map obstacles overlap leetwe
transitions from one waypoint path to the next. samples.

Claim: After the insertion of a map obstacle, the MAV reggiire

at most a forward distance O%R and a lateral distance of g Raguits

}j/gR to transition onto the new waypoint path while avoiding For initial testing of the reactive avoidance algorithm, we
the map obstacle. ~ chose to deal with a single obstacle only. It was important
Assuming the ability to roll instantaneously betwe&m, that the obstacle be tall enough to allow the MAV to fly at a
the motion of the MAV during the transition can be constrdinesafe altitude. Flying at an altitude of 40 m also preventet th
to lie on circles of radiusR. As shown in [13], the path |laser ranger from detecting points on the ground that might
length of the transition increases monotonically with thgla be mistakenly interpreted as obstacles, and allowed feeks
between the old and new waypoint paths. Therefore, the altitude that can occur during aggressive maneuvers.
forward and lateral distances are maximized when the angulaFor our flight tests, we used the tallest building on the BYU
separation is maximized, which occurs when instantaneattampus (the Kimball Tower) which is 50 m high and 35 m
motion of the MAV follows a circle of radiusk that just square and is shown in Figutel. The surrounding buildings
touches the map obstacle, as shown in Figufe). The claim are only about 20 m in height. The MAV was directed to fly
follows directly from standard geometrical arguments. Notat 40 m altitude from the south side of the building to the
that the maximum angular separation is therefore given byrth along a waypoint path that passed directly through the

6 = tan~* % ~ 36°. building. No information about the location or the dimemsio
Claim: Avoidance of a collision with a flat wall is guaranteedf the building were provided to the MAV. A GPS telemetry
if the the turn away distanc® satisfies plot of the results is shown in Figurk.
D> (M/é) R. (1)
2v/3 : i : :
e T !
Consider the worst-case scenario, shown in Figlr), L i
of a MAV that is initially traveling perpendicular to a flat o . . o
wall. The MAV detects an obstacle and inserts a waypoint at 5 5 . .
maximum anglean ! % After aligning its heading with the ; :
waypoint path, the wall is again detected, a map obstacle is | SR e

inserted, and a new waypoint with maximum angia —* %
is planned. This scenario will repeat itself at most threges , , :
since 3tan~! % > 7. Therefore, the maximum forward 100 """"
direction is bounded by ' ' :

an () + ()" () - o) m |

We note that the algorithm described above, requires that o e |
the laser detect points on the obstacle that are outsideeof th : : :
map obstacles as soon as they become visible. Is this feasibl e G v
given the update rate of the laser? lgtbe the time between e
laser updates.
Claim: The maximum distance between laser updates atrg. 10. Flight results for collision avoidance using a tasmger. The green

range ofd < L is given by line indicates the planned waypoint path, and the dotteglifidicates the GPS
track of the MAV.

meters
H

VT
d) =2 24 d?sin [ —
f(d) R Sin ( 23) As the MAV approached the building, the laser ranger

detected the building and calculated its position. When the
Assuming the vehicle is turning at its maximum rate, thBIAV came within 93 m of the building, the reactive planner
change in heading between updatesﬁgé. Utilizing the generated a path around the building and the MAV began to
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track the path. Notice that as the MAV began to pass tlformation, the MAV computes an offsétfrom its planned
building, it turned towards the original waypoint path angath
detected the building a second time. This caused the MAV 5= }(D- nt — Diett) )
to execute a second avoidance maneuver before rejoining the 27 o
original waypoint path. The MAV successfully avoided thevhere D\, and D,;,,, are distances to walls on the left
building without human intervention. Figufiel shows images and right measured by the optic flow sensors. Shifting the
of the MAV and its camera view as it executed the avoidandesired path by this offset centers the desired path bettheen
maneuver. detected walls as shown in Figuté. As Figurel3illustrates,
shifting the desired path also shifts the vector field acooy.

[ . To improve the performance of this method the optic ranging
' sensors are pointed forward at a 30 degree angle. This reduce
lag caused by filtering the sensor readings and allows the MAV
to detect obstacles ahead of its current position.

planned path
offset path -

Fig. 11. In-flight image of the Kimball Tower on BYU campus duritige
collision avoidance maneuver.

right ‘\
~

A

WP 1

V. REMOTE ENVIRONMENT TERRAIN AVOIDANCE

. Fig. 12. Using the measurements from the optic flow sensorsplérened
As small MAVs become more reliable and maneuverablgath (solid blue) is shifted by to create a new desired path (dashed green)

their missions will involve navigating through complexran, thatis centered between the canyon walls.
such as mountainous canyons and urban environments. In this
section, we focus on terrain avoidance for flying in corr&gor
and canyons. The algorithms we have developed enable the l
3
N

MAV to center itself within a corridor or canyon, or to fly
near walls with a specified offset. The algorithms utiliz¢iop

flow sensors like those shown in FiguBe To validate our Vovob \
algorithms, canyon navigation flight experiments wereiedrr \ \ \\ \ \ \‘
out in a mountain canyon. %\ s
WP 1 x 7 —
vz 7 77
i 74 7

A. Canyon Navigation Algorithm

The first step in navigating through a canyon or urban
corridor is to select a suitable path through the terrairis Th
can be done using the RRT algorithm discussed earlier or the
operator can utilize maps to define waypoints for the MAV to
follow. Preplanned paths will rarely be perfect and somégatFig. 13. The adjusted path (red) is offset from the prepldrpeh (blue) by
could lead the MAV near or even into uncharted obstacléﬁ? calculated offsets] at gqch time step to center the c_ies_ired path between
- . . . the canyon walls, thus shifting the vector field along with it
Reasons for this include inaccurate or biased terrain GRS
error, and the existence of obstacles that have been aduzd si
the terrain was mapped. Therefore, it is important that the
MAV be able to make adjustments to its path to center itséft Flight Test Results
between walls and other potential hazards. Goshen Canyon in central Utah was chosen as a flight
In our approach, the MAV follows its preplanned path usintgst site. This canyon was selected for its steep winding
the vector field following method. At each time step along theanyon walls that reach over 75 m in height, as well as its
path the MAV computes its lateral distance from objects o ttproximity to BYU and low utilization. Flight tests through
left and right using the optic flow ranging sensors. Using thiGoshen Canyon were conducted using the fixed-wing MAV



IEEE ROBOTICS AND AUTOMATION MAGAZINE. ACCEPTED FOR PUBLICATION. 8

discussed in Sectiofi. Photographs of the flight tests takerto operations in open air space, far away from obstacles
by observers and the onboard camera are shown in Figure and terrain. To broaden the range of applications for MAVS,
In the first flight through the canyon, the planned path wasethods to enable operation in environments of increased
selected to follow the road. The MAV navigated the canyotomplexity must be developed. In this article, we presented
with only minor adjustments to its path. For the second flightwwo strategies for obstacle and terrain avoidance thatigeov
the planned path was intentionally biased into the eastaranya means for avoiding obstacles in the flight path and for stayi
wall to verify that the navigation algorithms would corrélee  centered in a winding corridor. Flight tests have validates
planned path toward the center of the canyon, enabling tfeasibility of these approaches and demonstrated promise f
MAV to avoid the canyon walls. further refinement.
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