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Abstract
This pap erpresents a n e w strategy f o r autonomous
navigation of field mobile robots o n hazardous natural
t e r r a i n using a f u z z y l q i c approach and a novel m a sure of terrain traversability T h e navigation strategy
i s comprised of three simple, independent behaviors:
seek-goal, traverse-terrain, and avoid-obstacle. T h e
recommendations from thest: three behaviors are combine d through appropriate weighting factors t o generate t h e final steering and speed c o m m a n d s that are
e x e c u t e d by the arbot. T h e weighting factors are produc edby f u z z y lo gicrules that take i n t o account t h e
c u r r e n t status of t h e wbot. T h i s navigation strategy
requir es n o a priori inform ation about the environm e n t , and uses the on-board traversability analysis t o
enable t h e robot t o select relatively easy-to-tr averse
p a t h s autonomously. Field test results obtained from
implementation of t h e proposed algorithms o n the
commercial Pioneer A T r o v e r a r e presented. T h e s e
results demonstrate t h e r e d - t i m e cap abilities of t h e
terrain assessment and f u z z y logic navigation algorithms.

1

Introduction

In recen t years, there has been a growing interest
in navigation of field mobile robots that operate on
outdoor natural terrain. There are sev era1 application domains, both terrestrial and in space, which
ha ve strongly motittted this research. F o r instance,
NASA has planned an ambitious set of missions to
Mars that will carry mobile robots (rovers) to explore
the Martian surface and to carry out in-situ science
tasks. After the success of the Sojourner roverin
1997, there has been a strong motivation to develop
future planetary rovers with enhanced capabilities
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that can explore remote planets autonomously and
in telligen tly with minimal hman intervention. Similarly, DARPA is sponsoring several research projects
that involve autonomous mobile robots operating on
natural terrain.
Despite widespread applications of outdoor navigation, there are only a few existing methods for
field robot navigation that consider the terrain characteristics. In the current methods [1-81, terrain
traversabilit y is defined as an analytical function of
the terrain slope and roughness. The slope is determined b y finding the least-squares fit of a geometric plane covering the region, while the roughness is calculated as the residual of the best plane
fit. Once the traversability of each region Sound,
a traversable path for the robot to follow is then
constructed. These analytical representations of the
terrain trav ersabilit y rely on accurate iherpretation
of the sensory data, as well as a precise mathematical
definition of the traversability function.
This paper dev elops a new strategy for autonomous navigation of field mobile robots using
a novel representation of the terrain qualit y. The
premise of the proposed approach is to embed the
human expert’s heuristic kno wledgein to the mobile robot navigation strategy using fuzzy logic tools.
The robot navigation strategy developed here is comprised of three simple, independent behaviors: seekgoal, traverse-terrain, and avoid-obstacle. The recommendations from these behaviors are combined
with appropriate weighting factors to yield an autonomous na vigation strategy for the mobile robot
that requires no a priori information about the environment.
The paper is organized as follows. The robot navigation behaviors based on goal, terrain, and obstacle
information are presented in Sections 2-4. The combination of these behaviors into a unified robot nav-
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igation strategy is discussed in Section 5. Field test
studies are reported in Section 6. Finally, Section 7
draws conclusions from this work.

IF d is VERY-FAR AND
v is FAST.

where the position error (goal distance) d is represented b y the four linguistic fuzzy sets {VERYNEAR, NEAR, FAR, VERY-FAR).

Seek-Goal Behavior

2

The problem addressed in this section is t o navigate
a mobile robot on a natural terrain from a known
initial position to a user-specified goal position. The
control variables of the robot are the translational
speed v and the rotational speed (or turn rate) w ,

d m ,

3

g,

where v =
w =
and x, y, and
0 are thc position coordinates of the robot center
and the robot orien tation,respectively . The robot
speed v is reprcsented b y the four linguistic fuzzy
sets {STOP, SLOW, MODERATE, FAST), with the
membership functions shown in Figure l a . Similarly,
the robot turn rate w is represented by the five linguistic fuzzy sets {F AST-LEFT, SLW-LEFT, ONCOURSE, SLOW-RIGHT, FAST-RIGHT}, with the
membership functions shown in Figure lb. We shall
no w preselt fuzzy navigation rules for the seek-goal
behavior.
The fuzzy rules for the robot rotational motion
are as follows:

4 is FAR-LEFT, THEN w is FAST-LEFT.

0

IF

0

I F 4is NEAR-LEFT, THEN w is SLOW-LEFT.

0

IF

0

4 is HEAD-ON, THEN w is ON-COURSE.

IF 4 is NEAR-RIGHT, THEN w is SLOWRIGHT.

where the heading error 4 is represented b y the
fiv e linguistic fuzzy sets{F AR-LEFT, NEAR-LEFT,
HEAD-ON, NEAR-RIGHT, FAR-RIGHT}.
The following rules are used for the robot translational motion:

IF d is NEAR. AND
SLOW.
IF d is FAR.AND
MODERATE.

4 is NOT HEAD-ON,

4 is HEAD-ON, THEN v is

4 is HEAD-ON, THEN

'U

is

Traverse-Terrain Behavior

This section is comprised of two parts. In the first
part, new techniques are developed for real-time terrain assessment b y inferring physical properties of
the terrain (such as roughness and slope) from the
data provided b y on-board cameras. In the second
part, no veltechniqdes for terrain-based navigation
are developedin which theterrain qualit y data are
used directly in the robot navigatiobgic so as to
guide the robot tow ard the most traersable terrain.

3.1

Real-Time Terrain Assessment

In recent papers [9-lo], the concept of rule-base d
F uzzy Taversability Index is introduced as a simple
measure for quantifying the suitability of a natural
terrain for traversal b y a mobile robot.Two importan t attributes that characterize the difficulty of a
terrain for traversal are the slope and roughness of
the region. The Fuzzy Traversability Index can thus
be defined in terms of these two physical parameters
using a rule-based approach '. These terrain parameters are computed from video image data obtained
b y the stereo cameras mourked on the mobile robot.
3.1.1

IF 4 is FAR-RIGHT, THEN w is FAST-RIGHT.

IF d is VERY-NEAR OR
THEN v is STOP.

is HEAD-ON, THEN

T erraaoughness

A new approach is developed in this section to quantify the roughness of a region. First, an algorithm
for determining the size and concentration of rocks
in a viewable scene is applied to a pair of stereo camera images. A horizon-line extraction program is run
that identifies the peripheral boundary of the ground
plane. This, in effect, recognizes the line at which
the ground and the landscaped bac kdropintersect.
The algorithm then identifies target objects located
on the ground plane using a region-growing method
[ll]. In effect, targets that differ from the ground
'The F uzzy Bversability Index also depends on the wheel
design and traction mechanism of the robot which determine
its hill clim bing and rok climbing capabilities.
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surface are iden tifiedand counted as rocks for inclusion in the roughness assessment. T odetermirie
the n unber of small and large-sized rocks contained
within the image, the nunher of pixels which comprise a target object are first counted. Those targets
with a pixel count less than a user-defined threshold are labeled as belonging, to the class of small
rocks and those with a court above the threshold are
classified as large rocks. This defines the {SMALL,
LARGE} fuzzy sets that represent the rock sizes.
All such labeled target objects are then grouped according to their sizes in order to determine the small
and large rock concentration parameters. This value
is characterized y the linguistic fuzzy sets {FEW,
MANY}. The terrain roughness /3 is represented b y
the three linguistic fuzzy sets {SMOOTH, ROUGH,
R OCKY), with the trapezoidal membership functions shown in Figure 2a. The terrain roughness is
deriv eddirectly from the rock size and concentration parameters of the associated image scene using
the fuzzy logic rules summarized in Table 1. Observe that this rule-based aoproach gives a perceptual, linguistic definition of terrain roughness as used
by a human observer, in contrast to a mathematical
definition of roughness (as the residual of the leastsquares plane fit) used previously [l-61.
3.1.2

T errain Slope

T o obtain the terrain slope {"ram a pair of stereo camera images, w emust first calculate the real-world
Cartesian x, y, z components of the ground plane
boundary. We can determine the average slope d u e

a: using the equation a: = $ E, atan2(z2,x2),where
N is the number of horizon-line points viewable in
both images. T o determine thm, y, z components of
the horizon-line, Tsai's camera calibration model [12]
is used to derive the relationship betw een the camera
image and the real-world object position for a single camera. The images from both cameras are then
matched in order t o retrieve 3D information. Given a
pair of stereo camera images, correlated image points
that lie along the horizon-line are first extracted from
each camera image. Determining the position of the
largest rocks located along the horizon-line and centered within both images allows the identification of
correlated image points. These image points are then
used as input for extraction of the (2, y , z ) real-world
Cartesian components. Once all Cartesian points are
calculated, they are used for slope determination.
N

The terrain slope a is represented by the three linguistic fuzzy sets {FLAT, SLOPED, STEEP}, with
the trapezoidal membership functions shown in Figure 2b.
3.1.3

T erraiifi raversabilig

The Fuzzy Traversabilit y Indew is represented b y
the three linguistic fuzzy sets {LOW, MEDIUM,
HIGH}, with the trapezoidal membership functions
sho wn in Figure 2c. The Fuzzy Traversability Index
T is defined in terms of the terrain slope a and the
terrain roughness p b y a set of simple fuzzy logic
rules summarized in T able2. Again, observe that
this rule-based approach lends itself to a perceptual,
linguistic definition of terrain trav ersability as used
by a human observer, in contrast to a mathematical
definition of traversabilit y (as an analytical function
of slope and roughness) used previously [MI.

3.2

Terrain-Based Navigation

The terrain in front of the robot is partitioned into
three 60" sectors, namely: fron t, righ, and left of the
robot2 at a distance of up to about 10 meters. The
T raversabilit y Indices for the a h three regions,Tf,
r,, 71, are computed from the measurements of the
terrain slope and roughness obtained b y the vision
system on-board the robot. We shall no w discuss
the fuzzy rules for determination of the robot turn
rate and speed based on the terrain traversability
data.
The terrain-based turn rules are summarized in
Table 3. Observe that a turn maneuver is not
initiated when either the front region is the most
traversable, or the righ t and left regions have the
same traversabilit y indices as the frob region. Note
that the "preferred" direction of turn is chosen arbitrarily to b&EFT, i.e., wlhha robot needs to
turn to face a more traversableregion, it tends to
turn left.
Once the direction of traverse is chosen based on
the relative values of T , the robot speed U can be determined based on the value T * of the Traversability
Index r in the chosen region This determination is
formulated as a set of tw o simple fuzzy logic rules for
speed of traverse as follms:
2Note that if higher resolution is needed, the 180' fieldof-view canbe decomposed in to a larger num ber of smaller
sectors and similar navigation rules can be developed.
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IF T * is LOW, THEN
0

%r

IF d is VERY-NEAR. THEN sw is HIGH.

is STOP.

IF T* is MEDIUM, THEN

'U

is SLOW

0

IF d is NOT VERY-NEAR, THEN

sw is NOM-

INAL.

Avoid- 0bst acle Behavior

4

The traverse-terrain wight rules are as follows:

It is assumed that there are three groups of proximity sensors mounted on the robot facing the three
different directions of front, righ t , and left. These
sensors report the distances betw een therobot and
the closest front obstacle d f , the closest right obstacle d,, and the closest left obstacle dl within their
ranges of operation. Each obstacle distance is represen ted b y the three linguistic fuzzy sets {VERYNEAR, NEAR, F A@. The fuzzy logic turn rules
are similar to T able3. There are tw ofuzzy logic
move rules as follms:
0

I F d f is VERY-NEAR, THEN

IF d f is NEAR, THEN

'U

'U

is STOP.

is SLOW.

Again, note that when the fron t obstacle distance
is F AR, collision avoidance is not activated and no
correctiv e action needs t o be takn.

5

Combination of Multiple Behavi ors

The process of combining recommendations from
multiple behaviors has been a topic of active researc h
in recen tyears [see 13 for an overview]. The most
common approach is behavior arbitration wherein
the recomnicndation of only one behavior is taken
and others are ignored. In this section, we develop
a different approach by allowing multiple behaviors
t o affect the final control action. Once the three beha viors h a e made independent recommendations for
the robot motion, their recommendations are combined through variable gains or w eiglting factors
that are determined based on consideration of the
current status of the robot. The w eighing factors
s", t", and at" represent the strengths by whic h the
seek-goal, traverse-terrain, and avoid-obstacle recommendations are taken into account to compute the
final control actions and W. These weigh ts are represen ted b y the 1, w o linguistic fuzzy s$NOMINAL,
HIGH}. Three sets of weight rules for the three beha viors are nav presented.
The seek-goal weigh t rules are as follovs:

0

IF d is NOT VERY-NEAR AND df is NOT
VERY-NEAR, THEN tW is HIGH.

0

I F d is VERY-NEAR OR d f is VERY-NEAR,
THEN tW is NOMINAL.

Finally, the av oid-obstacle might rules are as follows:
0

I F d is NOT VERY-NEAR, THEN azois HIGH.

0

IF d is VERY-NEAR, THEN aw is NOMINAL.

At each corh-01 cycle, the above sets of weigh t rules
are used to calculate the three crisp w eigh tingfactors using the Center-of-Gravity (Centroid) defuzzification method [14]. The resulting crisp weights are
then used t o compute the final control actions for
the robot speed and turn rate using the Centroid
met hod.

6

Field Test Studies

Field tests using the Pioneer All-Terrain (AT) rover
are conducted on rough terrain outside JPL to test
the reasoning and decision-making capabilities provided b y the fuzzy logic navigation strategy . Fiv e
front-facing and tw o side-facing sonars are located
in the rover base for obstacle detection up t o 2 meters aw ay.The rover is able to determine its current
location relativ e to a given starting position using
its internal wheel-encoder information. The Pioneer
rover is augmented with additional on-board processing capability, 5-input image multiplexer, and six
CMOS NTSC video cameras. The processing pow er
on-board the rover consists of a 333 MHz Pentium I1
processor housed in a chassis mounted at the rear of
the rover that runs under the Liriux operating system. An alternative on-board computing platform
is a laptop computer running under the Windows
95 operating system. In both configurations, resident on the on-board computer is the image processing algorithms and the fuzzy logic computation
engine used to calculate the translational and rotational speed commands issued to control the wheel
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motors. Using this hardware platform, rover field
tests are performed outdoors in natural terrain. Two
sets of field tests are conducted to test the navigational capabilities of the rover.

6.1

Field Test One

In the first field test, the three navigation behaviors, seek-goal, trav erse-terrain, and a v oid-obst a cle,
are utilized by the rover t o iiavigate from a starting
position to a user-specified goal position. The goal
position is located approximately 20 meters in front
of the rover. Directly in-behv een the starting and the
goal positions are tw o regions haing low traversability - one region contains a highly sloped hill and the
other contains a large cluster of rocks. The on-board
system first begins by analyzing the traversabiliiy of
the three partitioned 60" sectors (left, fron t,right)
of the terrain located in front of the rover. The front
and left sectors (which contain the large sloped hill)
are found to have low traversabilit y. The mer therefore turns toward the righ t sector which is found
to be highly traversable and proceeds to enter the
safe region. Once in the safe region, the rover turns
and navigateko w ard thegoal, while ensuring that
it is still ph ysically located in the highly trzersable
sector. After traversing a distance of about 10 meters from start, the rover stops, turns tow ardthe
goal, and re-analyzes the traversabilit yof the terrain ahead of it. This time the front sector is found
to ha v low traversabilit y due to the large cluster of
rocks located in this area. The left region is found to
h a w low traversability due to the large sloped hill,
and the right region is once again found t o have high
traversabilit yThe rover thus turns to the right and
proceeds into the safe region. A t t h e point when
the ro ver is within 1.5 me.ers of the goal, the x ~ g h t
on the trav erse-terrain recommendation is reduced
automatically, and the seek-goal behavior becomes
dominant. A tthis point, the rover heads directly
tow ard the goal. Figure 3 shows the path traversed
by the rover from its original starting position until
it autonomously reac hes the specified goal position
using its on-board fuzzy lcgic navigation rules.

6.2

Field Test TWO

In the second set of field tests, the influence of the
newly-introduced traversfy.-terrainbehavior on the
na vigationlogic is demonstrated. In this test, the

goal position is located approximately 10 meters in
front ofthe rover. In addition, a large cluster of rorks
is located directly betw een the rwer starting position
and the specified goal position. F o r the first test, the
rover is commanded to naigate to the specified goal
position while the traverse-terrain behavior is disabled, i.e. the recommendations from the traverseterrain behavior are totally ignored b y pre-setting
the traverse weight to zero. As the rover na vigates
tow ard the goal, it eiters into the cluster of rocks. A t
this point, the ro ver slows dwn and creeps its way
into the center of the cluster. Eventually , the ro ver
halts when its sonars identify roc k obstacles located
on all three sides (front, left, right). As sho wnin
Figure 4a, the rover easily gets trapped in the cluster of rocks. F o r the second test, the trtuerse-terrain
behavior is enabled and the roveris shown to successfully reach the goal position (Figure 4b). In this
test, the front sector is found to have low traversability and thus the traverse-terrain behavior commands
the ro ver to circumnzigate the cluster of rocks. This
test demonstrates that the trav erse-terrain behavior
can effectively analyze and incorporate the terrain
information directly into the navigation logic and
ensure successful attainment of the goal position by
prev en ting etry and entrapment in the rock cluster.

7

Conclusions

Rule-based robot na vigation strategies using fuzzy
logic have major advantages o v x analytical methods. First, the fuzzy rules that govern the robot
motion are easily understandable, intuitiv e, and emulate the human driver's experience. Second, the tolerance of fuzzy logic t o imprecision and uncertainty
in sensory data is particularly appealing for outdoor
navigation because of the inevitable inaccuracy in
measuring and interpreting the terrain quality data,
such as slope and roughness. And third, the fuzzy
logic strategy has a modular structure that can be
extended very easily t o incorporate new behaviors whereas this requires complete reformulation for analytical methods. Multiple fuzzy navigation behaviors can be combined into a unified strategy, together
with smooth interpolation betw een the behaiors to
avoid abrupt and discortin uous transitions.
The addition of the on-board terrain sensing and
traversabilit yanalysis, coupled with the traverseterrain behavior that takes adv ahage of this infor-
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mation, arc significant and novel con tributions of this
paper. These capabilities allow the na vigation system to take prev en tive measures9 “looking ahead”
and preventing the robot from entry and entrapment
in rock clusters and other impassable regions, and
instead guiding the robot to circumnavigate these
regions.
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Table 3. Turn rules for the traverse-terrain
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navigation rules. Top-left image shows rover’s
initial starting position and bottom image indicates goal achievement. Image sequence proceeds from left to right and top to bottom.

Figure 4b. Circumnavigation with
traverse-terrain behavior
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