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need to grasp
wide variety

how" solutions / of parts
"why" rationale /

Figure 15. A “how/why” diagram of solutions and
rationale for a design problem involving a need to  gripper
grasp a wide range of parts.

parts, in which the robot, the parts, the end-effector, and
the environment are all candidates for redesign.
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ROBOTICS

The objective of this article is to survey the state of the art
of intelligent robots. By way of introduction, the terms
Yobot and artificial intelligence are defined, intelligent ro-

ots are classified according to their level of intelligence,
Social and technoeconomic incentives for the development
of intelligent robots are discussed, and the article touches
on the socioeconomic impacts of this development. Past
accomplishments and present issues in major robotics re-
Search areas are covered.

ROBOT CHARACTERISTICS

Capability, Components, and Intelligence

Several definitions for the term robot have been proposed
(Jablonowski and Posey, 1985). None of these definitions
are adequate because they exclude robot intelligence of
any kind. Hence, the following definition is proposed (Nit-
Zan and co-workers, 1983):

A robot is a general-purpose machine system that, like a hu-
man, can perform a variety of different tasks under conditions
that may not be known a priori.

Being a general-purpose machine system, the terms
Yobot and robot system are regarded as synonymous. A
r‘Obot system may include any of the following major func-
10nal components:

Effectors. “Arms,” “hands,” “legs,” and “feet” (see Ro-
BOT HANDS AND END EFFECTORS; ROBOTS, LEGGED).

Sensors. Contact and noncontact (see SENSORS AND SEN.
SOR FUSION).

COmputers. Top-level controller and lower level con-
trollers (including communication channels).

Auxiliary Equipment. Tools, jigs, fixtures, tables, pal-
lets, conveyors, part feeders, etc.
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A robot (or robot system) is controlled by a single top-level
computer (or controller). A group of such systems, which
may or may not interact, are regarded as separate robots
if they are not controlled by the same top-level computer;
adding a single computer above them will merge these
systems into a single robot.

Although a robot performs some human tasks and
there is a similarity between the functional components of
a robot and those of a human (or a human team), a robot is
not required to act or look like a human. It should, how-
ever, be able to perform tasks that require flexibility and
artificial intelligence. Flexibility means the ability to per-
form a class of different tasks; artificial intelligence
means the ability of a machine system to perceive condi-
tions that may not have been known a priori, to decide
what actions should then be performed, and to plan those
actions accordingly. Some of the potential robot tasks can
be performed by humans; others cannot (eg, in a high
radiation environment).

Classification

Like human intelligence, robot intelligence is variable.
This observation is compatible with the Japanese classifi-
cation of industrial robots into five categories (Sadamoto,
1981):

A slave manipulator teleoperated by a human master.

A limited-sequence manipulator (further classified into
hard-to-adjust and easy-to-adjust categories).

A teach-replay robot.
A computer-controlled robot.
An intelligent robot.

Learning from Biologicai Systems

Current robot capabilities to act, sense, and think are in
many respects inferior to those of animals, in general, and
humans, in particular. By studying biological systems,
principles may be discovered that can be used, perhaps by
analogy, to improve the functional components of a robot
as well as their cooperation. Using such a bionic approach
may lead to improvements in robot effectors (eg, the auto-
matic feedback control of cooperative flexible arms, fin-
gers, and legs or the dexterity of multifinger hands), sen-
sors (eg, integration of several sensors in parallel) (see
SENSORS AND SENSOR FUSION), and computer processing, eg,
representation of knowledge (see KNOWLEDGE REPRESENTA-
TIoN) and reasoning (qv). These improved capabilities will
advance sensor-guided manipulation (eg, picking one of
jumbled objects in a bin), perception (eg, recognizing, lo-
cating, and inspecting objects in cluttered environments
or outdoor scenes), and other activities in which these
components are integrated.

Incentives for Intelligent Robot Development
The important incentives for the developments of intelli-
gent robots are social and technoeconomic.

Social Incentives. The most important incentive for de-
veloping robots should be social, replacing humans who
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perform undesired jobs by machines. Japan, for example,
is planning to embark on a large-scale program for the
development of robots operating in hazardous environ-
ments (Umetani and Yonemoto, 1983). The ranking of
robot development should thus be ordered according to job
undesirability, ie, jobs that are

Lethal (eg, in a high radiation environment).
Harmful (eg, paint spraying, handling toxic chemi-
cals).

Hazardous (eg, combat, fire fighting).

Strenuous (eg, lifting heavy loads or visual inspection).
Noisy (eg, forging, riveting)

Dull (eg, sorting, assembling).

Technoeconomic Incentives. The second most impor-
tant incentive for robot development is technoeconomic:
reducing the cost of manufacturing products and improv-
ing their quality.

Current Limitations. In spite of the strong social and
economic incentives mentioned above, only a very small
fraction of the entire human workforce in the world has
been replaced by industrial robots. Furthermore, Engle-
berger (1980) estimates that the growth rate of the total
number of industrial robots (excluding teleoperators (qv)
and limited-sequence manipulators) will rise from 2,000
per year in 1980 to 40,000 per year in 1990; these figures
correspond to a yearly replacement of about 0.003-0.06%
of the total blue-collar workforce in the industrialized
countries. Such a low rate of growth of robot population
has resulted primarily from the following limitations of
today’s industrial robots (Nitzan and co-workers, 1983).

Insufficient Material-Handling ~ Flexibility. Workpieces
and other objects can be handled only if they are indexed
within tolerances that match the accuracy of the robot
manipulator. Such restriction limits the flexibility of
manufacturing, especially in batch production of a mix of
products.

Open-Loop Control. Jobs that require closed-loop feed-
back control to correct local errors cannot be performed.
For example, today’s arc-welding robots cannot track a
joint of randomly variable shape and gap in one pass and
adjust the torch movement and welding parameters ac-
cordingly; this limitation excludes these robots from a
large market.

Inability to Detect and Correct Errors. Detection of unex-
pected errors and the recovery from them cannot be done;
a robot system cannot verify that all the robot actions
have been executed as planned. The resulting penalty
may be costly. For example, the cost of debugging and
repairing a final assembly may be several orders of mag-
nitude higher than the cost of correcting that error in
process, whereas subassemblies are easily accessible.

Restricted Mobility. The locomotion of today’s robotic
carts is restricted to fixed guidance (eg, by buried cables or

painted lines). These carts cannot navigate freely, avoid
obstacles, or find their targets in an unstructured environ-
ment. Such a restriction limits the flexibility of material
handling in batch production (see Rosors, MOBILE).

Future Capabilities. The best way to overcome the limi-
tations of today’s muscle-only robots is to provide them
with intelligence, ie, adaptive sensing and thinking capa-
bilities. Such intelligent robots will be able to compete
more effectively with not only blue-collar workers but also
white-collar workers. Most industrial companies have not
yet agreed with this observation but they will, eventually
when the threat of worldwide market competition be-
comes unbearable.

Socioeconomic Problems. Development of intelligeI}t
robots may raise many problems, the major one of which 18
unemployment (Ayres and Miller, 1983). Obstructing d‘e-
velopment of intelligent robots by the labor unions Wil
only worsen the unemployment problem because other
countries, especially Japan, will proceed with such devel-
opment and, as a result, foreign competition will beCO{n_e
stronger. This complex problem will probably be mitl-
gated by three factors (Nitzan and co-workers, 1976).

New Related Jobs. An increased demand for skills ¢
lated to intelligent robots directly (eg, engineering,
computer programming, and manufacturing) and
indirectly (eg, professional training, marketing
shipping, and servicing). .

New Unrelated Jobs. A shift to other jobs, especially 1
the service industry (thus raising the standard ©
living).

Fewer Working Hours. Reducing the working hours
per week with no reduction in the standard of living:

Whether these factors will be able to solve the unen
ployment problem remains to be seen. In the meantimé
the current rate of intelligent-robot development is low,
amounting to robot evolution rather than robot revolu-
tion. Such evolution will enable society to adjust 74 u-
ally, without adverse repercussions, to the advent of the
intelligent robot.

Technical Approach. The technical approach to inte_lh'
gent robot development should be based on the applicatlon
of Al techniques to robotics under four engineering 0%
straints:

High Reliability. The robot must be robust; if it fails ¥
should be able to detect the error and recover fro™ !
or call for help.

High Speed. The robot should be able to perform
functions as fast as necessary.

Programmability. The robot should be flexible (9:b1
perform a class of different functions for a variety _
tasks), easily trainable (for new tasks or modlﬁ_cae
tion of old ones), and intelligent (able to percel?
problems and solve them).

Low Cost. The cost of the robot should be low enough to
justify its application.

its

e to




Clearly, these constraints may conflict with each other.
For example, increasing the robot speed or lowering its
cost may also lower its reliability. A trade-off, therefore,
must be engineered for different applications according to
the significance of each constraint.

RESEARCH AND DEVELOPMENT TOPICS

As shown above, a robot system may be divided into effec-
tors, sensors, computers, and auxiliary equipment. Ro-
botics research and development topics associated with
these major functional components include manipulation
(of arms), end effectors, and mobility; sensing (in general),
Noncontact sensing, and contact sensing; adaptive control
(Which utilizes sensors to monitor and guide effector
actions); and robot programming and manufacturing pro-
cess planning (which generate task-specific computer pro-
grams that are executed by the top-level and lower level
Controllers). Past achievements and research issues re-
lated to each of these topics are described briefly in the
ollowing sections.

Manipylation

RO}?Ot manipulation entails the kinematics, motion trajec-
tories, dynamics, and control of a robot arm.

Kinematics. The location (position and orientation) of a
r°b0§ wrist in a frame attached to the base of the robot
arm is described in two ways:

Joint Coordinates. The angles of the rotary joints and
the lengths of the sliding joints of the arm.

World Coordinates. The Cartesian coordinates of the
wrist position and the direction cosines defining the
wrist orientation.

Joint coordinates must be used to command the robot arm
arrive at a given wrist location. On the other hand,
Umans prefer to describe the wrist location in terms of
World coordinates. Hence, means are provided for trans-
Orming from one set of coordinates to another.

Joint-to-World Coordinate Transformation. A frame of
pflrtesian coordinates (x, y, z) is attached to every arm
Joint according to a set of rules proposed by Denavit and

artenberg (1955). The homogeneous coordinates (x, y, z,
of a given point in each joint frame are converted to
those of o neighboring one by means of a transform: a 4 x
hf>m0geneous coordinate-transformation matrix. Multi-
Plying the transforms of all the arm joints results in the
arm-to-wrist transform whose elements, expressed in
tex.-ms of the joint coordinates, describe the position and
Orientation (direction cosines) of the arm wrist (Rosen and
Co-workers, 1974; Paul, 1981).

World-to-loint Coordinate Transformation. Given the
Position and orientation of the wrist of an arm, solving for
€ corresponding joint coordinates is less systematic and
More difficult than vice versa. Each arm has a unique
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solution in which joint coordinates are computed sequen-
tially in a fixed order (Rosen and co-workers, 1974).

Motion Trajectories. Workstation Transforms. Denoting
the homogeneous coordinates (x, y, z, 1) of a point P in a
frame F by P(F), then P(F,) = [F,/F;] * P(F;), where [Fy/
F,) is the 4 X 4 transform from frame F; to frame F; (Fig.
1a). Note that P(F;) = [Fy/F,] x P(F,), where [Fy/F,] is the
inverse of [F,/F,].

Consider a robot arm with an end effector mounted on
its wrist moving in a workstation, and let A, W, E, and C
denote frames attached to the arm, the wrist, the end
effector, and the current (instantaneous) action target of
the robot, respectively. Given transforms [A/C], [C/E],
and {W/E], the unknown transform [A/W] is computed
from the relation (A/W] = [A/C] * [C/E] * [E/W], where
{E/W] is the inverse of [W/E] (Fig. 1b). Knowing [A/W],
the corresponding joint coordinates are then computed us-
ing the world-to-joint arm solution.

Smooth Path. Paul (1975) developed a technique for
moving the robot end effector along a path consisting of
straight segments and smooth transitions between them
(Paul, 1981; Rosen and co-workers, 1976; Taylor, 1979). A
straight segment is obtained by interpolating world and
joint coordinates between its end locations while main-
taining a constant linear velocity. A smooth transition
between two straight segments is obtained by bypassing
their intersection point along a parabolic curve tangent to
both segments. Each pair of straight segments may be
defined in either a single frame or in two frames, each of
which may be moving with a constant velocity relative to
the arm frame. For example, a robot spot-welding gun
may move with velocity V, along a straight line in the
arm frame toward a moving conveyor, veer and change its
velocity smoothly, and continue to move with velocity V,
along a second straight line in the conveyor frame toward
a welding spot. Training for a task to be performed on a
moving line is done while the workpiece is stationary.

Dynamics. The dynamics of a manipulator relate the
applied forces—torques to the joint motion (positions, ve-
locities, and accelerations as functions of time). Two dy-
namics problems are distinguished (Featherstone, 1983):

The Forward Problem. Given the applied forces and
torques, solve for the resulting joint motions.

The Inverse Problem. Given the joint motions, solve for
the required forces—torques.

The inverse problem is more important for real-time arm
control and, fortunately, easier than the forward problem.

Different numerical methods have been proposed for
solving the equations of motion of an n-joint manipulator.
These methods are assessed on the basis of their computa-
tional complexity (the number of additions and multipli-
cations required). The methods are based on either the
Lagrangian formulation (Paul, 1981; Hollerbach, 1980) or
the Newton-Euler formulation (Luh and co-workers,
1980). The Lagrangian formulation is less efficient, but
Silver (1982) showed that the two formulations are essen-
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description of arm system.

tially equivalent and that the complexity of computation
depends on its structure and the representation of the
rotational dynamics. Kane and Levinson (1983) proposed
another approach that uses explicit dynamic equations
without the unnecessary computations entailed in either
of the above formulations and, hence, should be more effi-
cient.

Control. The motion of a manipulator in a free space is
usually controlled by means of a position servo in each
joint. If the manipulator is required to move while exert-
ing a specified force/torque on an object, appropriate force/
torque servo and position servo must be executed simulta-
neously (Paul, 1981). Such a hybrid control can be
achieved by replacing the position servos of selected joints
by force/torque servos so that the manipulator is free to

move in the specified direction while the prescribed forces/
torques are applied to the object-surface normals. For ex-
ample, grinding a horizontal surface requires simult?”
neous control of the position of the grinding wheel and the
vertical force it exerts. As another example, inserting 2
peg into a hole requires motion along their common axl
while exerting zero forces along two directions norma i
it. Stopping the motion of a manipulator can be controlle
by specifying a given force/torque condition.

End-Effectors

. . ist
An end-effector is a functional device attached to the Wﬂj
of a robot arm (see RoBoT HANDS AND END-EFFECTORS). ¥0
types of end-effector are distinguished: hand, tool, han

tool holder, and micromanipulator. Each of these shoul




be small, light, fast, accurate, multifunctional, and inex-
pensive,

Hand. A hand, the major function of which is to grasp
°bjects, includes a number (eg, two or three) of fingers
attached to its palm. Each finger should have humanlike
structural dexterity and rigidity (bone), object-grasping
compliance (flesh), surface tactile sensors (skin), and prox-
Imity sensors for collision avoidance (no human equiva-
lence). The hand may be equipped with a wrist force sen-
Sor, a visual sensor (eye), a range sensor, or any other
Sensor. To minimize the number of wires between the
h'and and the robot controller, local signals and hand func-
tions should be processed by microprocessors mounted on
the hand itself (resulting in a smart hand).

Three-finger hands have been built at the Electrotech-
nical Laboratory (Okada and Tsuchiya, 1977) and at Stan-
ford University (Salisbury and Craig, 1982). The Salis-
bury hand is shown in Figure 2. A kinematic analysis of
the latter hand yields a large number (373) of different
Ways the hand can grasp an object. Hand control is very
Complex; it is equivalent to the control of three cooperat-
Ing three-joint arms with force sensors.

Tool. A tool may be a spot-welding gun, an arc-welding
to?Ch, a wrench, or any other device that performs a cer-
tain task. If a sensor is mounted on or near the tool, it
Must be ensured that neither one will prevent the other
'rom access to its target. For example, using visual sens-
Ing to guide a robot to arc weld workpieces with corners
may require that the sensor and the welding torch be free
to move relative to each other.

Hand/Tool Holder. A hand/tool holder is a device
Mounted between the arm wrist and a hand or a tool for
One of two purposes:

Quick hand/tool changing and mounting for different
tasks, which may be achieved by a standard latch—
unlatch device or a hand. .

Local accommodation, which may be implemented pas-
sively by a remote center compliance (RCC) device,
developed at Draper Laboratories (Drake, 1977), or

Figure 2, Three-finger hand. Courtesy of Salisbury, MIT.
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Figure 3. PUMA hands with passive and active accommodation
devices.

actively by a force/torque sensor. For example, in
Figure 3 plastic parts are assembled by two two-
finger PUMA (Unimation, Inc.) hands, one mounted
on an RCC (made by Lord Corp.) and guided locally
by its eye and the other mounted on an xyz force/
torque sensor.

Micromanipulator. The function of a micromanipulator
is to correct a locational error that is measured by a robot
sensor and is smaller than the spatial resolution of the
arm wrist. Having a much smaller inertia, the microma-
nipulator is also much faster than the arm. A microma-
nipulator may be an xyz device or a multifinger hand.

Mobility

Most industrial robots today are anchored to fixed loca-
tions; a few have a limited mobility on tracks mounted on
the factory floor or on a gantry (see RoBors, MoBILE). There
are also mobile carts that transport workpieces, but these
carts can move only in a structured environment, eg, by
following buried cables or painted lines. Robot mobility,
however, is also needed for a wide variety of robot func-
tions in unstructured environments, such as mining, mili-
tary operations, and aid to the handicapped. Some robot-
mobility issues follow.

Surfaces and Locomotion. The mechanism for the robot
locomotion depends strongly on the type of surface the
robot must be able to move on. Indoor surfaces include
floors, ramps, stairs, and cluttered environments. Outdoor
surfaces include roads, smooth ground (flat and slanted),
terrain with holes and ditches, and terrain with large ob-
stacles.

Robot locomotion is realized with wheels, tracks, and
legs. Wheels perform well if the terrain is not rough and
the traction is sufficient. Tracks perform well if the ter-
rain slope is not too high or no major obstacles are encoun-
tered. In a recent development at Hitachi (Iwamoto and
co-workers, 1983) the loop of each track forms a triangle
whose shape is adjusted according to the terrain, thus
enabling the vehicle to pass over different obstacles and
climb up and down stairways.
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Legged vehicles have been developed for robot mobility
in rough terrain, where wheels and tracks are useless (see
Rosors, LEGGED). The major issues are stability, gait,
strength, speed, and control. Static stability is achieved if
the vertical projection of the center of gravity is within the
polygon formed by the vehicle’s feet on the ground. A six-
legged vehicle with at least three legs always on the
ground is inherently stable. Six-legged vehicles have been
built at Ohio State University (McGhee, 1983), Carnegie
Mellon University (Raibert and Sutherland, 1983), and
Odetics (Bartholet, 1983). The Odetics vehicle (Fig. 4) is
characterized by high strength-to-weight ratio and
agility.

Control. A major research issue in robot mobility is
autonomous control, which includes motor control, sens-
ing, navigation, communication, obstacle avoidance, and
task performance. SRI's Shakey the Robot (qv) (Nitzan,
1981) was developed in the 1960s as an intelligent mobile
robot with these properties. Shakey (Fig. 5) had autono-
mous wheel-drive control and visual, range, and binary
tactile sensors; navigated through laboratory rooms; com-
municated with its brain (a DEC PDP-10 computer) via a
radio link; avoided obstacles; and pushed boxes according
to the plan of a task it was assigned to do. Since then other

Figure 4. Six-legged walking vehicle. Courtesy of Odetics, Inc.
(Anaheim, Calif.)

|
CAMERA
CONTRO
UNIT

BUMP
DETECTOR

Figure 5. SRI's Shakey, a mobile robot.

similar robots have been developed in the United States
(eg, at Carnegie Mellon University and MIT), France (e
LAAS in Toulouse), and Japan (eg, Mechanical Engineer”
ing Laboratory in Tsukuba). These robots use wheels 10
move on laboratory floors and shaft encoders to sense thelr
two-dimensional positions. To correct for random loca-
tional errors, some of them use infrared beacons, a direct-
able laser range finder, and visual perception. Sonar sen-
sors (which are inexpensive) are commonly used to avor
obstacles, but they are not adequate for navigation be-
cause of their poor resolution, short range, and vulnerabll'
ity to specular reflection.

The primary research issues in planning for and ex
tion of robot mobility along long-range paths are repre-
sentation and mapping of a three-dimensional world, non-
contact sensing, outdoor visual perception, navigatio®
and communication, and those along short-range paths
are noncontact and contact sensing, obstacle avoidanc®
foothold location (to avoid holes, ditches, and the like),
and recovery from accidental falls (see Rosors, MOBILE)-

ecu-

ROBOT SENSING

Sensing Sequence

Robot sensing is defined as perception: translation of rele”
vant characteristic or relational object properties into




information required to control the robot in performing a
given robot function (Nitzan and co-workers, 1983) (see
also SENsors AND SENSOR FUsION). The object properties may
be geometric, mechanical, optical, acoustic, material, elec-
tric, magnetic, chemical, and the like. Robot functions
may be passive (eg, RECOGNIZE, LOCATE, and IN-
SPECT) or active (eg, GRASP, TRANSPORT, and
WELD). Each of these functions may be expanded by
lower level robot functions (eg, RECOGNIZE = (TAKE-
PICTURE, FIND-EDGE, EXTRACT-FEATURES, IN-
TERPRET-FEATURES)), or be used to define higher level
ones (eg, using the functions FIND, ACQUIRE, HOLD,
MOVE, ALIGN, INSERT, and VERIFY to define ASSEM-
BLE). As shown in Figure 6, a robot sensing sequence is
performed in the following steps.

1. Transducing. Converting (in hardware) the rele-
vant object properties into a signal.

2. Processing. Transforming the signal into the re-
quired information, usually in two substeps: prepro-
cessing, improving the signal (usually in hardware),
eg, filtering out noise, and interpreting, analyzing
the improved signal and extracting the required in-
formation (usually in software).

The above steps probably cannot be implemented by a
8eneral-purpose system. Instead, each step or substep
should be performed by effective hardware—software
schemes, regarded as tools, that depend on the environ-
mental conditions and the specified robot functions. To be
flble to carry out a wide variety of sensing tasks, the sens-
Ing system will consist of sets of tools, or toolboxes, and a
kIlowledge-based supervisor that can select the best tools
for each given task.

Sensing Strategy

If the extracted information is not sufficient, the sensing
Sequence is modified and repeated in order to obtain com-

Plementary information. Three cases are distinguished as
follows,

1. Supplementary Images. Imaging additional sur-
faces, which are hidden from a fixed sensor in the
previous sensing sequence(s), by means of a sensor
mounted on the robot end effector or multiple sen-
sors at different viewpoints.
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2. Sensing Efficiency. Achieving efficient sensing by
first using coarse resolution and then fine resolu-
tion, such as, recognizing an object, then locating it
precisely; and recognizing and locating an object ap-
proximately, then inspecting some of its windows,
where distinctive features or defects may be found,
with fine resolution.

3. Multisensing. Utilizing different sensors to supple-
ment a sensor output, such as recognizing and locat-
ing an object with vision and then locating it pre-
cisely and verifying its grasp with tactile sensing,
ie, verifying the sensing of one sensor by another.

Sensor Signals

A given object property may be measured by different sen-
sor signals, such as light intensity, range, acoustic, tac-
tile, force, and temperature (Table 1). A point signal is
distinguished from an array (one- or two-dimensional) of
point signals. As shown in Table 2, each of these signals
may be generated by different sensor transducers, eg, a
point light intensity may be transduced by a photocell, a
photomultiplier, a 1-dimensional array, or a two-dimen-
sional array.

Research Issues

Robot sensing could be advanced by developing

Sensor transducers that have a higher resolution,
higher speed, smaller size, and lower cost.

Faster hardware—software processors that can process
a larger amount of sensor signals and extract more
information.

Sensor modeling and planning, including sensor selec-
tion, for a given task and off-line signal prediction.

NONCONTACT SENSING

Noncontact sensing is based on a signal generated by a
transducer that is not in physical contact with the object it
senses. Noncontact sensing is classified according to the
type of signal, ie, light intensity (or, briefly, intensity),
range, acoustic, temperature, chemical, etc. Noncontact
sensing for robot applications has so far been based pri-
marily on intensity and range signals; future robot appli-
cations should also utilize the other types of signals.

|
fp———————PROCESSING —8M@M@™———»
|

SENSING SEQUENCE ——~—eeee—p{
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Transducing Preprocessing Interpreting
OBJECT »| SIGNAL »| IMPROVED > REQUIRED | >
PROPERTIES (hardware) (e.g., hardware) SIGNAL (software) INFORMATION | Robot
3 Function
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Figure 6. Robot sensing diagram.
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Table 1. Measurement of Object Properties: Possible Signals for Each Object Property

Signal

Object Intensity Range
Property (Point/Array) (Point/Array)

Acoustic
(Point/Array)

Temperature
(Point/Array)

Tactile Force
(Point/Array) (Point)

Geometric

Centroid X
Edge, corner X
Surface X
Volume

Width X
Texture X
Shape X
Proximity X
Mechanical

Weight

Force—torque

Pressure

Optical

Reflectance X X
Color X X
Acoustic

Reflectance

Material

Hardness

Temperature

X X X X X X X X

X X X X X X X
X
X X X

X X X X

X

The output of the signal-transduction step is an image
if it consists of a two-dimensional array of sensory data
values. Thus it is possible to distinguish between an in-
tensity image, which consists of N X M picture elements,
or pixels, and a range image, which consists of N x M
range elements, or rangels, where N and M are resolution
integers. An intensity image provides information about
the reflectance of object surfaces in the scene, but it may
be ambiguous geometrically because of the loss of one-
dimensional information in the process of transforming a
three-dimensional world into a two-dimensional gray-

Table 2. Measurement of Object Properties: Possible
Sensor Transducers for Each Signal

Signal Transducers
Intensity
Point Photocell, photomultiplier, array (1-D, 2-D)
Array Array or equivalent (lower dimensional array
scanning)
Range .
Point Projector (laser, planar light)/receiver (photo-
multiplier, array, two arrays), acoustic
Array Scanning projector (laser, planar light)/receiver
(photomultiplier, array), two 2-D arrays or
equivalent
Acoustic
Point Acoustic transducer
Array Array of acoustic transducers or equivalent
Tactile
Point Microswitch, array of tactile transducers
Array Array of tactile transducers or equivalent
Force (point)  Force transducer
Temperature
Point Thermocouple, infrared transducer
Array Array of infrared transducers or equivalent

level image. A range image, on the other hand, provides
three-dimensional information directly but no reflectancé
information. Intensity and range images are thus comple-
mentary and should, therefore, be in exact registration to
simplify the analysis of their integrated information.

Intensity transducers include a photocell, a photomul-
tiplier, a one-dimensional array camera, and a two-dimen-
sional array camera. Intensity transducers require the fol-
lowing improvements (Nitzan, 1981).

Chips with higher precision, improved quality, color
discrimination, higher resolution (eg, 1024 X 102
or even 2048 X 2048 pixels).

Lenses with lower distortion and better focus in the
infrared region.

Fast, computer-controlled adaptive lens opening and
focusing as well as intensity thresholding.

Indirect measurement of range or surface orientation
may be inferred from molecular two-dimensional images
under certain conditions (Mundy, 1975; Jarvis, 1983; le'
zan and co-workers, 1986; Horn, 1975); but this subject 18
beyond the scope of this article. The following section fo-
cuses on direct range measurement and its current prob-
lems.

Direct Range Measurement

Two basically different techniques can be used to measure
range directly: triangulation and time of flight.

Triangulation Techniques. Triangulation is based on el-
ementary geometry (Fig. 7a): given the baseline of a trian”
gle, ie, the distance between two of its vertices, and'
angles at these vertices, the range from one of the vertices

the
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Figure 7. Direct range-sensing
schemes: (a) Triangulation range sens-
ing (Nitzan and co-workers, 1977).

(b)

t? the third one is computed as the corresponding triangle
Side. Triangulation techniques are subdivided into two
s"ht%pxes: stereo, using ambient light and two cameras (a
Passive scheme), and structured light, using a projector of
Controlled light and camera (an active scheme). The plane
In W.hich the triangle lies is called the epipolar plane, and
13 line of intersection with a camera image plane is called

€ epipolar line.

The main drawbacks of any triangulation technique
re missing data for points in the scene that are not seen

(b) Time-of-flight laser range sensing.
Courtesy of Bolles, SRI International.

from both vertices of the triangle. This problem can be
partially solved in two ways:

Decreasing the baseline (this remedy, however, will in-
crease the measurement errors).

Using multiple cameras for the stereo scheme or multi-
ple projectors and cameras for the structured light
scheme (this provision will also reduce the measure-
ment errors and mitigate the problem of occlusion,
including self-occlusion, in machine vision, but it
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will increase the cost, complexity, and measurement
time of the system).

Stereo. Relying on passive ambient light, triangula-
tion stereo techniques use an image sensor (in particular,
a TV camera) at each of two triangle vertices. A stereo
pair of images can be obtained either from two static cam-
eras (at different locations) or from one camera that is
moved between two locations.

In addition to the missing-data problem, the main issue
in stereo vision is the correspondence problem: how to
match corresponding points in stereo images reliably and
quickly. This problem has no solution if the two images
have uniform reflectance. Conversely, the correspondence
problem becomes easier as the stereo images include more
intensity features, such as edges, especially if they are
perpendicular to the epipolar line. These features should
be extracted on the basis of microconstraints as well as
macroconstraints. For example, local intensity changes
imply edge points, but if these points are too isolated to be
linked into a continuous edge, they should be disregarded.
The effect of the correspondence problem is an increase in
the measurement time.

Structured Light. One way to dispose of the correspon-
dence problem is to use active light: a scheme in which one
of the stereo cameras is replaced by a source of specially
controlled illumination, called structured light. The struc-
tured light may be projected serially, by scanning a colli-
mated light beam (usually a laser), or in parallel, either
by diverging a laser beam with a cylindrical lens or by
using a slit or a slide projector. The structured light may
consist of single or multiple light patterns, each of which
may be a straight line (a beam), planar, or nonplanar.

In addition to the missing-data problem, the structured
light scheme entails two issues:

Specular Reflection. Reflection from a mirrorlike sur-
face may result in no range measurement if the re-
flected light does not reach the camera and false
(larger or smaller) measured range values if the re-
flected light is subsequently reflected by other sur-
faces before part of it reaches the camera.

Slow Measurement.. Serial projection of multiple light
planes requires too much time for data acquisition.

The latter problem can be mitigated by projecting the
light planes in parallel, but this entails determination of
the correspondence between each light plane and the im-
age of its intersection with the target. As a trade-off be-
tween serial vs parallel projection, the following time-
coded light pattern projection method was proposed
(Altschuler and co-workers, 1981): each plane among a set
of different light planes is turned on or off during each of a
sequence of time slots according to a given code, and the
resulting images are decoded to determine the correspon-
dence between each plane and its image.

Time-of-Flight Techniques. A time-of-flight range sen-
sor (Fig. 7b) includes a signal transmitter and a signal
receiver consisting of a collector of part of the signal re-

flected by the target and the electronics for measuring the
round-trip travel time of the returning signal and its in-
tensity. Two types of signal are practical: ultrasound
(such as used by the Polaroid range sensor) and laser
light. Ultrasound is much more adversely affected by sur-
face specularity and has a much poorer spatial resolution
than laser light; hence, let us consider only laser light.

Time-of-flight laser range sensors use a scanning mir-
ror to direct the transmitted laser beam along pan-and-tilt
orientations with equal angular increments in order to
obtain a range image consisting of N x M rangels. Like
with triangulation range sensing, by also measuring the
intensity of the reflected light, we obtain an intensity im-
age consisting of N X M pixels in complete registration
with the range image. On the other hand, the missing-
data problem that is inherent in triangulation range sens-
ing is eliminated by mounting the laser transmitter coaxi-
ally with the receiver’s reflected light collector.

Three schemes can be distinguished for measuring the
length of the transmitter—target—receiver optical path in
time-of-flight laser range sensing (Fig. 7b):

1. Pulse Time Delay. Using a pulsed laser and mes-
suring the time of flight directly (Johston, 1973);
this scheme requires advanced electronics.

2. AM Phase Shift. Using an amplitude-modulated la-
ser and measuring the phase shift, which is propor-
tional to the time of flight (Nitzan and co-workers,
1977).

3. FM Beat. Using “chirps” of laser waves that are fre-
quency modulated as a linear function of time an
measuring the beat frequency, which is proportioni:ll
to the time of flight (Goodwin, 1985).

Time-of-flight laser range sensors have the following
problems:

Specular Reflection. Reflection from a mirrorlike sur-
face may result in no range measurement if the re-
flected light does not reach the receiver and larger
measured range values if the reflected light is subse-
quently reflected by other surfaces before part of it
reaches the receiver.

Slow Measurement. A long integration time is re-
quired to reduce the photon noise (and other types of
noise) to an acceptable level, especially if the targ‘?t
is dark. For given values of target reflectance, inf:k
dence angle, range, and measurement error, the 10~
tegration time is inversely proportional to the prod-
uct of the transmitted laser power and the area 0
the receiver’s collector (Nitzan and co-workers
1977).

Ambiguity in AM Phase Shift. If the phase shift ¢ be-
tween the transmitted light and the received light
in an amplitude-modulated scheme may exceed 27
the (true) range r is ambiguous: r = nx + r(¢), whereé
n=0,1,2, . . ., \isthe wavelength of the modulé-
tion frequency, and r{¢) is the measured range a8
suming that 0 < ¢ < 27; detection of range discont!”
nuities, which are unexpected based on the worl




knowledge, may be used to determine the value(s)
of n,

P_" Ocessing of light-intensity images and range images are
I8cusged Separately in the following two sections.

Intensity Image Processing

,nght-intensity image processing in robotic applications is
?ntended primarily to recognize, locate, and inspect ob-
Jects from an intensity range. Assuming that the image of
&n O‘bject in a given stable state is invariant to its location
pOSl.tion and orientation), processing of three types of in-
FenSlty image are distinguished below: a complete and
18olated outline, a partial or connected (not isolated) out-
0e, and a gray-level image of an object. Processing the
Intensity images of three-dimensional objects in general is
& more difficult task.

(;OMplete and Isolated Outline. The complete outline of
8N isolated two- or three-dimensional object in a given
St‘?‘ble state is the boundary between the top-view image
(V{eWed from infinity) of the object and its background. An
object outline can be sensed in two ways:

By Detecting the Black-to-White and White-to-Black
Transitions in a Binary Image (Silhouette). The
main problems here are obtaining a high black-
white contrast when using front illumination (it is
relatively easy with back illumination) and adjust-
ing the threshold that converts the image into bi-
nary pixels dynamically as the task and lighting
conditions vary.

By Detecting the Edges between Dark and Bright Re-
gions in a Gray-Level Image. Edges may be detected
by using several methods, such as the Sobel operator
(Duda and Hart, 1973) and thinning the resulting
“thick edges” or by applying the MIT zero-crossing
operator (Hildreth, 1982) which extracts chains of
zero-valued pixels from the convolution of the gray
levels with the Laplacian of a bivariate Gaussian
distribution function. The main problems here are
lack of robustness (obtaining false edge points and
missing true ones), linking the edge points into ex-
Pected outlines, and relatively lengthy computation
time.

The SRI vision module (Gleason and Agin, 1979) imple-
Ments the outline interpretation (recognition, location,
and inspection) by matching the features of each “blob,” or
onnected region, of the measured outline with those of a
Model (prototype). The vision module utilizes many global
®atures, such as the outline’s area, perimeter, area—
Perimeter-squared ratio, radius vectors (minimum, maxi-
Mum, and average) from the centroid to the perimeter,
st and second moments, and number and area of holes.
0 recognition schemes are distinguished.

Nearest Neighbor Classifier. Selection of the nearest
object prototypes in a multifeature space.

Decision Tree. Sequentially divides object prototypes
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into two groups along tree branches according to the
largest gap between the values of the most distinc-
tive feature until reaching a leaf.

The SRI vision module (Fig. 8) consists of three compo-
nents: one to four TV cameras, a hardware preprocessor,
and vision software stored in a microcomputer. Several
companies (eg, Machine Intelligence Corp. and Automatix
Inc.) have been manufacturing industrial vision systems
based on the SRI vision module.

Partial or Connected Outline. Consider two- or three-
dimensional objects that may be partially viewed, over-
lapping without altering their top views substantially or
touching. Object outlines are extracted from binary or
gray-level images using the same techniques as for an
isolated object. The observable outline of any one of these
objects may be partial, complete, or connected with an-
other outline; hence, matching cannot be based on global
features.

Object recognition and location based on any of these
outlines was achieved at SRI (Bulles and Cain, 1982) by
focusing on local features, such as small holes, convex
corners, and concave corners, which are much smaller
than the image of the entire object. As a local feature is
detected, the shape and location of its closest local fea-
tures are extracted and compared with those of a model
until there is sufficient match to hypothesize the object’s
identity and location. The hypothesis is then verified by
comparing the observable-object outline, excluding the lo-
cal features matched previously, with the model outline.
For example, local features extracted from the silhouette
of four overlapping or touching door hinges were analyzed
by this match—verify system and the resulting outlines,
shown in Figure 9, were as expected. The system is robust,
but further research is needed to explain (by reasoning
about object outlines) why portions of some objects are not
visible.

Gray-Level Image. Techniques for matching the gray-

level image of an object with that of a model are covered in
several textbooks (Duda and Hart, 1973; Rosenfeld and

Figure 8. The SRI vision module.
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Figure 9. Using local features to locate overlapping or touching
door hinges. Courtesy of Bolles, SRI International.

Kak, 1976; Ballard and Brown, 1982; Horn, 1986). These
techniques vary over a wide range of complexity, depend-
ing on the tasks. One technique, explained previously, is
to detect expected edges between dark and bright regions
and match the global or local features of these edges with
those of an object model. Two other matching techniques
are as follows.

Average Gray-Level Matching. The average gray level
of a windowed (partial) or the entire image of an
indexed object (ie, placed in a known location) is
compared with that of a model to determine if there
is an acceptable match; simple and fast, this tech-
nique is used in commercial visual inspection sys-
tems (Miyagawa and co-workers, 1983).

Statistical Gray-Level Matching. A gray-level histo-
gram (a function showing, for each gray-level incre-
ment, the number of pixels in the image whose gray-
levels lie within that increment) of an image of an
indexed object is compared with that of a model to
detect missing or severely damaged parts, and a
gray-level joint distribution of the object and its
model are used to detect missing or misplaced parts
(Barnard, 1980).

Range Image Processing

Range image processing is intended primarily to recog-
nize, locate, and inspect three-dimensional objects (see
also RANGE DATA ANALYSIS). Basically, such processing is im-
plemented by extracting three-dimensional geometric fea-
tures and matching them with those of a model. Matching
the three-dimensional features of an isolated object whose
image is variable is much more difficult than matching
the two-dimensional features of an isolated object whose
image is invariable. Matching the features of three-di-
mensional objects that are piled on a tray or jumbled in a
bin is even more difficult because each object may have
infinite possible orientations and may be partially oc-

cluded by other objects. Compared with visual image pro-
cessing, range image processing has barely scratched the
surface; much research is still needed in this area.
Because range data describe the surface of a solid ob-
ject (not its interior), the object should be represented by
its surface (not its volume). Three useful representations
of three-dimensional surfaces are considered below: faces,
generalized cylinder surfaces, and volumetric.

Faces. Object faces are usually represented mathemat-
ically by a number of unbounded planar or curved sur-
faces (eg, cylindrical, conic, or spherical) that confine tl}e
object. These surfaces may intersect along edges that, 1
turn, may intersect at vertices. Geometric modeling 11
most computer-aided design (qv) (CAD) systems is based
on this representation.

Geometric features (surfaces, edges, and vertices) seel
by a range sensor can be extracted from its range image:
The challenge here is to extract these features reliably
and quickly from range data that may be incomplete an
noisy. Previous range image processing (Nitzan and €0
workers, 1977; Nitzan, 1972; Duda and co-workers, 1979
has extracted the following features:

Jump edges, the boundaries between occluding and f)"‘
cluded surfaces (as seen by the range sensor), whic
are characterized by range discontinuities; jump
edges constitute the portion of the occluding object
outline where no contact is made with any other
object.

Convex or concave edges, which are characterized by
discontinuity in the range gradient.

Planar surfaces, classified into horizontal, vertical, and
slanted ones (an example is shown in Fig. 10).

More recently, Bolles and Horaud (1986) develo'ped 2
system for determining the location (position and orienta”
tion) of each visible part in a bin of jumbled pads of the




Figure 10. Office scene partitioned into planar surfaces. H =

;lg;izontal, V = vertical, S = slanted (Duda and co-workers,
9).

same type. The system generates a hypothesis about the
location of each part by extracting three-dimensional edge
features of three types (straight dihedral, circular dihe-
firal, and straight tangential) from range data and match-
Ing a sufficient number of distinctive features to those in
the part’s model. For example, Figure 1la depicts the
measured height of seven castings; higher points are
brighter. The system analyzes these range data, extracts
three-dimensional edge features, and hypothesizes the
casting locations, as shown in Figure 11b. Next, the re-
sulting hypothesis of patches is verified by predicting the
range values on the object’s surface and comparing them
to the measured data (Fig. 11¢). Furthermore, the system
locates the pads on top of the pile so that a robot hand can
Pick them up.

_ Generalized Cylinder Surfaces. A generalized cylinder
18 the volume swept by a two-dimensional region moving
along and normal to an axis (straight or curved) in a
three-dimensional space.

Surfaces of generalized cylinders were used to repre-
sent a manufactured doll (Agin and Binford, 1973) and
other complex objects (Nevatia and Binford, 1973). Gener-
alized cylinder surfaces were extracted from range data
(obtained by using planar light slices) and matched with
their models.

Contour lines are the intersections of a set of known
Planes with a three-dimensional object of an arbitrary
shape. The planes may be parallel and equidistant (as in
topographical maps), radial with equal angular incre-
ents, and the like. Contour lines may be viewed as an
extended representation of a generalized cylinder surface
formeq by sweeping a region of arbitrary shape along an
axis that may branch into separate axes. The intersec-
tions of a set of light planes with an arbitrary object, used
to Measure its range image, constitute the visible portions
of its contour lines. As such, contour-line representation is
Compatible with range measurement based on structured
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Figure 11. Locating castings in a bin. (a) Measured height data
(higher points are brighter). (b) Hypothesized castings. (c) Hy-
pothesis verification. Courtesy of Bolles and Horaud, SRI Interna-
tional.
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light and can be used to inspect the shape and dimensions
of three-dimensional objects (Mulgaonkar and co-workers,
1985).

Volumetric Representations

Volumetric representations can be used to compute the
mass properties of objects as well as their surfaces. Three
volumetric representations are distinguished: spatial oc-
cupancy, cell decomposition, and constructive solid geom-
etry (Ballard and Brown, 1982).

A spatial occupancy representation (voxels) of a solid
object is a three-dimensional array of cells (eg, cubes); the
higher the resolution the larger the required memory
space. A cell decomposition representation is obtained by
subdividing a solid object into solid cells (no holes). One
such representation is the “Oct-tree,” which is obtained by
recursive subdivision of the solid until all the cells have
elementary shapes. A solid object may be represented by
combining primitive solids, eg, construction of animals
using cylinders.

Research Issues

Although impressive progress has been made in edge &
local feature detection (qv) and relational optical flow
(Hildreth, 1983), and three-dimensional vision, these ar-
eas require further research. Other research issues in
noncontact sensing include parallel computation, object
representation, extraction of intrinsic and relational fea-
tures from surface images, and strategies for matching
these features to object models. Different applications
have required different sensor types and different object
representations. The question is how much of these differ-
ences is economical and how much is inherent.

CONTACT SENSING

As the name implies, contact sensing requires physical
contact with an object whose properties are measured.
Contact-sensor signals include tactile, force/torque, tem-
perature, and position. Of these, tactile and force/torque
sensors are more general.

Tactile Sensors

Classification. Tactile sensors may be classified accord-
ing to the following criteria:

Resolution. A single element (eg, a microswitch) vs an
array of elements.

Dynamic Range. Binary (contact or no contact) vs
gray-level (continuous) contact force.

Directionality. Normal vs tangential force measure- .

ment.

Applications. A binary microswitch may be used in var-
ious move-till-touch applications (Nitzan, 1981), such as
reaching a target, preventing collision damage, robot
training, object grasping, and dimensional measurement.

Arrays of tactile transducers (binary or gray-scale)
mounted on compliant fingers of a robot hand are applica-

ble to object recognition (Hillis, 1982), grasping, locating,
inspection, and slip detection. Rather than being detected,
a slip may be prevented by increasing the normal force, N,
just before the sensed tangential force reaches uolN, where
wo is the coefficient of static friction between the object
and the tactile transducers. Some tactile sensors may also
be used to measure the hardness and thermal properties of
materials (Dario and De Rossi, 1985); these properties
may supplement three-dimensional features in object rec-
ognition.

In a survey conducted by Harmon (1982) the following
applications for tactile sensing were identified: bin pick-
ing, adaptive grasping, assembly, dimensional inspection,
shape detection, temperature measurement, tight-part
mating, electronic-component insertion, wire-harness
construction, limp-material handling, fruit picking, and
cow milking.

Transducers. Tactile transducers may be based on the
following technologies (Dario and De Rossi, 1985; Har-
mon, 1982).

Pressure-Sensitive Resistivity. Simple, inexpensive,
and heat resistant but lacking sensitivity.

Semiconductors. Small and sensitive but fragile and
sensitive to the environment.

Piezoelectric Transduction. Potentially useful but
lacking dc response.

Capacitive Transduction. Potentially useful but too
sensitive to external fields.

Optoelectronic Transduction. Highly sensitive detec:
tion of light whose intensity varies by force-sensl-
tive mechanical means, which are bulky.

Piezoelectric and Pyroelectric Transduction. Poten-
tially useful for sensing pressure and thermal prop-
erties, but sensing them separately is electronically
difficult.

A few examples follow.

Hillis (1982) developed a 16 X 16-clement tactile sen-
sor consisting of two 16-conductor sheets aligned perpen”
dicularly to each other and separated by a thin elastic
medium. The local resistance between each pair of cross
ing conductors decreases (nonlinearly) as the applied pres
sure increases. A tactile-pressure image is obtained by
applying a voltage to one column conductor at a time and
measuring the current flowing in each of the row conduc-
tors as they are grounded one at a time. Hillis realized oné
conductor sheet by an etched flexible printed-circult
board, the other by an anisotropically conductive silicon
rubber, and the elastic medium by a nylon woven mesh.
Further development of this sensor was terminated due to
problems with material manufacturing and robustness
(Hollerbach, 1985).

Boi (1984) developed a 6 X 6-element tactile sensor
consisting of six conductors etched on an elastic/dielectr1c
layer and six conductors etched normally to the ones
above on a flexible printed-circuit board (Fig. 12). The
local capacitance between each pair of crossing conductors -
increases as the applied pressure increases because the
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f;gm‘e 12. Exploded view of capacitive tactile sensor (Boie,
4).

distance between them decreases. This sensor scheme ap-
Pears encouraging and is being pursued further at MIT
(Hollerbach, 1985).

A 3 X 6-element tactile sensor combining a transducer
(pressure-sensitive conductive elastomer) and a VLSI sig-
nal processor has been designed and built by Raibert and
Tanner (Raibert, 1982) (Fig. 13). The quality of the trans-
duced data was not good because of the hysteresis and
Poor mechanical ruggedness of available elastomers and

ecause of the difficulties in placing analog electronics on
a chip (Raibert, 1984). Raibert (1984) has attempted to
°Ve¥‘come these problems by developing a scheme for mea-
Suring local pressure digitally.

A survey of tactile transducers by Dario and De Rossi
(1985) includes the following ones: optoelectronic trans-
fiuCers using optical fibers (the Jet Propulsion Laboratory
In Pasadena, Calif., and MIT in Cambridge, Mass.) and

ED-photo detectors (developed at SRI International and
Manufactured by Lord Corp.), piezoresistive transducers
(Cal‘negie Mellon University in Pittsburgh, Pittsburgh,

a., and LAAS in Toulouse, France), piezoelectric—pyro-

Pressure-sensitive
elastic material

< A

Surface
DANEIVEA VA IVAIE. metal
electrodes
Computing 3,
elements

" Silicon substrate

f;glzl)re 13. VLSI tactile array sensor (Raibert and Tanner,
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electric transducers using polyvinylidene fluoride poly-
mers (PVF2) (University of Pisa, Italy).

Desired performance specifications for tactile sensing
depend on the application but, on the average, are as fol-
lows (Harmon, 1982):

Resolution (5 X 10 to 10 x 20 elements with 1-2 mm
spacing, matching the human fingertip).

Sensitivity (1-10 g).

Dynamic range (1000:1).

Response Time (1-10 ms).

Nonlinearity is acceptable but hysteresis is not.

Robust sensing skin on a compliant material (flesh)
that covers each finger of a robot hand.

Local data processing (resulting in a smart hand).

Tactile sensors that meet all of these specifications are yet
to be developed. Such development could perhaps be
helped by studying the mechanisms entailed in human
sensing. Most attempts to develop humanlike tactile sen-
sors have failed so far, primarily due to material prob-
lems.

Tactile Image Processing. A tactile image generated by
a set of transducer elements that have been activated by
contacting an object may be binary or gray-level. Hence,
binary or gray-level vision-processing techniques are ap-
plicable directly to tactile image processing (Hillis, 1982).

Grimson and Lozano-Perez (1984) developed a method
for recognition and location of an isolated polyhedral
three-dimensional object with three degrees of freedom
based on a set of surface-point positions and normals mea-
sured by tactile sensors. The large number of possible in-
terpretations in matching the measured points with mod-
eled object surfaces is reduced considerably by using
constraints on the distances between faces, the angles be-
tween face normals, and the angles between sensed-point
vectors and face normals. This object-matching method
was later extended (Grimson and Lozano-Perez, 1985) to
cases in which the position and orientation of planar-sur-
face patches (or linear segments) are measured by a sen-
sor (eg, gray-level visual sensor).

A research issue is how to perform image interpreta-
tion that is unique to contact sensing. For example, inter-
preting tactile data associated with object grasping en-
tails friction (which is hard to model) and grasp location.
Another issue is dynamic vs static tactile sensing, how to
interpret dynamic tactile data, how the information it pro-
vides differs from that of static tactile data, and what the
analogy with dynamic and static vision is.

Applicability of Tactile versus Noncontact Sensing. Tac-
tile sensing is applicable to object grasping, but its appli-
cability to object recognition, location, and inspection is
questionable because these tasks can be done today much
more effectively by visual sensing.

Compared with noncontact (vision and range) sensing
of a three-dimensional object, today’s tactile sensing has
inferior performance specifications, has insufficient tech-
niques for image interpretation, must entail manipula-
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tion (eg, by a robot arm and hand), and may cause some
object displacement. On the other hand, tactile sensing is
direct, requires no illumination, and can provide informa-
tion about the object grasping, including slip detection or
prevention. In addition, noncontact sensing is inferior if
the surface of the object is occluded (eg, during object
grasping), is either too dark (eg, in deep sea) or too specu-
lar (causing transducer blooming or misleading multiple
reflections), or is characterized by uniform reflectance de-
spite range variations.

In conclusion, tactile sensing should complement non-
contact sensing, not compete with it. Before such sensor
integration can be achieved, however, tactile sensing
needs to be advanced to a level comparable to that of non-
contact sensing.

Force Sensors

A six-axis wrist force sensor measures the three compo-
nents of force and three components of torque acting be-
tween the wrist of a robot arm and its end effector which,
in turn, exerts the measured force or torque on an object.

Force transduction is achieved by measuring the de-
flection of compliant sections as a result of the applied
force and torque. Force transducers include piezoelectric
material and semiconductor strain gauges. The accuracy
of force transducers may be increased by mounting them
directly on the end effector fingers rather than on the

Figure 14. Strain-gauge wrist force sensor.

wrist. Figure 14 shows a strain-gauge wrist sensor devel-
oped at SRI (Rosen and co-workers, 1974).

Research Issues

Research issues include improving the performance of tac-
tile transducers (see above specifications), analysis of tac-
tile gray-level images (for object handling, recognition,
location, and inspection), friction modeling (for slip detec-
tion or prevention), and the applicability of tactile sensing
with and without noncontact sensing.

Other research issues are effective discrete and contin-
uous sensing, contact location and friction, applicability of
contact sensing, combined force—position control, force
control of cooperating arms or fingers, performance pre-
diction, and pattern recognition.

ADAPTIVE CONTROL

Overview

The dynamic behavior and positioning accuracy of a robot
arm under fixed control vary with the arm configuration
and load. An arm with unknown or time-varying parame-
ters could, in principle, be controlled dynamically using
adaptive control (see ROBOT CONTROL SYSTEMS) by adjusting
the parameters according to the position, velocity, and
acceleration servo errors. The problem is that the theorY




for adaptive control of nonlinear, stochastic systems is
ll}adequate (Sanderson and Weiss, 1985). Craig (1985) di-
vided the dynamic model into two parts: one with known
parameters (eg, link inertia) and the other with a known
§tructure but unknown parameters (eg, friction and load
inertia) that may vary in time. He proposed a scheme
using an adaptation law that adjusts the estimated values
of the unknown parameters in a closed loop until they
converge to values resulting in zero servo errors. The
scheme is based on nonlinear equations of motion and
uses Liapunov (Hahn, 1963) function to guarantee stabil-
ity but is not fast. Controlling a robot arm dynamically by
evaluating its unknown and time-varying parameters in
order to minimize the servo errors is a research issue.

Adaptive control of a robot arm may be implemented
by using sensors, in particular visual and range sensors,
to measure the location (position and orientation) of its
end effector relative to a target object, despite measure-
ment delay and noise. Sanderson and Weiss (1983) distin-
guished between two visual feedback representations: a
position-based feedback, whose parameters are relative
locations, and an image-based feedback, whose parame-
ters are image features. The latter is inherently faster
(because it entails no feature-to-space computation delay)
but its feedback is nonlinear. They also distinguished be-
tween two types of joint-control structures: look-and-move
and visual tracking.

Examples

Adaptive control demonstrations at SRI included the fol-
lowing.

Compressor-Cover Assembly. Using global and local
features, a compressor housing and its cover were located
by a vision subsystem, picked up by a Unimate arm, and
placed on an xy table (Fig. 15). Guided by the vision sub-
system, the xy table moved to each of eight positions
where an Auto-Place limited-sequence manipulator
bolted the cover while the table was free to move slightly
to accommodate locational errors. Visual and positional
sensing were used to verify this operation (McGhie and
Hill, 1978),

Figure 15. Compressor-cover assembly
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Figure 16. Visually guided arc-welding robot. Courtesy of Kre-
mers and co-workers, SRI International.

Tracking. Visual-range servoing techniques were de-
veloped using a projector of a light plane and a TV camera
mounted on the end effector of a Unimate arm and applied
to simulated spot welding on a moving line and tracking a
cornered path in three dimensions (Agin, 1979).

Arc Welding. Using a laser scanner range sensor
mounted on its wrist, a Cincinnati-Milacron T3 arm was
guided by the vision subsystem in one-pass arc welding of
different workpiece joints (Fig. 16) (Kremers and co-work-
ers, 1983).

Modular Printer-Carriage Assembly. A nine-part printer
carriage was assembled by a modular-assembly station
consisting of two PUMA arms with visual and force sen-
sors, respectively, attached to their wrists, a binary vision
module, and general-purpose part feeder and assembly
fixture on two tables, respectively (Fig. 17). Binary visual
sensing was used to locate plastic rockers and, subse-
quently, force and click sensing were used to verify that
they have been snapped properly into a shaft (Smith and
Nitzan, 1983).

Issues

Some issues entailed in adaptive robot control are as fol-
lows.

Basic Theory. Developing a general analysis that
guarantees stability and high speed in controlling
nonlinear, stochastic systems with unknown and
varying parameters.
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Figure 17. Modular assembly station.

Sensor Integration. Selecting the best sensors for a
given task and integrating their outputs into the
robot control system.

Branching. Planning cost-effective conditional bran-
ches for robot actions, depending on the sensor sig-
nals.

Execution Speed. Obtaining and matching high speed
sensory data processing, arm motion, and arm con-
trol.

ROBOT PROGRAMMING

Training today’s industrial robot arm is usually done by a
human operator who, using a teach box with push but-
tons, leads that arm through its task steps and records the
location or action of each step. Although popular, this
teaching-by-doing method may be wasteful (eg, no useful
work during training for batch production), tedious (eg,
training for many computable locations), or inadequate
(eg, training for sensor-guided task steps). These limita-
tions can be partially overcome by using a computer-based
textual robot-programming language. Furthermore, a ro-
bot-programming language (or an equivalent computer
program) is essential for programming a robot system,
working alone or with other machines, that consists of

manipulators, sensors, and auxiliary devices and is con-
trolled by a hierarchy of distributed computers.

A robot programming-language is applicable in twO0
programming modes: on-line programming and off-line
programming. On-line programming is performed by 2
programmer who, although sensing and handling rea
equipment and workpieces, generates a program text that
may include manipulator locations (either taught by do-
ing or typed in), robot sensing (to overcome uncertainties),
and logic or control statements (which usually constitute
the bulk of the program). Off-line programming is similar
to on-line programming except that the programmer deals
with simulated objects (workpieces, sensors, manipuld-
tors, and other equipment) rather than real objects.

Robot-Programming Languages

The main goal of using a robot-programming language 18
to facilitate the programming of a robot system for a new
task or modification of an old one. To achieve this goal, 2
robot-programming language provides the user with hig

level programming capabilities. These capabilities are im-
plemented by means of a language processor and a rob0

controller: the processor accepts and checks the user state-
ments and translates them into commands for the controX
ler, the controller then generates lower level commands




for the corresponding device (eg, the trajectories, joint val-
ues, and servo commands for the arm joints).

'Current Robot-Programming-Language  Capabilities.
Eight commercially available U.S. robot-programming

z‘;ﬂguages have been compared by Gruver and co-workers
983).

AL, Stanford University (Mujtaba and co-workers,
1981).

AML, IBM Corp. (Taylor and co-workers, 1982).

HELP, General Electric Co. (1982).

JARS, Jet Propulsion Laboratory (Craig, 1980).

MCL, McDonnell Douglas Corp. (Wood and Fugelso,
1983).

RAIL, Automatix, Inc. (1982).

RPS, SRI International (Parks, 1983).

VAL, Unimation, Inc. (1980, 1981).

The combined features of these robot languages are
classified below into general and robotic programming ca-
pabilities (see the above references for individual robot-
language capabilities).

.General Programming Capabilities. General program-
ming capabilities include the following high level lan-
Buage features:

Data Types. Integer, real, character string, label, and
aggregate (an ordered set of data types) (Taylor and
co-workers, 1982).

Operations. Arithmetic, relational, logical, assign-

ment, etc.

Control Expressions. Block structure (BEGIN_END),
branching (GOTO), conditional branching
(IF_THEN; IF_THEN_ELSE.), continuing

(WHILE_DO.), and looping (DO_UNTIL.).

Subroutines and Functions. Library (compiled) and
user-generated (interpreted).

Interactive Support Modules. Text editing, hot editing
(run, stop, edit, and continue to run a program),
compiling, interpreting, graphic simulation, etc.

Debugging Features. Break points, tracing, and single-
stepping.

_Robotic Programming Capabilities. Robotic program-
Ming capabilities, invoked by declarations or commands,
are usually built into the robot language; in a few cases,

Owever, they are incorporated into the language by in-
terfacing with external modules (eg, RPS interfaces with
the PUMA VAL (Unimation, Inc.) controller and the SRI
and MIC vision modules). These capabilities are classified
below according to the fnature of the robot functions:

Geometric Data Types. Vector, displacement, rotation,
frame, transform, and path of points.

Motion of Arm End Effector. Specified joint(s), interpo-
lated joints (between two points), straight line (to a
given destination), straight line via a given point,
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continuous path (through given points), sawtooth
weaving superimposed on a continuous path, specifi-
cation of speed and acceleration or deceleration, de-
parture and approach, etc.

Vision. Picture taking, binary feature extraction, sil-
houette-based object recognition and location, ad-
justment of thresholds and windows, and gray-level
feature extraction (eg, histograms).

Servoing with Sensory Feedback. Visual sensing, limit
switch, and force/torque sensing.

Multiprocessing. Simultaneous control of multiple
arms, sensors, machines, and other devices in a
manufacturing cell.

Limitations and Issues. Current robot-programming
languages are handicapped by the following limitations
and issues (Soroka, 1983; Goldman, 1985).

System Integration. Robot-programming languages,
currently capable of controlling a single arm, should be
able to concurrently control a flexible workcell comprised
of two or more arms, machines, vision modules, other sen-
sors, and auxiliary equipment, and be integrable into the
factory CAD-CAM system.

Task-Level Commands. Robot-programming languages,
currently including only manipulator-level commands,
should also include higher, task-level commands to sim-
plify workcell programming for more complex tasks.

Flexibility and Intelligence. Robot-programming lan-
guages should be flexible and intelligent enough to handle
unpredictable situations, eg, be able to verify that speci-
fied trajectories are collision-free.

Hardware Dependency. Robot-programming-language
software is closely tied to specific computer hardware; al-
though achieving higher speed, this dependency hinders
computer portability.

Language Standardization. A commercial robot-pro-
gramming language is proprietary with its vendor and
depends heavily on the kinematics of the arm it controls;
hence, users of different arms must program them in sev-
eral languages. This problem could be solved by having a
standard, arm-independent language processor that inter-
faces with each arm-specific controller that servos the arm
joints.

Marketing Considerations. Robot-arm marketing ap-
pears to be the major incentive for developing a robot
programming language. This factor may oppose efforts to
standardize robot programming languages unless one ro-
bot manufacturer dominates the market.

User—Language Compatibility. The spectrum of users
who match the complexity of a given robot-programming
language is narrow. Developing robot-programming lan-
guages that match a wide spectrum of users, from a fac-
tory worker to a computer scientist, is an issue. Along this
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line, the utility of a robot-programming language that is
restrictive when used by a sophisticated programmer who
requires programming flexibility may be questioned. An
alternative approach is to utilize the general program-
ming capabilities of a high level language (such as C,
Pascal, or Ada) and, with an appropriate computer operat-
ing system, develop hierarchies of robot-function subrou-
tines that constitute robot-programming capabilities.
This approach could reduce the cost and enhance the por-
tability of the robot software as well as improve program-
ming flexibility.

Off-Line Programming

Off-line programming is performed by a programmer who
generates a program text that may include simulated ma-
nipulator locations, simulated robot sensing, and logic or
control statements.

Advantages and Disadvantages. Compared with on-line
programming, off-line programming has the following ad-
vantages.

No Production Stoppage. Production need not be
stopped to make real robotic equipment available
for programming. This is a major cost-reduction fac-
tor.

Safety. The danger of harm to the programmer, the
equipment, and the workpieces during program-
ming is eliminated.

Early Programming. Programming can begin before
workpieces, robots, machines, fixtures, and other
equipment arrive and, hence, is not susceptible to
delays caused by late deliveries.

Product Redesign. Any mistake in the design of a
workpiece or a product can be detected and corrected
before it is produced.

Sensitivity Verification. The generated program can be
verified under exhaustive conditions that can be
simulated but not realized experimentally. For the
same reason, determining the sensitivity of opera-
tion to variation of parameters must be based on
simulation.

On the other hand, the disadvantages of off-line program-
ming are described below.

Model Limitations. The accuracy of simulating a robot
system depends on the authenticity of its model;
complex phenomena that are hard to model pre-
cisely will result in simulation errors.

Modeling Cost. Unlike on-line programming, simula-
tion in off-line programming entails modeling cost.

Three-Dimensional Geometric Models. Three types of
geometric model of three-dimensional objects are distin-
guished:

1. Wire-Frame Models. Represent objects by their ver-
tices and edges; these models are simple and fast but
are hard to visualize (especially if hidden lines are

not eliminated) are useless for collision detection,
and may be ambiguous.

2. Surface Models. Represent objects by their sur-
faces; the above wire-frame model drawbacks are
eliminated by using surface models, but they aré
slow and provide no information about the mass,
inertia, and stability of objects.

3. Solid Models. Represent objects by their volumes
(including surfaces); most of the above drawbacks
are eliminated by using solid models, but they aré
slow.

Simulation. A graphic simulation system uses a three-
dimensional model to generate static or dynamic displays
of objects and workcell layout. Such a system enables 2
programmer to view workcell objects from different direc-
tions (using perspective transformations) with variable
magnification (eg, zooming), as if the programmer were &
“flying eye” observing a real workcell. Using this facility,
an off-line programmer interactively writes and debugs
the program steps for a given task, observes the anima-
tion of the operation, and when satisfied with the results,
downloads the program on to the (real) workcell controller
and runs it. For example, Figure 18 shows a display (gen-
erated on a Silicon Graphics IRIS 2400 system) of a simu-
lated PUMA arm with a two-finger hand mounted on 2
wrist force sensor, a table, and a cylindrical part on it. A
simple task was programmed off-line and executed by 2
real, calibrated workcell: a vision module (simulated but
not shown in Fig. 18) located the part and the arm, guid?d
by this information, picked up the part and moved it to its
destination.

CAD-CAM Database. Ultimately, the geometric and
nongeometric representations of all the equipment and
workpieces in a factory will be stored in a computer, an
these databases will be applied to CAD and computer-
aided manufacturing (CAM) (see MANUFACTURING, Al V)
Currently, however, a limited amount of such a database

Figure 18. Graphic simulation in off-line programming of a 10
bot system. Courtesy of Smith, SRI International.




exists in certain industries (eg, some aerospace and auto-
motive industries), and its use is limited to static and
dynamic graphic display in the design stage and to pro-
gramming numerically controlled (NC) part machining in
the manufacturing stage.

Research Issues. Among the research issues related to
off-line programming are the following ones:

Three-Dimensional Object Modeling. Increasing the
speed of processing surface and solid models both
algorithmically and by hardware, modeling flexible
objects, locational uncertainty.

CAD-CAM. Tolerances, path planning and collision
avoidance, task-level robot functions acting on
workpieces under a range of constraints, near opti-
mal robot selection and workcell-layout design, non-
geometric workpiece and equipment representa-
tions, standardizing robot tools and types, rules for
manufacturing processes (fabrication, handling in-
spection, and assembly), integration of different
CAD-CAM systems.

Simulation. Efficient user interface: robot sensing
simulation, robot reach, robot dynamics, static and
dynamic process simulation.

MANUFACTURING PROCESS PLANNING

Manual robot-system programming entails a major effort
even if facilitated by a robot-programming language or
done off-line. Graphic simulation may help specify robot
locations, but not logic or control statements, which usu-
all‘y constitute most of the program. Developing a task-
oriented programming language will mitigate this prob-
lem, but a long-term solution is automatic robot-system
Planning and programming.

Consider a programmable assembly workcell that is
Controlled by a hierarchy of distributed computers and
Includes manipulators, sensors, part feeders, and auxil-
lary devices. If instructed to assemble a particular prod-
uct, the workecell must be provided with a workable plan
for the assembly process. Consider how such a plan can be
enerated cost-effectively in a future factory equipped
With robotic CAD—CAM systems.

_ The output of the CAD system for a given product vill
Include two major components: the design of the product
Parts and their attachment sequence. This information is
used to plan the robotic assembly operations, each of
Which includes actions and verifications of equipment,
Parts, and the actions themselves. The CAD output can be
enerated interactively by a human designer without
much difficulty. In contrast, planning the details of the
actions and, especially, the verification of each assembly
Operation is very tedious and prone to human errors.

ence, there is a need to automate planning of robotic
assembly processes (and, for similar reasons, other manu-
facturing processes).

Process planning (qv) depends on the state of the pro-
¢ess world, which describes the equipment, workpieces,
and actijons vs time, and is part of the process knowledge
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base. Few automatic planners using Al techniques have
been developed to date, and these planners [eg, DEVISER
(Vere, 1981)] are based on the assumption that the state of
the process world is known exactly at the planning time.
In an unstructured world, where this assumption is in-
valid, the state of the process world should be determined
by robot sensors.

Development of a sensor-based planner and execution
monitor using Al techniques was begun by Cheeseman at
SRI (Nitzan, 1983). The planner will include a knowledge
base (“expert system”), which consists of a world model
(effectors, sensors, and other devices), process rules, and
sensor-selection rules, as well as a plan generator which
plans the action and checking steps for a given robot pro-
cess. The generated plan will be sent to the execution
controller, which will command and coordinate the pro-
cess execution. As the process world changes, its state will
be updated by the robot sensors; this information is re-
quired to execute and monitor the plan actions. The high-
lights of the sensor-based planner are described below.

The plan will call for the use of sensors at run time to
fill in unknown information of two types: enabling execu-
tion of actions in the plan, eg, visually servoing an arm,
and monitoring the plan execution, ie, verifying its
actions. The planner will select the best sensor(s) for a
given task on the basis of rules and estimated locational
errors of objects, effectors, and sensors. Conditional plan-
ning will provide alternative branches for all possible sen-
sor outputs, followed by immediate rejoining of the
branches to simplify the plan (ie, prevent branch bushi-
ness).

Multiple sensors will be used to combine sensory infor-
mation if a single sensor is not sufficient. Fixed sensors
(eg, mounted on the ceiling) will be distinguished from
manipulated ones (eg, mounted on robot end effectors) be-
cause the latter entail actions, in addition to information
gathering, which must be planned. Error detection and
correction will be implemented. If a failure is detected, the
process will be halted and, if possible, replanned locally to
minimize production down time.

Research issues in planning include the following: a
formal theory and representation of knowledge (eg, geom-
etry, uncertainty, temporal relationships, and condition
monitoring); planning collision-free paths, fine-motion
sensing, part mating, error detection and correction, and
multiple robot cooperation; real-time planning and re-
planning; planning for multiple agents (distributed AD;
and planner learning. These research issues are ex-
tremely difficult to solve. Despite the importance of auto-
matic planning, its implementation will take many years.
Eventually, however, automatic robot-system planning
will be an essential component of the factory.
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ROBOTS, LEGGED

Legged robots offer the possibility of vehicular travel
where only animals can now go. They also offer a tool for
the scientific study of legged locomotion in people am
animals. This article surveys research on legged robots
starting with work in the nineteenth century and proceed'
ing to 1990. Attention is given to the distinction between
statically stable and actively balanced machines, 8%
rough-terrain locomotion is discussed.




WHY STUDY LEGGED MACHINES?

Aside from the sheer thrill of creating machines that actu-
ally run and walk, there are two serious reasons for ex-
Ploring legged robots. One reason is mobility: there is a
need for vehicles that can travel on difficult terrain, where
existing vehicles cannot go. Wheels excel on prepared sur-
faces such as rails and roads, but perform poorly where
the terrain is soft or uneven. Only about half the earth’s
landmass is accessible to existing wheeled and tracked
vehicles, whereas a much greater area can be reached by
animals on foot. It should be possible to build legged vehi-
cles that can go to the places that only animals can now
reach. Such vehicles may be useful in industrial, agricul-
tural, military, and space applications.

- One reason legs provide better mobility than wheels on
rough terrain is that they can use isolated footholds that
optimize support and traction, whereas a wheel requires a
tontinuous path of support. As a consequence, a legged
System is free to choose among the best footholds in the
reachable terrain wheres a wheel is forced to negotiate the
Worst terrain along the chosen path. A ladder illustrates
this point: rungs provide footholds that enable legged sys-
tems to climb, but the spaces between the rungs would
Prevent a wheeled system from making progress. Another
a_dVantage of legs is that they provide an active suspen-
Slon that decouples the path of the body from the paths of
the feet. The payload is free to travel smoothly despite
Pronounced variations in the terrain. A legged system can
also step or leap over obstacles. The performance of legged
ve_hicles can, to a great extent, be independent of the de-
tailed roughness of the ground.

A second reason for exploring legged machines is to
understand how humans and animals use their legs for
locomotion. People use a diverse and rich set of motions to
Carry, swing, toss, glide, and otherwise propel their bodies
thl'Ough space, maintaining orientation, balance, and
8peed as they go. Animals also demonstrate great mobility
and agility. They use their legs to move quickly and reli-
ably through forest, swamp, marsh, and jungle and from

ee to tree. They move with great speed and efficiency.

ese systems, people and animals, are impressive from a
Mechanical engineering, sensory-motor integration, and
Computational point of view.

. Despite skill in using limbs for locomotion, humans are
8till at a primitive stage in understanding the principles
t}_lat underlie walking and running. What control mecha-
nlﬁms do animals use? The development of legged ma-
chines can lead to new ideas about animal locomotion. To

e extent that an animal and a machine perform similar

OComotion tasks, their control systems and mechanical
Structures must solve similar problems. Results in biology
have already helped with the progress of legged robots.
: el:haps results in robotic legged locomotion can provide
1n.SIght into the principles and control algorithms under-
Ying animal locomotion.

HISTORY OF LEGGED MACHINES

The scientific study of legged locomotion began just over a
entury ago when Leland Stanford, then governor of Cali-
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fornia, commissioned Eadward Muybridge to find out
whether or not a trotting horse left the ground with all
four feet at the same time. Stanford had wagered that it
never did. After Muybridge proved him wrong with a set
of stop-motion photographs that appeared in Scientific
American in 1878, Muybridge went on to document the
walking and running behavior of more than 40 mammals,
including humans (Muybridge, 1955, 1957). Even after
100 years, his photographic data are of considerable value
and beauty, and survive as a landmark in locomotion re-
search.

The study of machines that walk also had its origin in
Muybridge’s time. An early walking model appeared in
about 1870 (Lucas, 1894). It used a linkage to move the
body along a straight horizontal path while the feet moved
up and down to exchange support during stepping. The
linkage was based on a design by Chebeyshev, the famous
Russian mathematician, made some years earlier. During
the 80 or 90 years that followed, workers viewed the task
of building walking machines as the task of designing
linkages that would generate stepping patterns when
driven by a source of power. Many designs were proposed
(U.S. Pat., 1893, 1926, 1928, 1928, 1947, 1949, 1958, 1959;
Shigley, 1957; Morrison, 1968) (Fig. 1). The performance
of such machines was limited by their fixed patterns of
motion, since they could not adjust to variations in the
terrain. By the late 1950s it had become clear that link-
ages providing fixed motion would not do the trick and
that useful walking machines would need a more versatile
form of control (Liston, 1970).

A second approach to providing control for legged loco-
motion was to harness a human. Mosher used this ap-
proach in a four-legged walking truck at General Electric
in the mid-1960s (Liston and Mosher, 1968). The project
was part of a decade-long campaign to build advanced
teleoperators capable of providing better dexterity
through high fidelity force feedback. The walking ma-
chine Mosher built stood 11 ft tall, weighed 3,000 Ib, and
was powered hydraulically (Fig. 2). A human driver con-
trolled the motion. Each of the driver’s limbs was con-
nected to a handle or pedal that controlled one of the
truck’s four legs. Whenever the driver caused a truck leg
to push against an obstacle, force feedback would cause
the handle or pedal to push back on the human, letting
the driver feel the obstacle as though it were his or her
own arm or leg doing the pushing. After about 20 hours of
training, Mosher was able to handle the machine with
surprising agility. Films of the machine operating under
his control show it ambling along at about § mph, climb-
ing a stack of railroad ties, pushing a foundered jeep out of
the mud, and maneuvering a large drum onto some hooks.
Despite its dependence on a well-trained human for con-
trol, the GE Walking Truck was a milestone in legged
technology.

A third approach to controlling legged locomotion be-
came feasible in the 1970s: using a digital computer.
McGhee (1983) and co-workers at the Ohio State Univer-
sity were the first to do so. In 1977, they built an insectlike
hexapod that would walk with a number of gaits, turn,
walk sideways, and negotiate simple obstacles. The com-
puter’s primary task was to solve kinematic equations in
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Figure 1. Mechanical horse (U.S. Pat., 1983). The
stirrups double as pedals so the rider can power
the stepping motions. The reins move the head and
forelegs from side to side for steering.

(7o Model.)
L. A. RYGG.
MECHANICAL HORSE.
No. 491. 7. Patonted Feb. 14, 1893.
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order to coordinate the 18 electric motors driving the legs.
The coordination ensured that the machine’s center of
mass stayed over the polygon of support provided by the
supporting feet while allowing the legs to sequence
through a gait (Fig. 3). The machine traveled quite slowly,
covering several yards per minute. The hexapod provided
McGee with an experimental means of pursuing his ear-
lier theoretical findings on the combinatorics and selec-
tion of gait (McGhee, 1968; McGhee and Jain, 1972;
Koozekanani and McGhee, 1973).

At about the same time, Gurfinkel and co-workers
(1981) in the USSR built a machine with characteristics
and performance quite similar to McGhee’s (Okhotsimski
and co-workers, 1977; Devjanin and co-workers, 1983). It
used a hybrid computer for control, with analog computa-
tion aiding in kinematic calculations. The group at Ohio
State subsequently built a much larger hexapod, called

the Adaptive Suspension Vehicle (Fig. 4). It was designed
for self-contained operation on natural terrain (Waldron
and co-workers, 1984; Pugh and co-workers, 1990). It car-
ries a gasoline engine for power, several computers and a
human operator for control, and a laser range sensor for
terrain preview. This machine walked at about 5 mph,
negotiated simple obstacles on rough terrain, and pulle
heavy loads.

Hirose realized that the three basic approaches to con”
trolling legged locomotion, mechanical linkage, human
teleoperation, and computer control, are not mutually X
clusive. His experience with clever and unusual mecha-
nisms (he had built seven kinds of mechanical snake)_ led
to a leg with special mechanical structure that simplifie
the control of locomotion and could improve efficiency
(Hirose and Umetani, 1980; Hirose and co-workers, 1984)-
The leg was a three-dimensional pantograph that trans




Fi'gure 2. Walking truck developed by Mosher at General Elec-
tricin about 1968. The human driver controlled the machine with
four handles and pedals that were connected to the four legs
hydraulically. Courtesy of General Electric Research and Devel-
Opment Center.

lated the motion of each actuator into a pure Cartesian
translation of the foot. With the ability to generate x, y,
and z translations of each foot by merely choosing an actu-
ator, the control computer was freed from the task of per-
fOl'ming kinematic solutions. The mechanical linkage
helped to perform the calculations needed for locomotion.
The linkage was efficient because the actuators performed
only positive work in moving the body forward and no
work was done against gravity when moving on the level.
Hirose used the pantograph leg in a small quadruped,
about 3 ft long.
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Figure 4. The hexapod walking. machine developed at Ohio
State University. It stands about 10 ft tall and 15 ft long and
weighs 3 t. A 90 hp motorcycle engine provides power to 18 vari-
able displacement hydraulic pumps that drive the joints. The legs
use pantograph linkages to improve energy efficiency. The opera-
tor normally provides steering and speed commands while com-
puters control the stepping motions of the legs.

These three walking machines, McGhee’s, Gurfinkel’s,
and Hirose’s, represent a class called static crawlers. Each
differs in the details of construction and in the computing
technology used for control, but shares a common ap-
proach to balance and stability. They all keep enough feet
on the ground to guarantee a broad base of support at all
times, and the body and legs move to keep the center of
mass over this broad support base. The forward velocity is
kept low enough so that kinetic energy can be ignored in
the stability calculation. Other machines in this class
have also been studied (Russell, 1983; Sutherland and
Ullner, 1984; Ooka and co-workers, 1985; Carlton and
Bartholet, 1987; Bares and Whittaker, 1990).

DYNAMICS AND BALANCE

The study of dynamic legged machines that balance ac-
tively will now be considered. These systems operate ina
regime where the velocities and kinetic energies of the

LEFT LEFT
REAR FRONT
Swhe =7 AN
RIGHT RIGHT
REAR ' FRONT e ! s

e on R

Figure 3. Statically stable gait. The diagram shows the sequence of support patterns provided by
the feet of a quadruped walking with a crawling gait. The body and legs move to keep the
projection of the center of mass within the polygon defined by the feet. A supporting foot is located
at each vertex. The dot indicates the projection of the center of the mass. Adapted from McGhee

and Frank (1968).
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masses are important to the behavior. Geometry and con-
figuration are not adequate in themselves to model such
gystems that move with substantial speed. Consider, for
example, a fast-moving vehicle that might tip over if
stopped suddenly with its center of mass too close to the
front feet.

In order to predict and influence the behavior of a dy-
namic system, the energy stored in the velocity of each
mass, in the elevation of each mass, and in the deflection
of each complaint element must be considered. The ex-
change of energy among its various forms is also impor-
tant in dynamic legged systems. For example, in running
the body’s potential energy of elevation changes into ki-
netic energy during falling, then into strain energy when
parts of the leg deform elastically during rebound with the
ground, then into kinetic energy again as the body accel-
erates upward, and finally back into potential energy of
elevation. Energy is also exchanged in dynamic walking:
the kinetic and gravitational potential energies oscillate
out of phase throughout the cycle. Because these energies
are out of phase, strain energy storage is modest during
walking. This sort of dynamic exchange is central to
legged locomotion.

Dynamics play a role in giving legged systems the abil-
ity to balance actively. A statically balanced system
avoids tipping and the ensuing horizontal accelerations by
keeping its center of mass over the polygon of support
formed by the feet. In contrast, a dynamic legged system is
always tipping. The control system avoids tipping too far
by manipulating body and leg motions to ensure that each
tipping interval is brief and that each tipping motion in
one direction is compensated by a tipping motion in the
opposite direction. An effective base of support is thus
maintained over time. The ability of an actively balanced
system to depart from static equilibrium relaxes the rules
governing how legs can be used for support. For example,
if a legged system can tolerate tipping, then it can position
its feet away from the center of mass in order to use foot-
holds that are widely separated or erratically placed. On
the other hand, by keeping the feet near the centerline the
gystem can travel where there is only a narrow path of

Figure 5. Cannon and co-workers
built machines that balanced in-
verted pendulums on a moving cart.
They balanced two pendulums side
by side, one pendulum on top of an-
other, and a long, limber inverted
pendulum. Only one input, the force
driving the cart horizontally, was
available for control. Adapted from
Schaefer and Canon (1966).

good support. If a legged system can tolerate intermittent
support, then it can move all its legs to new footholds at
one time, to jump onto or over obstacles, and to use short
periods of ballistic flight for increased speed. Animals rou-
tinely exploit active balance to travel on difficult terrain;
legged vehicles must balance actively, too, if they are to
move with animallike mobility and speed.

RESEARCH ON ACTIVE BALANCE

The first machines that balanced actively were automati-
cally controlled inverted pendulums. A person can bal-
ance a broom on his or her finger with relative ease. Why
not use automatic control to build a broom that can bal-
ance itself? Claude Shannon was probably the first to do
s0. In 1951 he used the parts from an erector set to build 2
machine that balanced an inverted pendulum atop a small
powered truck. The truck drove back and forth in response
to the tipping movements of the pendulum, as sensed by a
pair of switches at its base. In order to move from one
place to another, the truck first had to drive away from the
destination to unbalance the pendulum, then proceeded
toward the destination. In order to balance again at the
destination, the truck moved past the destination until
the pendulum was again upright with no forward velocity,
then moved back to the destination.

At Shannon’s urging, Cannon and his students at Stan-
ford University set about demonstrating controllers that
balanced two pendulums at once. In one case the pendu-
lums were mounted side by side on the cart, and in the
other they were mounted one on top of the other (Fig. 5).
They also demonstrated balance for a flexible inverted
pendulum (Schaefer, 1965; Schaefer and Cannon, 1966)-
Cannon’s group was interested in the single-input multi-
ple-output problem and in the limitations of achievable
balance: how could the cart’s motor be used to control the
angles of two pendulums as well as the position of the
cart? How far from balance could the system deviate be-
fore it was impossible to return to equilibrium, given suc,h
parameters of the mechanical system as the cart motors




strength and the pendula lengths? These studies of bal-
ance for inverted pendulums were important precursors to
later work on locomotion. The inverted pendulum model
for walking would become a primary tool for studying bal-
ance in legged systems (Hemami and Weimer, 1974; Vu-
kobratovic and Stepaneko, 1972; Vukobratovic, 1973; He-
m'flmi and Golliday, 1977; Kato and co-workers, 1983;
Miura and Shimoyama, 1984).

The importance of active balance in legged locomotion
Was recognized for some years (Manter, 1938; McGhee and
Kuhner, 1969; Frank, 1970; Vukobratovic, 1973; Gubina
and co-workers, 1974), but the first dynamic legged sys-
tems did not appear until about 1980. Kato and co-work-
s (1983) built a biped that walked with a quasi-dynamic
gait (Ogo and co-workers, 1980). The machine had 10 hy-
dl'a'ulically powered degrees of freedom and two large feet.
This machine was usually a static crawler, moving along
apreplanned trajectory to keep the center of mass over the
base of support provided by the large supporting foot.
Once during each step, however, the machine temporarily
destabilized itself to tip forward so that support would be
transferred quickly from one foot to the other. Before the
tl”ar.lsfer took place on each step, the catching foot was
Positioned to return the machine to equilibrium passively.
No active response was required. The inverted pendulum
mO_del was used to plan the tipping and catching motions.
This machine walked with a quasi-dynamic gait, taking
about a dozen 0.5-m steps per minute. Kato’s approach
Tepresents an interesting way to achieve dynamic behav-
lor. The system was not dynamic in the sense of reacting
at run time to the progress of the motion. Instead, an off-
line analysis of the dynamics of the system specified how
to position the catching foot statically to get run-time dy-
Namic behavior. Knowledge of dynamics of the system
Was “compiled” into a simple run-time strategy.

Miura and Shimoyama (1984) built a walking machine
that. may have been the first to balance itself actively.
T}_Ielr stilt biped was patterned after a human walking on
stilts. Each foot provided only a point of support, and the
Machine had three actuators: one for each leg that moved
the leg sideways and a third that separated the legs fore
and aft. Because the legs did not change length, the hips
Were used to pick up the feet. This gave the machine a
p_TC:nounced shuffling gait reminiscent of Charlie Chap-
lin’s stiff-kneed walk. Control for the stilt biped relied,
once again, on the inverted pendulum model of its behav-
lor. Each time a foot was placed on the floor, its position
Was chosen according to the tipping behavior expected

om an inverted pendulum. Actually, the problem was
I'01(_en down as though there were two planar pendulums,
One.m the pitching plane and one in the rolling plane. The
chO_lCe of foot position along each axis took the current and
esired state of the system into account. The control sys-
m used tabulated descriptions of planned leg motions
gether with linear feedback to perform the necessary
Calc}xlations. Unlike Kato’s machine, which came to static
quilibrium before and after each dynamic transfer, the
Stilt biped tipped all the time.
% Furusho and Masubuchi (1987a, 1987b) used an in-
erted pendulum model in conjunction with an hierarchi-
cal control scheme. A low level servo moved each joint
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toward a desired position. An inverted pendulum model
was derived from the dominant modes of the closed-loop
system. The set points for the closed-loop system were
selected to produce a walking motion. Their five-link pla-
nar biped started from standing, walked at 0.8 m/s, then
returned to a standing position. Later machines built by
Furusho and Sano (1990) with seven and nine links
walked in three dimensions and used ankle torques to
control forward speed.

Later work in Kato’s laboratory (Takanishi and co-
workers, 1985, 1989, 1990b) resulted in a series of actively
balanced walking bipeds. They modeled the electric mo-
tors as point masses and the links as massless. Because
the electric motors are so much heavier than the links of
the robots, this simplified model yielded useful results.
One of these machines has a large upper trunk that moves
back and forth and side to side to stabilize the walking
motion and to balance when pushed (Fig. 6).

McGeer (1989, 1990) took an unusual and elegant ap-
proach to dynamic walking, called passive dynamic walk-
ing. He was motivated by the stable behavior of toy ani-
mals that walk downhill by waddling from side to side and
by work on ballistic walking, which suggested that hu-
mans swing their legs passively during the swing phase of
walking (McMahon and Mochon, 1980, 1981). McGeer de-
signed machines that travel downhill using no sensors,
actuators, or computers. They rely on appropriate choices

Figure 6. Dynamic walking biped built by Takinishi. The con-
trol system stabilizes the walking motion by moving the upper
trunk back and forth.
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of machine geometry (link lengths, link masses, joint
damping, walking surface slope, and foot shape) to do the
computing. McGeer’s machines can be thought of as me-
chanical computers whose algorithms are embedded in
the form of the structure. These machines are remarkable
because they obtained stable dynamic walking from such
a parsimonious design. Future legged machines will prob-
ably combine the passive characteristics of McGeer’s de-
sign with the active control found in most other robots.

RUNNING MACHINES

Running is a form of legged locomotion in which all feet
leave the ground at some point in the cycle. In animals,
running is usually associated with travel at high speed.
Matsuoka (1980) was the first to build a machine that ran;
the goal was to model repetitive hopping in humans. He
formulated a model with a body and one massless leg and
simplified the problem by assuming that the duration of
the support phase was short compared with the ballistic
flight phase. This extreme form of running, in which
nearly the entire cycle is spent in flight, minimizes the
influence of tipping during support. This model permitted
Matsuoka to derive a time-optimal state feedback control-
ler that provided stability for hopping in place and for low
speed translations.

To test the method for control, Matsuoka built a planar
one-legged hopping machine. The machine operated at
low gravity by rolling on ball bearings on a table that was
inclined 10° from the horizontal in an effective gravity
field of 0.17 g. An electric solenoid provided a rapid thrust
at the foot. The machine hopped in place at about 1 hop
per second and balanced itself as it traveled back and
forth on the table.

Other running machines were built by Raibert and co-
workers. They started by building one-legged machines
that hopped like a kangaroo, using a series of leaps
(Raibert and co-workers, 1984; Raibert, 1986a, 1986b)
(Fig. 7). The study of machines with only one leg let them
concentrate on active balance and dynamics, while avoid-
ing the difficult task of coordinating many legs. The con-
trol algorithms for the hopping machines were based on a
three-part decomposition of the problem: the forward tra-
vel, hopping motion, and posture of the body were con-
trolled independently. Each part of the control system
acted as though it influenced just one component of the
behavior, while interactions due to imperfect decoupling
were treated as disturbances. This decoupling resulted in
a particularly simple control implementation. Raibert’s
group extended the control algorithms used for one-legged
hopping to machines that ran on two legs and trotted,
paced, and bounded on four. These machines traveled at
specified speeds, changed gait during running, ran fast (13
mph), jumped, maintained balance when disturbed,
climbed stairs, and performed rudimentary gymnastic
maneuvers (Hodgins and co-workers, 1985; Raibert and
co-workers, 1986; Koechling and Raibert, 1988; Hodgins
and Raibert, 1990; Raibert, 1990).

An important aspect of these running machines was
the mechanical springiness built into their legs. To a large
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Figure 7. Three dimensional hopping machine used for exl_)eﬂ'
ments. The control system operates to regulated hopping heights
forward velocity, and body posture. Top recorded running spe€
was about 2.2 m/s (4.8 mph).
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degree, the hopping motion was a passive elastic rebound
that occurred when the downward motion of the body was
reversed by the springy leg. The control algorithm respon-
sible for hopping excited and modulated these bouncing
motion, but did not specify the details of the trajectory.
The control system and the mechanical system worked
together to produce the hopping behavior. Synergy be-
tween mechanism and control is a theme gaining impor-
tance in robotics.

LOCOMOTION ON ROUGH TERRAIN

'_rhe practical value of legged machines is tied to the prom-
1se of mobility on rough terrain. Static and dynamic loco-
Motion systems can both play useful roles in this context.
Because they generally move slowly, statically stable sys-
tems can acquire data from terrain sensors before they
Mmove, interpret the sensor information, and find se-
quences of feasible footholds. Dynamically stable systems
can use their kinetic energy to bridge large gaps that may
separate one foothold from the next, or to jump over obsta-
cles. These approaches to rough terrain are discussed in
this section.

There are several ways that characteristics can make
terrain rough and, therefore, difficult to negotiate.

* The terrain may not be level.
* Traction may be limited (slippery).

* There may be areas of poor or nonexistent support
(holes).

* Vertical variations may cause uneven altitude of
footholds; or may include large obstacles between
footholds (poles).

* The terrain may offer only intricate footholds (eg,
rungs of a ladder).

.For a statically stable system to travel on rough ter-
ra}n, the control must decide which locations on the ter-
rain provide suitable footholds and then place the feet on
t}}e chosen footholds. A suitable foothold is one that pro-
Vides adequate support, allows the system to keep its bal-
ance, and permits progress toward the goal. It is assumed
that the task of placing a foot on a desired foothold, once
chosen, is easy for a statically stable system. Okhotsimski
and Platonov (1973, 1975) devised such an algorithm for a
SImulated six-legged walker. Information from a range

nder provided terrain information to identify feasible
footholds. Their algorithm took the physical structure of
the walking machine into account so as to choose footholds
at minimized the maximum force exerted by any leg
and to keep each foot’s reaction force as nearly vertical as
Possible. Their simulations traveled on three-dimensional
Poles and holes terrain using the sequence of support poly-
8ons found by the foothold selection algorithms.

Several workers have developed algorithms for stati-
cally stable rough terrain locomotion. These algorithms
first choose a desired path along which the body is to
Move, followed by heuristic selection of reachable foot-

olds along the path. This approach is called the bodymo-
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tion-then-footholds paradigm. McGhee and Iswandhi
(1979) used such a paradigm for six-legged walking. After
specifying the body motion, their algorithm lifted the legs
with the least kinematic travel available in the direction
of travel, while putting legs into support with the largest
available travel. This heuristic extended each support
state to increase the probability that it would overlap with
the next support state. Avoidance of deadlock was empha-
sized over stability by maximizing the number of legs in
the air.

Hirose (1984) applied the bodymotion-then-footholds
paradigm to quadruped rough-terrain locomotion. He de-
veloped an hierarchical algorithm with one level provid-
ing gait control and another level providing basic motion
regulation. The motion regulation performed such func-
tions as controlling the pitch and height of the body and
preventing collisions between the legs. In Hirose’s com-
puter simulations, a quadruped walked across terrain
with holes, crossed a river, and made local modifications
to the motion trace to avoid a large hole.

Okhotsimski and co-workers built a six-legged walking
machine that could climb up onto a small ledge (Devjanin
and co-workers, 1983). The machine climbed by raising its
body and then placing each foot up on the ledge. Care was
taken to keep the body level during climbing. They also
implemented algorithms to control the forces in the legs
during locomotion on soft soil (Gorinevsky and Shneider,

* 1990).

The work on rough-terrain locomotion described above
assumes that global knowledge of the terrain is available,
such as would be provided by computer vision or scanning
range data. Such information is called terrain preview
information, and the assumption of its availability and
interpretability is common. It is possible, however, for
rough terrain locomotion to be accomplished without
global information. Sensors in each foot can inform the
control computer whether the foot is pressing on any-
thing, and if so how hard. In this case, the legs can act like
sensing probes. Two machines, discussed earlier in this
article, used this approach. Hirose and Umetani’s (1980)
quadruped used switches on the feet to probe the terrain
directly in the path of the robot. If a foot switch signaled
contact as the foot advanced forward, a reflexlike algo-
rithm caused the foot to be pulled back, lifted, then ad-
vanced forward again. Another reflexlike algorithm
caused support legs to push downward if a load cell in the
foot indicated that it was not bearing an adequate vertical
load. A third reflex caused the relative altitude of the feet
to be adjusted so the body remained level, as indicated by
an oil-damped pendulum. Hirose’s quadruped used these
reflexes to climb up and down steps without a mode! of the
terrain and without human intervention. The Ohio State
University Adaptive Suspension Vehicle could also travel
on rough terrain without global terrain information
(Pugh and co-workers, 1990). It used force sensors in the
leg actuators and a force distribution control algorithm to
accomodate variations in the terrain, without foothold se-
lection or planning. They made convincing demonstra-
tions of their machine’s ability to travel on gentle slopes,
through a muddy cornfield, and over railroad ties, all
without a visual sensor or human foothold selection.
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So far, we have considered rough terrain in the context
of static slow-moving systems. Dynamic legged systems
should be able to traverse more difficult terrain than
static systems of comparable size and reach. In principle,
dynamic legged systems should be able to use balance to
travel where available footholds provide only a narrow
base of support, to use kinetic energy to travel where the
available footholds form an erratic pattern of support, and
to use ballistic flight phases to leap over regions of terrain
that offer no good support at all. Generally, a dynamic
legged system can use its kinetic energy as a bridge from
one foothold to the next. These potential advantages of
dynamic legged systems are obtained at the expense of
more complicated control for placing the feet. Foot place-
ment is straightforward in statically stable systems, once
a reachable foothold has been chosen. In dynamic legged
systems, however, the act of positioning the feet with re-
spect to available footholds interacts with the need for
stability. Each placement of a foot on the ground causes
the body to accelerate, and influences the forward speed
and direction of travel. The algorithm responsible for plac-
ing the feet must manipulate the dynamic parameters of
the system to simultaneously balance the machine and
keep it moving as desired.

Takanishi and co-workers (1990a) built several robots
that walk dynamically on simple rough terrain. Their
most recent machine walks up and down 0.1 m stairs and
on =10° slopes. The control algorithms are based on a
generalization of zero moment point control, as introduced
by Vukobratovic and Stepaneko (1972). When the terrain
is not smooth the zero moment point moves along a sur-
face connecting the point of contact of the feet rather than
along the surface of the ground. Given knowledge of the
terrain, trajectories for the feet, and the zero moment
point, the control system precomputes trunk and waist
motions that execute the planned trajectories and cause
the machine to walk.

Hodgins studied algorithms for running on rough ter-
rain (Hodgins and Raibert, 1991). Three methods were
implemented for adjusting the robot’s stride to place the
feet on desired footholds while maintaining balance. Each
method adjusted a different parameter of the running cy-
cle, the forward running speed, the running height, and
the duration of ground contact. All three control methods
were successful in manipulating step length in laboratory
experiments on a planar biped running machine, but the
method that adjusted forward speed provided the widest
range of step lengths with accurate control of step length.
Hodgins used these control methods to demonstrate a ro-
bot placing its feet on a target, leaping over an obstacle,
and running up and down a short flight of stairs (Fig. 8).

DEVELOPMENT OF USEFUL LEGGED ROBOTS

Most of the legged machines that have been built are not
yet useful vehicles or even prototypes for such vehicles.
They are experimental apparatus used in the laboratory
to explore ideas about legged locomotion. Each was de-
signed to isolate and examine a few specific locomotion
problems, while postponing or ignoring many other prob-

Figure 8. Planar biped running up and down a flight of thre,e
stairs. The control system adjusts the length of the machines
steps so that the feet land approximately in the center of each
stair. The machine is shown running from right to left at «':\bOl.1t
0.5 m/s. Light sources indicate the paths of the feet. Each stair 18
0.18 m high and 0.3 m deep.

lems. A summary of the development of legged robots 18
given in Table 1. It is important to ask what problems
remain to be solved before legged robots are transforme
into practical machines that do useful work.

Terrain Sensing

Perhaps the most severe problem limiting current walk-
ing machines as well as other forms of autonomous vehi-
cle, is their inability to perceive the shape and structure ©
their immediate surroundings. Humans and animals us€
their eyes to locate good footholds, to avoid obstacles, to
measure their own rate and direction of progress, and to
navigate with respect to visible landmarks. The problem
of giving machines the ability to see has received inten-
sive and consistent attention for the last 25 or 30 years:
There has been steady progress during that period. Cur-
rent machines can see well enough to operate in Wet*
structured and partially structured environments, but it
is difficult to predict when legged machines will be able £
see well enough to operate autonomously in rough outdoor
terrain. Such autonomous machine behavior will probably
not be seen for at least ten years. ;
Sensors simpler than vision may be able to pI'O‘”‘_le
solutions to certain parts of the problem under certall
circumstances. For instance, sonar and laser range d?ta
may be used to detect and avoid nearby obstacles. Motion!
data may be used for measuring speed and direction 2
travel with techniques that are substantially simP s
than those needed to perceive shape in three dimensions:

Travel on Rough Terrain

Complete knowledge of the geometry of the terrain, 8°

might be supplied by vision or other senses would ﬂf’t e
itself solve the problem of locomotion on rough terrair:
system traveling on rough terrain needs to know or figure
out what terrain shapes provide good footholds, which S
quence of footholds would permit traversal of the tel_'ram’
and how to move so as to place the feet on the availa
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Table 1. Milestones in the Development of Legged Robots

Measurements in human corpses show that natural frequency of leg as compound pendulum is

Big Muskie, a 15,000 t walking dragline is used for strip mining; it moves in soft terrain at a
Hexapod robot walks with wave gait using digital computer to coordinate leg motion
Human runners set new speed records on tuned track at Harvard; its compliance is adjusted to

Quadruped machine climbs stairs and climbs over obstacles using simple sensors and reflexlike

Self-contained hexapod carries human rider; computer, hydraulics, and human share computing

Self-contained hexapod lifts and moves back end of pickup truck (Russell, 1983)
One-legged machine hops in place, travels at a specified rate, keeps its balance when disturbed,

Planar five-link biped starts walking from a standing position, and travels at 0.8 m/s
Three-ton self-contained hexapod carrying human driver travels at 5 mph, travels in irregular

Planar biped climbs short stairway, jumps over obstacles, and runs with top speed of 13.1 mph.

Quadruped runs with trotting, pacing, and bounding gaits, and changes between gaits

1836  Weber and Weber
similar to cadence in walking
1850  Chebyshev Designs linkage used in early walking mechanism (Lucas, 1894)
1872 Muybridge Develops stop-motion photography to document running animals
1893  Rygg Patents human-powered mechanical horse
1945  Wallace Patents hopping tank with reaction wheels that provide stability
1961  Space General Eight-legged linkage machine walks in outdoor terrain (Morrison, 1968)
1963 Cannon, Higdon and Control system balances single, double, and limber inverted pendulums
Schaefer
1968  Frank and McGhee Simple digital logic controls walking of Phony Pony
1968  Mosher GE quadruped truck climbs railroad ties under control of human driver
1969  Bucyrus-Erie Co.
speed of 900 ft/h (Sitek, 1976)
1977 McGhee
1977 Gurfinkel Hybrid computer controls hexapod walker in USSR
1977 McMahon and Greene
mechanics of human leg
1980  Hirose and Umetani
control; the leg mechanism simplifies control
1980  Kato Hydraulic biped walks with quasidynamic gait
1980  Matsuoka Mechanism balances’in the plane while hopping on one leg
1981 Miura and Shimoyama  Biped balances actively while walking in three-dimensional space
1983  Sutherland
task
1983 Odetics
1983 Raibert
and jumps over small obstacles
1984  Fyurusho
1987 Waldron and McGhee
terrain, and pulls a load
1988 Hodgins and Koechling
1989 Raibert
1990 McGeer

Planar biped with knees walks passively down sloping surface

footholds. It will be necessary to coordinate the dynamics
of the vehicle with the dynamics of the terrain.

The techniques that will allow legged systems to oper-
ate on rough terrain will involve the mechanics of locomo-
tion, kinematics, dynamics, geometric representation,
Spatial reasoning, and planning. Although course- and
m?diUm-grain knowledge of the terrain will be important,
}t 18 expected that techniques that make legged systems
lITlherently insensitive to fine-grain terrain variations will
Play an important role too. Ignoring the hard sensing is-
Sues mentioned earlier, it is believed that the perception
and control mechanisms required for legged systems to

Tavel on rough terrain will require a substantial research
effort, but can be solved within the next 10 years if they
are pursued vigorously.

Mechanical Design and System Integration

When these sensing and control problems are solved, it
W}H remain to develop mechanical designs that function
Wlth efficiency and reliability. Useful vehicles must carry

€ir own power, control computers, and a payload. A host
of Interesting problems present themselves including such
Matterg 55 energy efficiency, structural design, strength
:nd weight of materials, and efficient control. For in-
o ance, the development of materials and structures for

Clent storage and recovery of elastic energy will be

particularly important for legged vehicles. It is expected
that initial useful legged vehicles can be built with exist-
ing mechanical and aerospace techniques.
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ROBOTS, MOBILE

Mobile robots are vehicles that move autonomously
through an unstructured environment, performing a use-
ful mission. Related devices share some of these capabili-
ties, but each differs in at least one important aspect.
Teleoperated vehicles perform similar tasks in similar en-
vironments, but replace autonomous operation with direct
human control. Automatic guided vehicles (AGV), operat-
ing in factories, typically follow guide wires embedded in
the floor and thus do not work in an unstructured world.
Even wind-up toys (or Simon’s famous ant on the beach)
can move autonomously in unstructured environments
and can generate an appearance of sophistication, but
they usually do not accomplish anything useful or pur-
poseful. In contrast, real mobile robots operate in build-
ings with unmapped clutter and unpredictable moving ob-
jects or in the rugged outdoor world. They operate for
extended periods without direct human supervision. They
are designed to perform tasks requiring purposeful mobil-
ity, ranging from planetary exploration to materials
transport to excavation to planting and harvesting.

The research challenge in building autonomous mobile
robots is focused on handling unstructured environments.
There are several approaches:

+ Impose structure on the environment, such as deploy-
ing beacons for positioning.

» Sense the environment, and build internal struc-
tures, by image understanding techniques.

+ Plan and react to the environment, both before and
during moving, to bypass obstacles.
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+ Engineer mechanical solutions to overcome limita-
tions of the environment.

- Integrate a robot architecture that combines several
of the above approaches into a capable system.

POSITION SENSING

Mobile robots need to measure their position and motion.
Relative position measurement, which tells how far the
vehicle has moved from a previous vehicle position, is im-
portant for local maneuvering (has that obstacle been
cleared yet?) and for perception (what is the effective base-
line for motion stereo?). Absolute positioning, in a global
coordinate framework, is often important for mission exe-
cution (dig at position X) and for reporting results (unex-
pected obstacle detected at position Y). Inferring positions
from landmarks or motion from visual tracking is still, in
general, a difficult problem, although sensing offers some
solutions. It is increasingly possible and desirable to find
technological solutions for direct position measurement.

Beacons. Both acoustic and electromagnetic beacons
are available in a large variety of forms. The simplest
beacons are continuously active and are used by the vehi-
cle to measure bearing to the beacon. A single beacon is
only useful for homing to that beacon. If the vehicle has a
compass, then knowing its bearing to a beacon constrains
its position to a line in space. Measuring the angle be-
tween two visible beacons constrains the vehicle position
to lie on a circle (or sphere, in three dimensions). Three
beacons, or two beacons and a compass, will give the exact
vehicle location and heading.

Transponders are beacons that require active trans-
mission both by the vehicle and by the beacons. The vehi-
cle emits a pulse, which is received by the transponder.
The transponder responds with another pulse, often at a
different frequency to reduce confusion. By knowing the
speed of sound or light and knowing the delay in the tran-
sponder, the total time until the vehicle hears the return
pulse gives the range to the beacon. A single transponder,
used for range and bearing, plus an onboard compass, is
sufficient to give position on the plane.

Passive beacons are reflectors, often used with a laser
on the vehicle. Typically the reflectors are all mounted at
the same height above a flat floor, with the laser spinning
in the same plane. When a vehicle-mounted sensor sees a
bright reflection, the angle of the laser gives the bearing
to the beacon.

Global positioning system (GPS) is an increasingly
popular beacon system based on satellites. Each satellite
continuously broadcasts an accurate time reference sig-
nal. The receiver compares the time skew between signals
from pairs of satellites, which, multiplied by the speed of
light, gives the difference in distance from the vehicle to
each satellite. Observing four satellites is sufficient to
give three-dimensional position. Certain noise effects of
GPS are randomly distributed with zero mean, so filtering
the position estimates over time will improve accuracy.
Other effects, including ionospheric disturbances, intro-
duce a bias into the measurement. Differential GPS uses a

second receiver at a known, fixed, nearby location to cal-
culate the current systematic errors and correct for them.

Inertial. Inertial navigation in its pure form uses three
single-axis gyros and three accelerometers, mountefi
orthogonally, to measure three degrees of freedom of orl-
entation and acceleration. Integrating acceleration gives
velocity; a second integration gives position. Sources of
error range from thermal drift of the gyros to local varia-
tion in the earth’s gravitational field, which corrupts the
accelerometer readings. Because the raw data are doubly
integrated, inertial navigation position errors can buil
up rapidly over time. There are several commonly uSe_d
solutions for error reduction. If the vehicle can periodi-
cally come to a complete stop, the accelerometers can be
reset and any accumulated error can be reduced. Other
schemes use external measurements, from beacons, land-
marks, or shaft encoders, for long-term stability and use
inertial sensing for short-term accuracy. The best meth-
ods use filtering schemes to combine the various sources o
information (Maybeck, 1979).

Dead Reckoning. Dead reackoning is the simplest and
least expensive means of position sensing, but also the
least accurate. The robot senses its motion by shaft encod-
ers on its wheels and integrates its motion to estimate
position. Vehicle heading may be sensed directly by com-
pass, or inferred by the difference in distance travele
between right and left wheels, or calculated by distance
traveled and angle of steered wheels. Dead reckoning er
rors come from the assumption that a revolution of the
axle means a fixed distance traveled by the wheel. Severa
factors make this assumption inaccurate: wheel slip o
the ground; low tire pressure, which reduces effective
wheel radius; tire squirm when concerning, which causes
the vehicle to move slightly tangentially to the tire direc
tion; etc. Approaches to reducing dead reckoning error
include instrumenting nondriven wheels to reduce the
likelihood of slip or measuring the motion of all wheels
and trying to infer actual vehicle motion.

SENSING

Sensing for mobile robots subsumes most of image under-
standing (qv). Many of the tasks for mobile robots involve
straightforward applications of techniques developed .for
other purposes, such as object recognition. The distinctive
sensor processing required for mobile robots involves 0P~
stacle detection, map building, and object tracking. Typl-
cal sensors include both active (sonar and laser range find-
ers) and passive (video cameras) (see SENSORS AND SENSOR
FUSION; see also VISUAL MOTION ANALYSIS; NEuraL NETWCRKS)'

Sonar

The most common sensor for indoor mobile robots is sonar,
due to its low cost and compact size. Typical sonars have 2
range of about 30 ft, a coverage of approximately 30°,
an accuracy of approximately 2 in. For each pulse, 0D y
the distance to the first echo is reported, which could be
anywhere within the 30° cone of sensitivity. For use asé

an




soft bumper, this wide scan has the great advantage of low
flata rate and thus fast and cheap processing. If the sonar
18 to be used for building maps, however, it requires much
Inore detailed processing to localize the source of the echo.
Qne approach (Elfes, 1987) models the sonar return statis-
tically. Each distance measurement is used to update oc-
Cupancy probabilities in the sensed area. The area inside
the wedge scanned by the sonar does not generate an echo
anfl is, therefore, most likely unoccupied. Occupancy prob-
a.bllities for that area are reduced. Somewhere along the
mfl of the wedge, at a distance given by the reading, some
OPJect must have generated the echo. The region along the
fm is more likely to be occupied, and can have its proba-
bl_lity increased. During an actual run, the world is tiled
With cells, each initially unknown. As the vehicle moves,
Fakes sonar readings, and updates the occupancy probabil-
1ty of each cell, the outlines of objects gradually emerge
‘f“inddthe free space around the robot becomes better de-
ned.

Another set of approaches to sonar interpretation
Model the geometry of the objects that caused the echo
(Leonard and co-workers, 1990; Kuc and Siegel, 1987).
Sound waves reflect specularly (ie, at a mirrorlike angle),
S0 echos must come either from a perpendicular surface,

Om a rounded object, or from the interior of a corner
Where sound reflects off of both walls. These different ge-
Ometries will have different effects as the vehicle moves. If

€ reflection comes from a wall, for instance, the echo
Ocation will appear to move with the vehicle, whereas
Teflections from a corner remain fixed. This sort of reason-
Ing about geometries and physics of the sonar can provide
an accurate map, especially from an uncluttered environ-
Ment where corners and curved objects are relatively rare.

Laser Range Finders

Mobile robots often need much more accurate range data
l}an are available from sonar, especially for terrain map-
Ping outdoors. The current state of the art is scanning
laser range finders, (Besl and Jain, 1985; Besl, 1988). For
a typical amplitude-modulated system, the output of a
aser is modulated with a sine wave, the laser is pointed at
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an object, and the returned energy is measured. The phase
shift between outgoing and returned signals gives the
elapsed time for the laser, which is used to measure the
distance to the object. The beam is typically directed at a
pair of mirrors, first a multifaceted spinning mirror that
generates horizontal scans, followed by a nodding mirror
that moves those scans vertically down the scene. The
resulting “image” is an array of range values. The perfor-
mance of these systems is limited by a low laser power for
eye safety and requires balancing range resolution, num-
ber of pixels, scanning time, and maximum range. The
performances of a typical first-generation scanner (built
by ERIM) and a second-generation scanner (from Percep-
tron) are given in Table 1. Other range sensing technology
uses pulsed lasers and directly measures time of flight or
separates the source and the detector and measures range
from triangulation.

Range data can be used at several levels of detail. If the
robot’s surroundings are flat, with only isolated vertical
obstacles, thresholding the elevation value is adequate for
obstacle detection. In rolling terrain, it is necessary to
look through the elevation data for areas that are too
steep, too rough, or unreachable from the current vehicle
location, and treat those as obstacles. In really rough ter-
rain, it is necessary to reason about vehicle geometry, and
search for paths for individual wheels, in order to find
feasible paths.

Individual frames of range data do not always provide
adequate information. Data from multiple frames must
often be combined to fill in gaps in coverage and to provide
increased resolution. If the vehicle has a very accurate
inertial navigation system, fusing range data can be as
simple as averaging the elevations reported at each loca-
tion from the different scans. For vehicles with less pre-
cise relative positioning, the elevation data from different
view points must be matched to find the most likely vehi-
cle motion before combining the data. If the range data
contains easily identifiable features, such as isolated ob-
jects or clean range edges, it is easy to do symbolic feature
matching from frame to frame. In more chaotic terrain, it
is necessary to do iconic matches, comparing elevation
data in the various frames or to use variants of optical

Table 1. Relative Performance of Example Range Scanners

Characteristic ERIM Perceptron
Eye safe yes (?) yes

Field of view (h X v) 80 x 30 60 x 60 (programmable tilt)
Pixels 256 x 64 256 x 256
Ambiguity interval 20 m 40 m

Depth 8 bits (8 cm) 12 bits (1 cm)
Intensity 8 bits 8 bits

Max range 40m (?) 50 m

Scan rate 2 frames/s 2 frames/s

Scan direction top to bottom programmable
Interface VME to Sun VME to Sun
Temperature narrow range “Pittsburgh”
Construction wire wrap printed circuit
Components all custom most off the shelf
Size (w X h x d) 90 x 35 x 45 (cm) 45 x 35 X 35 (cm)
Weight 50 kg <25 kg

Power 26 VDC 110 VAC
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flow tailored for range data (Herbert and co-workers,
1990; Olin and co-workers, 1987). A particularly interest-
ing variation is the TraX system (Bobick and Bolles,
1989), which tracks objects as they are approached by the
vehicle. As the object’s size in the image increases, TraX
generates more detailed segmentations and interpreta-
tions. A bush, for instance, might start out as a spherical
blob and end up segmented into individual branches.

Passive Ranging

Instead of sensing range directly with range finders,
range can also be inferred from images, using stereo or
motion processing. Shape from motion methods are partic-
ularly popular on mobile robots (Bhanu, 1989; Dutta and
Snyder, 1990; Graefe, 1990; Matthies and Shafer, 1987;
Matthies and co-workers, 1988). In feature matching
methods, individual points or lines are tracked from im-
age to image, and their ranges are calculated by triangu-
lation based on vehicle motion between frames. In optical
flow methods, the apparent brightness “flow” of the image
is used to directly calculate a depth field, without going
through the intermediate step of finding and tracking fea-
tures. Shape from motion is limited by not being able to
calculate depth directly ahead of the vehicle. The point
toward which the camera is moving is the focus of expan-
sion (FOE), the image point from which objects seem to
expand in optical flow. Objects directly at the FOE will not
appear to move as the vehicle approaches, and shape from
motion cannot calculate their depth. This is obviously a
disadvantage for obstacle detection algorithms. Objects
near the FOE will have inaccurate calculated depths, de-
pending on how accurately the true vehicle motion is
known. Several methods have been used to increase accu-
racy of motion methods, including tracking the FOE from
the images, or using Kalman filters to update depth esti-
mates.

Monocular Vision

If the environment in which a robot operates is mapped,
the vehicle can use visual cues as landmarks to determine
its location and motion (Faugeras, 1987; Fennema and co-
workers, 1989). This is particularly useful in man-made
environments, where many objects have sharp edges and
other easy to track features. Systems for indoor naviga-
tion typically look for vertical edges, fit lines to the de-
tected edge points, and match those lines to wire-frame
models of the building interior. Once lines have been
matched, triangulation gives the vehicle’s current loca-
tion. Variations on this method track the lines over many
frames to filter the position estimates, or find features in
outdoor images, or track horizontal as well as vertical
edges.

Example: Road Following

A common task for outdoor mobile robots is following
roads using video data, either color or monochrome. There
are three general types of system: feature tracking, pat-
tern classification, and neural networks. Feature tracking
systems follow the lines, edges, and stripes of main roads

(Dickmanns and Zapp, 1986; Kenue, 1989a, 1989b; Kluge
and Thorpe, 1990). They usually consist of simple image
processing operators, such as edge detectors or template
matching systems, managed by a controller process. The
controller examines the output of the image processing
feature trackers, decides which detected points and lines
are valid and which are outliers, updates its model of the
current road geometry and passes it off to the steering
program, and positions windows for the feature trackers
in the next image. Controllers are based on control theory,
on robust statistics, or on Hough transforms, all looking
for consistent data. More sophisticated programs can ex-
amine the discarded features, decide the reason for fail-
ure, and update road models or image processing parame-
ters as the road shape changes (eg, at an intersection) 0T
illumination conditions vary.

Unimproved roads, which do not have lines or clean
edges to track, are usually followed by pattern classifica-
tion methods (Crisman and Thorpe, 1990; Turk and co-
workers, 1988). These methods examine all the pixels 1n
an image, classify each one according to color (sometimes
adding texture or other features), and create an output
image with each pixel labeled road or nonroad, perhaps
with a confidence value. They then search the image for
the most likely road location, fit a road model to the de-
tected location, and update their color models for the next
round of classification. Using the entire image, instead 0
isolated features, and using probabilities, instead of bi-
nary classifications, add to the ability of these algorithms
to follow roads even in ill-structured conditions ©
shadows, dirt, broken edges, and changing road appear-
ance.

Recent research in applying neural networks to road
following has achieved some impressive results. The Au-
tonomous land vehicle in a neural net (ALVINN) (Pomer”
leau, 1990) is a fully connected three-layer back-propagéd-
tion network. It is trained by driving the robot by hand,
giving the network the video images as input, and the
human driver’s steering wheel position as model output-
After seeing approximately 200 training images, the net-
work settles and is ready to take control. Typically, ru"
ning on an unimproved road, ALVINN’s hidden units
learn large matched filters that look for the entire road or
for road edges. Running on roads with lines and stripess
the network tends to settle on representations that 10°.k
for those features. The advantage of this kind of system 18
that it is easy to retrain for many different kinds of road.
The main disadvantage is that it has no symbolic repre”
sentation of what it is looking for, so it is difficult to mo%"
ify its representation without retraining. There is 10
clean way, for instance, to modify the network to run ona
road that is twice as wide as the one for which it has beent
trained.

PLANNING

The most difficult aspects of robot planning (qV) arise 1t
the lowest levels. High level planning for robots incll{des
all the usual Al planning problems, including scheduling:
partitioning plans among multiple intelligent agents, cO%”




straint satisfaction, and so forth. Although some of these
are difficult problems, they are not unique to mobile ro-
bots, they involve symbolic reasoning, and they can often
be solved off-line. Most problems of planning routes at
large scales are pure geometric problems and, again, can
be solved off-line, often by overlaying a grid on the world
map and searching for suitable paths along the grid. But
at the lowest level, the reasoning has to involve the inter-
face with the real world. Robot trajectory planners, which
plan how the vehicle should negotiate the next few meters
of terrain, must get beyond symbolic and geometric plan-
ning to consider issues of precision and control.

Graphs. Indoor robots typically abstract space into oc-
Ccupied regions (often represented by sets of convex poly-
gons) and free space (Brooks, 1986; Lozano-Perez and
Wesley, 1979). This representation is further abstracted
Into a graph of possible robot paths, either skirting the
edge of obstacles (for obstacle-based representations) or
Tunning down the middle of corridors of free space (for
fl‘ee-space methods). Additional nodes are added to the
graph for the current vehicle position and the goal posi-
Flon, and paths are added to link the start and goal nodes
Into the graph. The graph is then searched by A* or simi-
lar search methods to find the shortest path to the goal.

) Potentials. A different abstraction for the path-plan-
hing problem is to use potential field models. Obstacles
hear the robot generate repulsive forces, whereas the goal
attracts the vehicle. Repulsive potentials increase as the
robot nears an object, guaranteeing safe clearance. Vari-
ants on potential field methods add potentials toward sub-
goals (Pauton, 1986) or make the obstacle potentials de-
Pendent not just on distance but also on closing speed
(Kl‘ugh, 1984). Potential field methods have the advan-
tage of quick, local calculations and are, therefore, suit-
able for reflexes during a robot run. Their local evaluation
flmctions, however, allow them to be trapped in local min-
Ima, such as inside a U-shaped object, without reaching
the goal. Hybrid methods use initial global search to find
and eliminate local minima, or to select a rough global
Path, then use potential methods for fine-scale adjustment
(Thorpe, 1984).

Vehicle Models. Typical cross-country trajectory plan-
hers cannot classify the world into obstacles and free
Space, but must instead examine the paths followed by
Individual wheels, and their interactions with the terrain,
to determine traversability. Simple planners look for ar-
€as that are too steep, have too large a vertical step, or

ave vertical spikes that would entrap the vehicle’s un-

ercarriage (Kiersey and co-workers, 1988). More ad-
Vanced cross country planners, in addition consider accu-
Tacy constraints (for both perception and vehicle motion)
and sensor positioning (Stentz, 1990). Two distant objects
May appear to be far enough apart to allow safe passage,

Ut the planner may not be able to guarantee that the
Vehicle can move to and past the objects accurately
€nough to miss them. In that case, the planner must gen-
€rate a path that moves closer to the objects, orient the
Vehicle so that sensors can see the objects and update their
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relative positions, and then replan to go through. The
planner must also reason about nonholonomic motion con-
straints (limited turning radius) and variation of traversi-
bility with vehicle orientation (both because of wheel ori-
entation and vehicle shape). So, for instance, a particular
ditch may be traversable if the vehicle approaches perpen-
dicularly, but would entrap a wheel if the vehicle’s path
were nearly parallel to the ditch.

Example: Navlab Planner

The cross-country trajectory planner developed for the
Navlab mobile robot incorporates the above concerns
(Stentz, 1990). The search starts at the current vehicle
configuration and expands, following the constraints of
turning radius, to reach the goal. Each path is fattened by
maximum expected error, which turns a planned ray in
configuration space into a cone of possible trajectories. In
order for a path to succeed, all paths within that cone
must arrive within the goal configuration envelope with-
out encountering obstacles. If that is impossible, the plan-
ner must select an intermediate goal and replan. The
search is made efficient by an oct-tree representation of
obstacles and free space, and by considering various prun-
ing strategies.

MECHANISMS

Specialized mechanical designs, some specific to robots,
facilitate navigation in difficult circumstances. The main
designs serve two functions: increasing maneuverability,
to help in tight situations with limited clearance, and in-
creasing terrainability, to navigate rugged terrain. (See
RoBoTs, LEGGED.)

Steering. Maneuvering in tight locations with a con-
ventionally steered vehicle requires detailed sensing and
planning. Even humans occasionally have a difficult time
parallel parking. Many indoor robots avoid this problem
by using omnidirectional steering. A commonly used de-
sign has three wheels, all steered and driven together, to
keep the body orientation constant while the vehicle
moves in any direction. Most such platforms have a circu-
lar cross section, which simplifies path planning, and a
rotating turret, so cameras and other sensors can be
pointed independently of the direction of the motion.

More complex omnidirectional vehicles allow indepen-
dent steering of each wheel. This requires careful atten-
tion to coordination. A four-wheeled vehicle has eight con-
trol parameters (steering angle and wheel velocity for
each wheel), but only three degrees of freedom in motion.
In order to move without actuator conflict, all wheels must
instantaneously be moving along concentric circles, with
their axles pointed toward the center of the circle and
their speeds proportional to their effective radii.

Rugged Terrain. Designs for rugged terrain range from
tracks and wheels to multisegment bodies to walking ma-
chines. Many of these have been inspired by planetary
exploration, especially the soft sands and rugged, eroded
terrain of Mars. Bulldozer-style tracks provide great ter-
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Figure 1. An assortment of mobile robots, real and fanciful. Rear
left: the JPL loop-wheel vehicle, designed for planetary explora-
tion. Rear center: Shakey, the pioneering Al-based robot, from
SRI. Rear right: a Denning Sentry commercial mobile robot. On
steps: Omnibot, a toy robot. Left in front of steps: Sea Rover, a
highly mobile underwater vehicle, used primarily as a flying eye-
ball. Right in front of steps: RB5X, designed for educational use.
Foreground: a robot prop from the movie Runaway. Courtesy of
the Computer Museum, Boston.

rainability, but require impractical amounts of power,
both for skid steering and because small rocks get caught
and crushed between track segments. An improved de-
sign, the JPL loop-wheel vehicle, uses four stiff circular
bands that deflect more than a tire but are not as flexible
as treads. Using four smaller bands makes conventional
steering feasible, and using one-piece loops instead of
steel segments decreases rock entrapment.

A different approach is to build multisegment vehicles,
with each segment having one or two pairs of wheels.
Designs include segments connected with a flexible back-
bone, segments connected with active articulation that
can lift the body over steep steps, and even robots with
passive wheels and active articulation that move like a
snake. Specialized mechanisms include a family of pipe
climbers (Fukuda and co-workers, 1990) and a family of
wall climbers (Nishi and co-workers, 1990). The first of
the wall robots at Waseda University used a suction fan to
hold the robot body to the wall and used wheels for propul-
sion. The second is a biped walker, with suction cup feet,
that is more capable of surmounting ridges and ledges.

The latest in the series uses a small aircraft propeller to
hold the robot against the wall and to propel it at speeds
up to 5 m/s.

Legs. Several families of walking machines have been
developed, including dynamically stable hoppers (Raibert,
1989) and the Ohio State Adaptive Suspension Vehicle
(Song and Waldron, 1989). Walking robots provide high
terrainability and are much more efficient than wheeled
vehicles in rough and soft terrain (see Rosors, LEGGED).

Example: AMBLER

The largest and perhaps most unusual walking land robot
today is the AMBLER (Bares and co-workers, 1989). It has
six orthogonal legs, each with a rotational shoulder and
prismatic elbow operating in the horizontal plane, and a
prismatic vertical outer link. On rough terrain, th_e
AMBLER adjusts its vertical axes to keep the body hor1-
zontal, allowing efficient translational motion. Whenever
possible, the body is kept at a constant elevation, saving
the energy that a wheeled vehicle would expend climbing
over every rock it encountered. The AMBLER’s legs aré
arranged in two sets, with the three legs on each side
sharing a common shoulder axis. The legs move in a novel
“circulating” gait. Each leg in turn is placed ahead of the
body, then moves past the outer edge of the body during
its propulsion phase. Legs are recovered (brought forward
to begin the walking cycle) by swinging them through 2
cavity in the middle of the body. This continuous rotation
of the shoulders allows each leg to be placed only once
while the body moves up to three meters, rather than
requiring each leg to pick up and shuffle forward several
times to follow the leg ahead of it, as in most walking
machines.

Walking machines pose special planning problems.
High speed walking machines must first select an appro-
priate gait, which defines the order in which legs shoul
be recovered and the number of legs in the air at any oné
time. Slower machines, such as the AMBLER, move only
a single leg at a time. Deciding which leg to move, an
where to place it, requires considering terrain, body ad-
vance, and vehicle stability constraints. The center of
gravity of a statically stable walking machine must be
kept over its support polygon, the bounding polygon of the
contact points of all feet touching the ground. The
ABMLER uses a further constraint, the conservative supP-
port polygon (CSP). The CSP is formed by intersecting all
of the support polygons formed by considering each set 0
N — 1 supporting feet. If the center of gravity of the
AMBLER is held above the CSP, any single foot can f_'all
without the vehicle tipping over. Part of the planning
problem, then, consists of placing feet so that the sequence
of CSP lines up with the desired direction of motion an
allows continuous safe body advances (Wettergreen;
1990).

ARCHITECTURES
The separate parts of a mobile robot’s software (sensing

thinking, and acting) must be organized by an architec-
tural framework. An architecture for a complex robot




must handle multiple sensors, potentially conflicting sub-
goals, planning at different levels, and execution monitor-
Ing. The architecture must also define interfaces and pro-
vide tools to allow many programmers to build the system
and to allow multiprocessor execution.

Centralized. The most conventional architectures sepa-
rate robot software into separate modules for sensing,
thinking, and control. This has the advantage of giving
one module control of the vehicle, another control of all
sensors, and a third control of modeling and planning.
This decomposition groups design tasks in the likely areas
of expertise of separate research groups. The drawback of
tl.lis approach is that it does not allow for high speed spe-
clal-purpose reflexes, that must do sensing, thinking, and

_tontrol all in one tightly integrated module.

Subsumption. The opposite approach is typified by
Brooks (1986) in his subsumption architecture. In his ro-
P°t5, each module covers the complete range from sensory
Input to control output. He divides his modules into a

lerarchy of functions, each subsuming the lower levels.
The first module watches sensor data and moves the vehi-
cle away from obstacles. The next layer moves the vehicle
randomly, unless the lowest layer takes over to avoid hit-
Flng an object. Higher layers add purpose to the wander-
Ing (eg, toward open doorways), look for objects of interest,
and so forth. Each layer is relatively simple to build, and
at least in principle mostly decoupled from adjacent lay-
ers. But with no central world model, it takes careful de-
8ign to ensure that various modules are not working at
Cross purposes. Related ideas include reactive or reflexive
Planning, which emphasize quick response rather than
¢areful preplanning, and behaviors, which package sens-
Ing and control modes appropriate for specific situations

(Payton, 1986).

Hybrid. Several attempts have been made to build ar-
chitectures that combine the best of both approaches.
ese systems typically propose a hierarchy, in which
Sensor interpretation at each level feeds into both plan-
Ning at the same level and higher level sensor interpreta-,
tion (Albus and co-workers, 1987). Plans at each level are
de¢0mposed into lower level steps, and given to the next
ower level for execution. The hierarchies are often struc-
tured by time (quick reflexes at the low level, through
s!Ower processes at higher levels), data abstraction (raw
Signals to symbolic reasoning), and space (local effects to
global databases). In trying to encompass all possible sys-
tems, these general-purpose architectures lose their pre-
Scriptive power. Their main contribution may instead be
escriptive, providing a common vocabulary in which to
1scuss the differences between architectures.

Trade-Offs

For current robot systems, there appears to be no single
est architecture. A robot such as the AMBLER, which
Moves very slowly to conserve energy, may be best served
Y an architecture that centralizes all decision making.
e task control architecture (Bares and co-workers,
1989) on the AMBLER collects all control information in a
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central module, so the best choice can be made before
spending energy on moving. Smaller robots with limited
computing may be better off with subsumption-style ar-
chitectures. These robots do not have central world models
based on sensor fusion and may not always make optimal
decisions, but can react quickly. In a sense they substitute
physical search and backtracking, moving through the en-
vironment, for the computer-based exploration of search
spaces typical of an Al system.

SUMMARY

Mobile robots have evolved extensively from early sys-
tems such as Shakey (qv) (Nilsson, 1984) and the Stanford
Cart (Moravec, 1983). VaMoRs now drives the autobahn
at 100 km/h (Dickmanns and Zapps, 1986). Denning Sen-
tries patrol warehouses at night. Raibert’s (1989) ma-
chines hop, skip, and jump. EAVE-East looks for under-
water objects (Blidberg, 1989). Yet very few truly
autonomous vehicles are actually at work. This is partly
due to issues of cost and hardware reliability. But it is still
largely because of the remaining challenges in dealing
with unstructured environments. Developing general-
purpose practical robots will require further advances in
position sensing, image understanding, planning, me-
chanical design, and system architectures. Additional
open issues remain in coordinating multiple vehicles,
sensing and handling moving obstacles, error detection
and recovery, integrating vehicle motion and manipula-
tion, and human interfaces.

But even though there are still deep research issues in
each of those areas, there is beginning to be more empha-
sis on bringing together the components that already do
work, in the limited domains in which they are reliable, to
build complete prototype systems. New robot development
and application initiatives, from hazardous waste cleanup
to cooperating reconnaissance vehicles to intelligent vehi-
cle highway systems, are all just getting under way. Mo-
bile robots have already made the transition from science
fiction to laboratory research. They are now poised for the
next transition, to becoming practical working machines.
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ROSIE

A software tool to facilitate the building of expert systems
(qv), ROSIE is a general-purpose, rule-based, procedure-
oriented system. The system, when provided with 2
knowledge base, will become an expert system for the do-
main embodied by the knowledge base. It was develope
around 1981 at Rand Corporation (see J. Fain and €0
workers, The Rosie Language Reference Manual, Techni-
cal Note N-1647-ARPA, Rand Corp., 1981, and F. Hayes
Roth and co-workers, Rationale and Motivation for Rosie,
Technical Note N-1648-ARPA, Rand Corp., 1981).

K. S. Arora
SUNY at Buffalo
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