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1. Introduction

Most commercially available mobile robots used in research labs have a circular, hexagonal, or polygond
footprint that can be circumscribed by a circle of 60-80 cm in diameter. Common to these robots is the
convenient feature that they can be modeled as a point in the plane. To do so, some algorithms artificially
enlarge the contour of obstacles, by an amount equal or dightly larger than the robot's radius. This method,
called the configuration space approach, has been exhaustively described in the literature [Lozano-Perez,
1981].

Other methods smply provide a sufficiently large "safety distance” between the traveling "point-size" robot and
the obstacles. Most importantly, the orientation of the robot has no influence on the trgjectory, since at any
orientation the robot is fully contained in its circumscribing circle.

Safe obstacle avoidance for non-point mobile robots is more difficult to accomplish. In this paper, we use the
term "non-point" to indicate that the robot's shape cannot be approximated by a circle and that the robot's
orientation must be taken into account. The agorithm described here is applicable to vehicles of arbitrary
shape, but will be explained in terms of a rectangular-shape vehicle.

Some recent work has addressed thisissue as a problem of global path planning (i.e., where an optimal or near
optimal path is sought). One approach taken by several independent researchers [Barraguand and Latombe,
1989; Hague et al., 1989; Lin and Chang, 1990] first constructs a Voronoi diagramand then applies potential
fields to multiple act-on locations on the non-point robot. While dl three of the above works introduce brilliant
new ideas there are some important differences to our work, as listed below.

a. Our method provides local obstacle avoidance ) it does not solve a global path planning problem.
Consequently, the robot is not guaranteed to reach the target on a near-optimal path. In fact, the robot may
not even reach the target at all, if it gets trapped locally.

b. On the other hand, our method works in real-time, during motion at high speed (typically, 0.5-0.8 m/sec)
and with actual run-time data gathered by onboard sensors. Furthermore, we have extensively tested and
verified our method on an actual mobile robot. These are some of the important difference between most
simulation-based work and ours:

e Complete knowledge about the obstacles is assumed in the beginning of the planning process,

e Computation times are too long for real-time application.

e Theintricate dynamic interaction between robot motion and gradual accumulation of sensory data during
motion are not addressed.

During the past few years, potential field methods (PFMs) for obstacle avoidance have gained increased
attention from researchersin the field of robots and mobile robots [Tilove, 1990]. The idea of imaginary forces
acting on a robot has been suggested by Andrews and Hogan [1983] and Khatib [1985]. In these approaches
obstacles exert repulsive forces onto the robot, while the target applies an attractive force. The sum of al
forces, the resultant force R, determines the subsequent direction and speed of travel.

In our own previous research we have developed a PFM, called the virtual force field (VFF) method

[Borenstein and Koren, 1989]. The VFF method works in rea-time and with actual sensory data, allowing a
mobile robot to traverse a ssmple obstacle course at average speeds of 0.4-0.6 m/sec. However, this method,
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as well as inherently al PFMs, suffer from a number of severe drawbacks, as discussed in Section 2. To
remedy these shortcomings, we have devel oped a new obstacle avoidance method, which eliminates all of the
limitations of PFMs. Thismethod, called the vector field histogram (VFH), is explained in Section 3. Section
4 explains how a combination of these two methods yields efficient and safe real-time obstacle avoidance for
fast mobilerobots. Finaly, Section 5 briefly describes our mobile robot CARMEL, which was used in all the
experiments described in this paper.

2. The Virtual Force Fied (VFF) Method

The VFF method is a unique method for real-time obstacle avoidance for fast mobile robots. This method is
specificaly designed to accommodate and compensate for inaccurate range readings from ultrasonic or other
sensors [Borenstein and Koren, 1989]. To do so, the VFF method uses a two-dimensional Cartesian grid,
caled the histogram grid C, to represent data from ultrasonic (or other) range sensors. Each cell (i,j) in the
histogram grid holds a certainty value (CV) ¢; that represents the confidence of the algorithm in the existence
of an obstacle at that location. This
representation was derived from the cer-
tainty grid concept that was originally
developed by Moravec and Elfes, [1985]. - :

In the histogram grid, CVs are incremented Histogram Target
when the range reading from an ultrasonic gid : f
sensor indicates the presence of an object at : ,

that cell. - : : | /
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immediately use  rea-time  sensor Cerdiy

information to generate repulsive force I SN

fields. Fig. 1 illustrates this approach: As PN
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as C*), and cells that momentarily belong — :
to the active region are called "active cells’ '
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force F;; toward the robot. The magnitude
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inversely proportional to d", wheredisthe  Figure 1: The Virtual Force Field (VFF) concept: Occupied cells exert
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force.
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the vehicle, and n is a positive number (usually, n=2). All virtual repulsive forces add up to yield the resultant

repulsive force F, .

Simultaneoudy, avirtud attractive force F, of constant magnitude is applied to the vehicle, "pulling” it toward

the target.

Summation of F, and F, yidds the resultant force vector R. The direction of R is used as the reference for the

robot's steering command.

In the course of our experimental work with the VFF agorithm, we identified the following four severe
problems that are inherent to PFM's and independent of the particular implementation:

1. Trap dtuations due to loca minima (cyclic
behavior).

2. No passage between closely spaced obstacles.

3. Ogcillationsin the presence of obstacles.

4.  Oscillationsin narrow passages.

Our paper [Koren and Borenstein, 1991] introduced a
mathematical analysis of these inherent problems. As
the mathematica analysis shows, one main contributing
factor to instability of motion with PFMs is the non-
linear force function of the repulsive forces. Usually,
this function must be strong enough to be effective at
a certain distance form the obstacle, so that the robot
can commence an avoidance maneuver in time.

3. TheVector Field Histogram (VFH)

To overcome these problems, we have developed a
new obstacle avoidance method called the vector field
histogram (VFH). The VFH method builds the
histogram grid the same way the VFF method does.
However, the VFH method then introduces an inter-
mediate data-representation, called the polar
histogram. The polar histogram retains the statistical
information of the histogram grid (to compensate for
the inaccuracies of the ultrasonic sensors), but reduces
the amount of data that needs to be handled in rea-
time. This way, the VFH agorithm produces a
aufficiently detailed spatia representation of the robot's
environment for travel among densely cluttered
obstacles, without compromising the system's real-time

performance. The VFH method was introduced ingigyre 2:
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3.1 Creating the Polar Histogram ertaint
y values
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The polar hissogram H is an array compris-
ing 72 elements; each element represents a
5°-sector of the robot's surroundings. Dur- :
ing each sampling interval, the active region L PB{af
of the histogram grid C* is mapped onto H ‘

as shown in Fig. 2, resulting in 72 values
that can be interpreted as the instantaneous ~ -
polar obstacle density around the robot. <
Fig. 3 is an example of the different stages Histogram S
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Fig. 3a shows a typical obstacle course in . VCP \
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sonic sensors during the robot's travel up to We
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Fig. 3bindicate filled cellsin the histogram
grid. Different certainty values (CVs) are
shown as blobs of different sizes) as explained in the Figure. Overlaying the histogram grid is a graphic
representation of the polar histogram, created by the mapping process of Fig. 2. The size of each 5°-sector
indicated the polar obstacle density in the corresponding direction.
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Figure 3: Mapping the histogram grid onto the polar histogram.

3.2 Computing the Steering Control

After the polar histogram has been constructed, the VFH algorithm computes the required steering direction
for therobot, 6. As can be seenin Fig. 3b, apolar histogramtypicaly has peaks (sectors with high obstacle
density), and valleys (sectors with low obstacle density). Any valey with obstacle densities below threshold
is a candidate for travel. Since there are usualy several candidate-valleys, the algorithm selects the one that
most closaly matches the direction to the target. Note that the width of avalley, W, can be measured in terms
of the number of consecutive sectors that are below threshold. A small W,, indicates a narrow passageway or
corridor.

When the mobile robot approaches or travel's between two or more closaly spaced obstacles, only a very narrow

valey isavailable for travel. In this case, 0 is chosen to be in the center of the valley, in order to maintain equal
clearance on each side of the robot.
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4. The Combined Vector Field (CVF) for Non-point M obile Robots

While both VFF and VFH methods were originally designed for point-sized robots, a combination of these
methods, called the combined vector field (CVF), can be used to efficiently guide non-point mobile robots
through densely cluttered obstacle courses. The combination of the two methods allows us to use each oneto
its advantage, while avoiding the disadvantages. For example, since stable motion and better spatial resolution
are the strength of the VFH method, it is used to determine the principal steering direction The VFF a-
gorithm, on the other hand, can provide local corrective measuresto account for the shape of the vehicle.
Limiting the potential fields-based V FF method to a corrective function, we can use steep force profiles with
only short-range effects. Thisway we reduce the oscillatory tendency of PFM-based obstacle avoidance. The
following discussion explains in more detail how the combined vector field works. Note that paragraph
enumerations a) through f) correspond to Fig. 4.

a) Computing the principle steering direction 0 with the VFH method

The task of the VFH component is to protect the vehicle from frontal collisionswhile traveling at high speed.
To do so, The VFH algorithm is applied at a point CP, to determined the principal steering direction0. A
vector F,, is computed and applied in that direction.

CP, islocated on the longitudinal axes of the vehicle, but its optimal location (in terms of distance | from the
front of the vehicle) differsfor different vehicles. | depends on the width of the vehicle and certain parameters
in the VFH agorithm, which in turn depend on the type, location, and performance characteristics of the range
sensors. Consequently, it isdifficult to determine | analytically; however, a good location can be found by a
few smple experiments. A detailed discussion is beyond the scope of this paper, but a genera rule of thumb
isthat | should be larger for wide vehicles, and smaller for narrow vehicles.

b) Local protection with the VFF method

The VFF method is applied to each one of the n act-on points A, on the periphery of the robot. Technicaly,
this is done for each act-on point A, by adding up dl individua repulsive forces F;  from filled célls in the
histogram grid, yielding n repulsive forces F, (note that Fig. 4b does not show the histogram grid explicitly).
Theforce fields that act on each act-on point are very steep; in our application they are generated by F;; « 1/,
Thisway, the effective range is very short; about 40-50 cm in our system. Consequently, F, # 0 only when an
act-on point is very close to an obstacle.

Sincethe vehicle is protected from frontal collisions by the VFH method, we are only interested in the lateral
components of F,, asindicated in Fig. 4b by the dotted vectors. The latera components K’ provide local
protection to all areas of the vehicle that have an associated act-on point. In our experimental system, we
"placed” five act-on points on each side of the vehicle.

c) Extracting the relevant information

Applying the principle of free-body diagrams all lateral forces F', can be replaced by asingle force F and a
moment M, acting on the vehicle at the center point CP.
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d) Manipulating the correction information

Next, the moment M is decomposed into a force coupleF,,,and F,,. F,, actsonCR and B, actsona
symmetricaly located point CP, in the rear part of the vehicle. Note that the force couple is statically
equivaent to the moment M if it iscomputed asF,,, = F,,, = M/d, where d is the distance between CP and CP,
(or CP,). Inanother statically equivalent operation F is replaced by two forces F; = F, = F/2. These forces
act on CP, and CP,, respectively. F,,and F,; can be discarded for the remaining discussion (although vehicles
with more than two degrees-of-freedom can make use of this information).

€) Computing the corrected steering vector

All three vectors acting on CP, can now be combined to compute the corrected steering vector F =
aF, +bF +cF,.,. Theinfluence of the translational correction component F,; and the rotational correction
component F ., is controlled by the weighing coefficients a and b. The coefficient ¢ is determined as ¢ = 1/W,,
i.e., theinverse of the width of the candidate-valley selected by the VFH method (see Sect. 3.2). The effect
of thislatter scaling factor is asfollows: when the robot circumnavigates a single obstacle, the candidate-valley
will bewide and c will be small. Consequently, the correctional effect of F,; and F,,,, will be quite significant.
In a narrow corridor, on the other hand, the robot is forced to be close to the walls and very large repulsive
forces develop (because of the non-linear relation F;;<4"). Furthermore, small diversions of the robot from the
centerline result in dramatic fluctuations of the forces and consequently in oscillatory motion. However, ¢ will
be relatively large and will dominate the resultant vector F.. This way, the oscillatory behavior usually
associated with potential field control is avoided.

f) Controlling the Drive Motors

Oncethe desired steering direction is determined, the appropri-
ate command must be issued to the motor controllers. For
different vehicle kinematics different methods are required.
However, one amost universal method (with dight modifica-
tions) makes use of the concept of instantaneous center of
rotation (ICR). ThelCR isawdl-known concept in kinematics,
it allows to describe the motion of arigid body in terms of a
sngle rotation of the body around one point in space. Of course,
for any motion other than pure rotation, the ICR will change
from instance to instance. In a fast sampled system smooth
motion can be approximated by recomputing an ICR during each
sampling interval. In the case here, the ICR can be determined
asshownin Fg. 4f. Since every point on the rigid body rotates
around the ICR, and points at equal distances from the ICR have
the same speed, the desired ICR is the intersection of lines
perpendicular to F, (through CP,) and to the current direction of

Certainty Values

motion (the longitudinal axis of the vehicle, through CP). :;: : . Sgglwzn =

S - CV=6-10
Once the ICP has been determined, the desired wheel velocities == . CV=11-15
V; and V, can be computed from the ratio iy

D =P (1)
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Figure 5: Experimental run with the non-point
mobile robot.
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V, =YV, + V,) (2

where V, is the required travel speed.

5. The Experimental System

The experiments described in this paper were run on our mobile robot, CARMEL (Computer-Aided Robotics
for Maintenance, Emergency, and Life support). CARMEL is based on a commercially available mobile
platform with a unique three-wheel drive (synchro-drive) that permits omnidirectional steering [Cybermation,
1990]. This platform has a maximum travel speed of 0.8 m/sec and a maximum steering rate of 120 deg/sec;
it weighs about 125 kg. A Z-80 on-board computer serves as the low-level controller of the vehicle. We
equipped this vehicle with a ring of 24 ultrasonic sensors. Two computers were added to the platform: a
20Mhz, 80386-based AT-compatible that runs the CVF obstacle avoidance agorithm, and a PC-compatible
single-board computer to control the sensors.

Although the shape and kinematics of CARMEL differ from those of the vehicle described in Fig. 4, CARMEL's
behavior can be altered (in the control software) to imitate the behavior of a 2-wheel drive vehicle. Also, the
rectangular shape of the vehicle in Fig. 4 was simulated by overlaying the robot's position on the operator's
screen with arectangular wire-frame of size 1.9x1.2 m. A typical experimenta run isshownin Fig. 5. Black
dotsin Fig. 5 show filled cellsin the histogram grid. The maximum speed in this run was 0.8 m/sec, but the
average speed was only 0.5 m/sec, because the robot slows down whenever it heads toward an obstacle ) a
situation that arose quite often in the densely cluttered obstacle setup of Fig. 5. The iteration time for each
complete computation of the CFV agorithm was less than 50 msec on the 20 MHz-386 computer, including
the overhead for communication with the onboard sensor and motor control computers.

It should be noted that our method does not explicitly address the dynamics of the vehicle, except for slowing
down when an obstacle is ahead of the vehicle. This works satisfactory because the ultrasonic sensor system
"looks ahead" more than 2 meters, giving ample time to decelerate. A more detailed description of the slow-
down function is given in [Borenstein and Koren, 1991].

6. Conclusions

We have introduced the combined vector field (CVF) anew method for controlling and guiding alarge, non-
point mobile robot among densely cluttered obstacles. This method uses the combination of two different,
previoudy devel oped obstacle avoidance methods (VFF and VFH) in such away that the advantages of each
method are retained. The CVF method was extensively tested on a mobile robot and yielded smooth, non-
oscillatory control at typical travel speeds of up to 0.8 m/sec.

This work was sponsored by the Department of Energy Grant DE-FG02-86NE37969
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