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Human Factors in Space Telepresence

1. Introduction

This report discusses the problems of interfacing a. human

with a teleoperation systém, for work in.spaée. ‘Much of the
informﬁtién‘presented here -is the resulf of'expérience gained
by the M.I.T. Space Systems Laboraﬁoryrduring the past two
years of work on thé ARAMIS (Automéfion,.ﬁobotics,’and
Machine‘Intelligencé Systems) project.(NASA contract
#NAS8-34381) . |
Many factors impact the design of the man-machine inter-

:féce for a £e1eop¢rat6r.r In .this paﬁer the éffects'of each
.are described‘in turn. An annotated bibliography gives the
‘kéy references that .were used,l Noiconclusions can be pre-

sented as a "best design;" since muéh-depends on the
particular applicétion desired, and the.ielevant technology
is swiftly changing. |

Much of the traditional work in human factors research
is in the area of anthropometry. This work is mentioned in
the section on Human Capabilities, but is not discussed in
depth since this information is difficult to systematize,
andigoo voluminous to :enumerate here. “Quite a. bit 'of this
data is required for the final desigﬁ of a man-machine
system, but .the main issues dealt with here c¢oncern

architecture-level alternatives. These depend more on some

broad .aspects of human behavior (which can be described



concisgiy) than on the details of anthropometry.

The terﬁ telepresence is used synonyméusly with the word
teleoperatién hére;'it is used because it cohveyé a greatér
emphasis on: "accommodating the humanﬁ ihto the'sysfem.
.Telepreseﬁce~is a term used to describe all’typéS'of operatiohs
wﬁich involQé a mechanical manipulator.controlled by a |
human at some remote site. Strictly speaking, this defini-
tion could be construed to incluae even a human using a
long wrench. 1In fact, teleprésence systems:afe‘simply a
class of tools which.form a continuum from basic hand tools
through powered tools, mechaniéal exoékeletohs,.diréct-link
-mdsier-slave manipuiatofs, all thé way to the most Sophisti-
cated semi-autonomous robot undef the ibose control of a
human supervisor. Any of these tools is.capable.of peffdrming
'uéeful wotk in spaée. From an economic and procedural
Standpoiht, howevér, the key difference for spacé’applicationé
is between thoée systems which allow the controlling human
to be a large distance from the worksite (withQut a direétA
" physical connection) and those which require his proximity.
The former systems are those considered here~as'candidates
for space telepresence, since they allow .the human operator to
be 6n the grouhd or in a low-orbit space.stafion,'avdiding
substantial transportation and life-support'costs. All.such
systems can be broken down, as in Figure 1, into four basic
elements: fhe task, the manipulator mechanical:compoﬁents,

the manipulator control‘syétem, and the human in.charge. This



papef.concentrates on the interface between the human and ‘the

machine, with the intent of summarizing the problem involved

and the work done to date.

Figure 1l:
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The nature of the particular tasks to be accomplishéd will

determine the criteria to be used in designihg'and evaluating

telepresence systems. The choice of the most effective man-

machine interface depends on these criteria, and is subject to

practical constraints on mechanical and control system design.

The proposed tasks, for instance; will set requirements on

end-effector design, size ahd shape of manipulator working

envelope, number and type of degrees of freedom, levels of

strength and positioning accuracy, as well as determining what

sensors will be useful. The mechanical constraints limit what

is reaiizable in'terms of geometry and dynamics.

In addition,

the relatively fixed (but not entirely understood) characteristics

of the human in control are important design parameters. The

effects of each of these constraints on space telepresence will

be discussed in turn before the results of particular.experi-

ments are summarized.



2. Description of Tasks

Humﬁn faétors research-in telepresence usually proceeds
by testing the perfofmance of a man-in-the-loop manipulator
system onAa given sét‘of tasks. The tasks are chosen to
simulate an expecfed applicétion of the manipulator system.
Hence, the results 6f such research must be interpreted in the
context of these anticipated tasks.- Most of the literature
published to date falis into a féw broad areas, distinguished
by thé type of tasks assumed. In this section, these underlying
assumptions will be described and the differences pointed out
between terrestrial and space applications. |

Muéh of the work done in telepresence has been concerned
with the_problems-enéountered by the nuclear industry in
handling radioactive materials. The tasks here ihclude reactor
maintenénce: component disassembly, reassembly, and parts -
transportatidh; réactor operatiﬁns'such as handling and
packaging of fuel and wastes; and laboratory operations such
as radioactive chemical procéssing. Other'nucléar applications
occur in high-energy experimental physics, where accelerator
targets must be exchanéed and serviced rapidly in a radioactive
environment. Some of these tasks involve large forces and .
extensive work spaces, requiring overhead tfaveling bridge
cranes or rail-mounted material carriers, thié others (such
as chemical processing in hotlabs) require precise handling of

small objects in a confined area.



The working environment is hot (thérmally as well as
radioactively), and is particularly hostile to solid-state
electronics} -Cd:rosion}'éxidation aﬁd wé;kenihg'of metals is
also a problem. Maintenance is very expensive, involving
elaborate.deconféminatioﬁ procedures. The size and weight
of the telepresence equipment is not of critical importance,
so.systems.tend'to be of conservative design with 1aﬁge
safety factors. The physical separation between worksite
. and con£r01 station is often small, sometimés allowing direct
mechanical  linkage between controls and:manipulatof'and
- direct vision .(through shielding windows) of the ﬁorksite by
the operatdr.-'Téleviéion caﬁeras are sﬁpplied in other |
circumstances. The nuclear industry has gained a good deal
of experience in the field of telepresence,over'thé last
forty years, although their current equipment"is<based on the
technology of the 1960‘5.

Another major area of telepresence research has been for
underwater applications.. The U.S. Navy has been involved in
many . operations at depths which are not attainable by divers.
Such tasks include finding and retrieving sunken objects,
cutting away .and removing obstructions, eté. A specific
example would be to locate the wreckage of an -airplane and
remove a particular piece of equipment, such as a flight
data recorder. Recently, commercial interests have found other
applications for undersea teleoperators. OffshQre:oil wells,

underwater cables and pipelines require regular inspection and



méintenance. While divers can perform much of this work, it
is often cheaper (both in. terms offmoney and human "'life) to use
mechaniqal,systems.

A typical commercial task would be to clean off an area
6f structure with a high-velocity water jet and‘inspect the
welds for cracks with a‘television-camera. The worksite
environment inQolves low temperatures and high pressures.
Lighting must be pfovided} and vision is ofteh obscured by
sediment and debris, particularly during cleaning operations.
Conétantly shifting forces due to currents tend to disturb
the reiationship between the manipulator.and.its tafééi."For
shallow-water applications. a human may be present at the work-
site, either és a diver or within a submersiblé.tp ﬁhich the
‘telepresence system is attached. In these cases the'human
in control may use diéect'visﬁal sensing. and direct-meéhanicél-
contrél of.the manipulator:. In deep water, howevef, the
systems are connected to a control station (in a surface
vessel) by a cable or an acoustic link. TheseAlinks have
‘limited information bandwidth capability and the acoustic
links introduce a time delay on the order of a few seconds.
Each dive may last several hours, and.the equipment can be
maintained and refurbished on.the-surfacé betwéen dives, so the
reliability requirements are much different from_thosé of the
nuclear industry. )

The bulk of the human factors research on telepresence

has been motivated by the requirements of the underwater and



huclear‘industries. A. smaller number of.contiibutions concern
biomedicallapplicationsnof telepresence, specifically orthotics
and prosthetics. Some woik has also been done on the topic of
interest here: space telepresence.

The requirements for space féiepresence‘differ significantly
from those of the other applidations discussed. Several NASA
'studies have identified the types of tasks which are candidates -
to.be accomplished by rempte control in the near future. The
manipulator system considered wouldlbe attached to a free-flying
propulsion module, and could be space-based (at a space station,
fpr instance) or ground-based (délivered to orbitAby Shuttle).
The control station'is usually assumed to be on the groqnd,
with communication thfough TDRSS. However, control from the
Shuttle or a space station is alsé possible.

The most basic task for space telepfesence is the orbital
boost or reboost of a satellite, using the propulsion module.
Examples include include deliVery of communications satellites
to geosynchronous orbit;'or astronomical observatory satellites
to orbits out of the Shuttle's reach. When delivery is
completed; the teleoperator may also observe and assist in the
deployment of antennaé or solar arrays needed to place the
satellite in its operational configuration.

A potentially very profitable use of space telepresence
is the maintenance and .repair of satelliteslin orbit. With
such a capability, satellites can be designed for in-space

resupply of consumables such as fuel and batteries, extending



their service life to previously unattainable levels. This
is particularly useful for NASA's planned orbiting observatories,
such as Space Telescope and AXAF (Advanced X-ray Astrophysics

Facility). These are intended ﬁo be semipermanent facilities,
with consumables and modular systems replaceable in orbit.
Another benefit of spaée télepresence is the ability to
repair a malfunctioning satellite. The Solar Maximum Mission
and- Landsat satellites illustrate thé difficulties which can
result from minor hardware problems, which could be fixed.
with an on-orbit repair system.

since satellite maintenance is likely to be the most
effective use of space'telepresence'in the'near‘future (15
years), the taSks involved will be examined here in some detail.
Projects on thé drawing boards now which incorporate orbital
maintainability are designed for servicing by humans in EVA,
since that technology is currently available (for orbits within
reach of the Shuttle). Thus, thé basic levels of dexterity,-
reach, and strength required to perform the designed maintenance
tasks for these satellités (e.g. Space Telescope) are those of 
a space-suited human. Once an operational telepresence system
has been demonstrated, satellite designs will begin to reflect
the specificacépabilities of mechanical manipulators for
maintenance. This may relax some constraints on satellite
design, as some human limitations do not apply to mechanical
manipulators. However, in many cases it will still be

desirable to allow maintenance by human in EVA, as a backup



alternative.

Maintenance operations for satellites fall into three

categories: scheduled, unscheduled, and contingency. Scheduled

operations are designed for and take place at planned times.
Unscheduled operations are designed for, but take place when
required. Contingency operations only take place in the event
of an unplanned componeﬁt failure. A space telepresence system
would be designed to handle  the scheduled and unscheduled
tasks, and advanced systems will be flexible enough to perform
many contingency tasks as well. There will always be soue
classes of contingency repairs which require more dexterity
than any given mechanical system can provide, but with modular
design the likelihood of such a contingency is minimized. For
example, an entire damaged module can be replaced if internal
repairs are impossible.

The scheduled and unscheduled tasks for the Space
Telescope (ST) project are well-defined at this point (the
satellite is planned for a 1eunch on STS-25 in 1985). Orbital
maintenance is possible for a total of 23 orbital replacement
units (ORU's) -aboard ST. These consist of 5 Scientific
Instruments (SI's), 3 Fine Guidance Sensors (FGS's), the
Science Instrument Control and Data Handling Unit (SI C&DH),

3 Rate Sensor Units (RSU'S), 3 Rate Gyro Electronics Units
(RGE's), 3 Fine Guidance Electronics Units (FGE's), and
5 Batteries. Certain other malfunctions (such as faulty solar

array deployment) can be handled on a contingency basis.
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The support module and aft shroud are depicted in
Figure 2. Figure 3 shows the location and mounting hardware

for the axial SI's in the aft shroud. The location of the -

fine guidance sensors is shown in Figuré-4. The latching
mechanisms used are typified by the J-hook fasteners used on

the light shields of the RSU's and on the b;tteries (Figure 5).
Electrical connections are shown in Figure 6 and Figure 7,

which shows the mounting of a typical ORU such as the SI C & DH;
The maintenance tasks consist of locating the defective unit,
gaining access to it, disconnecting the electrical contacts

(if any) and removing the unit. Replacement is éerformed in
revérse order.

For a near-term application of.space telepresence, Space
Telescope maintenance tasks are typical. Later applicatiohs
will include structural éssembly in space, which will possess
its own vocabulary of tasks. Most large assembly projects
proposed involve the connection of beams into tetrahedrons
as basic structural elements, and a typical connector design
(from MIT) is showﬁ in Figufe 8. More'complicated versions
will also be required to connect fluid- and power-transfer
utilities and data lines. A more complete description of
these tasks must await detailed project designs.

Other missions which a épace telepresence system may be
called upon to perform include rescue and exploration (lunar,
asteroidal or planetary). Rescue tasks are not well-defined

in advance because a large variety of situations could become
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~ FIGURE .'6: RSU ELECTRICAL WING TAB CONNECTORS.

From HASA TH-82485, June 1982,
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hazardous. 1In an emergency, any additional rescue capability

provided by a telepresence system would be welcome,

Telepresence has already been used in lunar (Surveyor's
shovel) and planetary (Viking's sampling arm) exploration.

The controls were rather cumbersome on each and improvements
can be expected, but they demonstrated the utility of even
crude telepresence fér £he analysis and exploration of a
planetary surface. . For extensiveAexplorations roving vehicles
have been proposed, using telepresence techniques.

The factor which most distinguishes the tasks of space
telepresence %rom their terrestrial counterparts is the
environment in which they take place. One important differenée
is the distance between the control station and the worksite.
In the undersea or nuclear applications this distance ranges
frqm a few meters to perhaps a kilometer, while for space
systems the separation is typically.thousands of kilometers.
The most obvious consequence of this separation (characteristic
of all space operatiohs) is the large transportation cost
involved in getting the manipulator to the worksite., Delivery
to low earth orbit costs about $2000/kilogram, so there is
incentive to eliminate excess weight and bulk. These costs
also affect any maintenance and refurbishment needed, so a
successful design would stress reliability and longevity, while
remaining compact and lightweight.

Another consequence of large distances is the communication

problem. Communications will probably be through the TDRS
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system, which has a maximum capacity of 300 million bits per
éecondm(the equivalent of 600 television frames per second) on
--ku~band. ‘This limit should not constrain teleoperator per--
formance appreciably, but'thére is anothef communications;
relatéd factor which has a critical effect on control system
designi' time delays. For a link from the worksite in orbit
to a controller on the ground, the inférmation is transmitted
first to a TDRSS satellite in geosynchronous orbit, rélayed
from there to the ground station at White Sands and then
transmitted over surface‘lihes‘to the operator's control
station. .The control commands retrace this path in reversef
The time delays in the loop come primarily from information
handling.and reformatfing, with some contribution from the
finite speed of light traversing tﬁe distance.- The totalquund-
trip delay:is between .5 and 2 seconds, dépending on circum-
stances. For.planetary exploration applications, the time
delays can become minutes or hours.

Radiation levels.in earth orﬁit can be as high as 109
electrons per square centimeter per second. (at energies gfeater
than 0.5 MeV). This is one of the reasons-fqr‘using tele-
presence in space: humans require shielding in such an environ-
ment, particularly in high orbits (such as .geosynchronous).

Such levels can also affect solid‘stéte electronic devices,
and must be taken into account in'teleoperator designf
There are some important differences in the visual environ-

ment between space and terrestrial applications. In' space,
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with no intervening material between the cameras and the
target, images are clear and undistorted, unlike the undersea
érojects in which vision is frequently,obséured (often by
debris stirred up by the manipulator itself). The objects
viewed (satellite compqnents) are not subject to corrosion'of
sedimentation which would change their.apéearance sver time,
so they are easier to-reéognize. Lighting is provided by the
Sun, the Earth and whatever lights are carried by the tele-
operator, and is completely controllable.if desired.

In contrast with the undersea environment, there are no
currents: to continuallyAdisturB the relationship between the
manipulator vehicle and its térget. However, rigid décking
will be required simply: to take reaction loads impbsed by the
manipulatiéns. The mechanical design of‘thé.manipulator for
space will not need to. take gravity loads .into account,
although. some tasks may involve working<on.auro£ation structure,
possibly requiring compensation for centrifugél forces.

The tasks required of a space feiepresence system, and
the environment in which they take place are different enough
from those of terrestrial applications that major design
tradeoffs are shifted. One of these is. the tradeoff between
manipulator speed and accuracy. Productivity is the key for
many earthbound tasks -~- speed is'directly reiated to profit.
However, in space the time spent on actual manipulations re-
presents a small fraction of the total mission cost. Far

more important is the requirement that the mission be successful,
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i.e. the intended manipulations are accomplished without
causing unintentional damage.

| -Another-fradeoff’affectedﬁis the structural compromise
between rigidity and light weight. On earth there is no great'
penalty for conservative design, but weight is directly
related to the transportation costs in space missions. It
may be possible to build a light, somewhat flexible manipula-
tor and.use a more-SOphisticatedAcontrol system to achieve
the same.fesults for a lower mission cost.

In summary, the constraints imposedion space telepresence
systems are significantly different than those for tsgsestrial
tasks. Thsse differences can have an important effect on
man-machine interface design. Human factors studies typically
involve assumptions.about the type of tasks to be performed
and the worksite environment. ‘The applicsbility of a given
study's results to the space telepresence problem depends on
the corfespondence of these assumptions to the expected

space tasks and environment, as described above.
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3. Manipulator Design

| Another set of constraints which are common to all
telepresence systems are the stéte-of-the-art limitations of
manipulator construction, dyﬂamics, and control. Many of the
considerations that apply to this end of the telepresence
system are identical to those encountered in the design of
robotic (fully autonomous)'manipulators, which are now
-becoming common in industry. Much of the technology developed
for robotics;is'directly applicable to telepresence. A brief
overview of possible manipulator types and their properties will
be given here, since the design of the man-machine control
interface depends héavily on the type of information required
by the machine.

The geometrical properties of a manipuiator are determined
by the»type and number of its joints and the links which |
conneét them. Once these are specified, the working envelope of
the manipulator is déteiminéd. |

Joints connect linké,and permit relative motion.. The
majority of joints in use are of two types: revolute (R) or
prismatic (P). An R-type joint is simply a hinge, allowing
relative rotation of two links about an axis. Such a joint
can be simply constructed and is easil& driven by motors,
gears, pulleys, or other rotary actuators.

A P-type joint permits sliding (translation) but no
rotation. These joints are often of~reétangula; cross-section

to prevent rotation, and are easily driven by linear actuators
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(hydraulic, for instance). The manipulator depicted in
Figure 9 possesses both R- and P-type joints.

Other types of joints are possible. Spherical ball-and-
sockef joints can be modelled as three independent co-located
R-type joints. Cyiindrical and screw-type joints can be
modelled as coaxial R and P joints.

A link is depicted in Figure 10. The actual shape does
not affect the manipulator kinematics, beyond the specification
of two parameters: the length £ and the twist a. The length
is the minimum distance between the axes of the joints at
either end of the link, and fﬁé”;wist is defined as the angle
between these axes in a plane pgrpeddicular to %.

Two other parameters specify the condition of the joint:
the distance s between the t&o links connected to it, measured
along the common axis, and the angle 6 between the links
measured in a plane normal to this axis. In R-type joints,

e variés during motion and s is fixed; for a P-type joint
the reverse is true. |

From the user's standpoint, the manipulator is just a
means of putﬁing the end-effector (usually a gripper or claw)
where it is needed, and in the desired orientation. The
configuration of 1inks'and joints supporting the end-effector
is important only to the degree that it doesn't interfere
with itself or other objects in the workspace; Thus, from
this point of vie&, the important features qf a manipulator

- are: its-working envelope -- the volume composed of.all
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FRoM PAauL, RicHARD P., “ROBOT MANIPULATORS”, MIT Press, 1981,
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attainable end-effector locations, the approach-angle
characteristics (the range of orientations the end-effector
can assume at each point in its working envelope), and thé
number of ways in which the manipulator can reach a given

position and orientation.

In general, six degrees of freedom are desired at the end--
effecfor. Three degrees of freedom allow it to be brought to
any position and another three are required for orientation.
This requires at least éix joints, includiﬁg at least three. R-
éype'joints.' There is an advantage to designing all link para-
meters (a's and %'s) nonzero; the motion obtainable by a
system with a zero parameter is less general than otherwise.
For instance, if a link has R-type joints at either end and
d = 0 (no twist), the resulting movements are constrained to a

single plane.

more possible ways of reaching a given position and orientétion.
For example, in a'manipulator with six R-type joints: if

R = 23 =,2§ = 0 there are at most four ways; if 23 =A25 =0
there are at most eight ways; if %, = 0 there are at most

sixteen ways; and it is believed that if all parameters are
nonzero there are at most‘thirty-ﬁwo different ways to reach
the target position aﬁd orientation.

The type of joint uséd also affects the number of ways
to position and orient the end-effector. 1In general, the use
of an R-type joint instead 6f a P-type joint doubles the

number of possible ways, increasing the ability of the system
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to cope with obstacles in the workspace.

Qf course, not every location and orientation can be
reached by the maximum number of ways referred to above.
APositions outside the working envelope cannot be reached at
all (by definition), and typically toward the boundaries pairs
of poésiblé ways degenerate into a single configuration.

The shape of thé working envelope and the apprbach-angle
characterisﬁics can be calculated for any given manipulator
design, but for six (or more) joints the problem is very
complicated. No simple design rules have resulted from such
analyses, but many have been calculated, and the results are
available in-the.iitérature.

For tasks requiring dexterity, an extra (sevenﬁh) degree
of freedom provided by another joint is often desirable,
allowing a wide range 6flarm'positions‘for any task. 2
figure-of-merit which is useful in evaluating systems for
flexibility or déxterity is the "aspect ratio," defined as
the ratio of working envelopé volume to ﬁhe volume of the
arm itself.

Serial manipulators, in which each link depends from the
previous one, typically have the highest aspect ratios, There
are some disadvantages to this arrangement, however. Innaccura-
cies cascade through the joints; a small angular error in the
"shoulder" can lead to la;gé discrepancies at the "hand". Also,
in practice, the number df control and sensor leads that are
brogght-out from the serial arrangement can becohe quite large.

Since most of these must twist through all the cascaded joints,
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lead failures may occur.

Error cascading can be reduced Sy arranging motioné in
parallel. For example, the errors in an x-y table (in x and y)
are independent to first order. Parallel manipulator designs
tend to "enclosé" the workspace to .a much greater extent than.
serial configurations. This makes them more suited to
industrial robot applications (where the workspace is defined
in advance and fixed) than.for teleprésehce.
| ~ The actu&tors used can be hydraulic, pneumatic, or
.electric. Hydraulics are best for many applications calling
for small actuators &nd'large forces. They'are used almost
universally ih underwater telepresence. Hydraulics are
shunned by the nuclear community,  primarily for historical
reasons: early designs leaked in hot cells, spreading alpha'
contamination. Leakage and long-term degradation may make.them
less desirable for space applications as weli. The Shuttle
RMS uses electric motors to good effect,

The simplest designs place the actuafors in proximity to
the joints ﬁhey drive., On earth, this leads to the introduction
of heavy counterweights at each joint; to reduce the torque
requirements due to g;avity loads. Since this is not a |
problem in space, the counterweights can Se dispensed with,
reducing ovefall system mass considerably. Other designs trade
mechanical complexity for minimum arm mass by using pulleys or
tendons, allowing the actuators to be placed at the base

(shoulder) of the ménipulator.
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Throughout manipulator research the paradigm fof a
mechanical arm has been fhe human arm, with its six-seven
degrees of freedom. Perhaps because we tend to conceive of
manipulation tasks in terﬁs of our own capabilities, this
design is . a good compromise for general-purpose manipulation.
It is likely that the best'choice for space telepresence
would be  a six- or seven-joint serial manipulator. This type
is the most popular for terrestrial télepresence,-and is
usually the configﬁrafion used 'in man-controlled manipulator

research.
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4, Manipulator Control

The control. of a manipulator involves many.decisionS'of
varying degrees of complexity. A useful'hay to look at the
" problem is to construct.a hierarchy of decision levels, Each
control level deals with wider'aspects of overall systems
behavior than the lower leveis. The upper .levels deal with
the system aspects that vary more slowly.

A common division.is«into a hierarchy ef four levels,
-in which the highest recognizes the obstacles in the operating
space and the conditions under which a task is being performed,
and plans how it is to be accomplished. .The next (strategic)
level divides the operation into elementary movements. The
tactical level perforﬁs the distribution of an elementary
movement to the individual degrees of freeaom, and the
- executive level drives the actuatorS‘on_the joints.

Inta telepresence systen the higher levels of control
are performed by man. Depending on the sophistication of the
machine, this may mean that direct human control is required
all the way down to tne tactical level (since we are only
considering systems with large contreller-worksite separations,
the human cannot directly perform the executive level‘of
control), er,in the opnosite extreme, only occasional human
guidance is needed at.the highest levei. These upper-level
options will be discussed under the topic or Man-Machine

Interfaces.
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Since the executive level is automated in all systems of
interest, the éharacteristics and limitations of modern control
methods are reflécted in their performance. Control system
synthesis begins with the equations of motion of the mani-
pulator{ For six or seven degrees of freedom, the derivation
of these equations cén be extremely complicated,'made possible
only recently by the development of computer programs capable
of symbolic manipulation (e.g. M.I.T.'s MACSYMA); These
-dynamiqs'equations relate forces and torques to positions,
velocities, and-écceleratidnsg,and‘théy'typically contain many
thousands of terms. The next step‘is‘Simplification,'in which
appfo_ximations appropriate to f;he c.:lésired.‘ perfdrn_lahce are made.
to reduce the equations to.mAnégeable-sizé; |

Traditionally, control hasfbeen‘implemented witﬁ separate
analog servos closed around e&ch joint, or digital simulations
of this, For this type of control, the dynamics éfe simplified
by diséarding'all velocity-dependent (such as Coriolis and |
centripetal) terms, as well as nonlinear terﬁs and those
representing coupling between joints.' This is a radical
simplification of the dynamics, giving-valﬁeS'for.thetr
"effective inertias" of each joint. Since these inertias
vary with the position of the manipulator, the simplest
approach is to use the highest values which will be encoﬁntered
as the design values, and size the actuators and feedback
gains accordingly. Manipulator response is élways designed

to be overdamped, since an underdamped (oscillatory, with
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overshoot) system would offen collide ‘unintentionally with
its surroundings.

These,simplifications'lead to erroré, particularly at high
speeds where the velocity—depehdent terms.are important. When
- this occurs-during rough motions such as parts transfer in an
uncluttered workspace, it may be'of no concern. However, when
fine motions are required with greater accuracy, it must be
" noted that in the traditional control method the actuator
Signals are derived from the error, so a quick motion reqﬁires
a large'error-to provide an.adequate actuator signal. For this
reason, accurate motions must be*performed slowly.

Much theoretical work has been done on the application of
‘digital optimal cdntrol methods to the ﬁanipulator proﬁlem.
These schemes try to take into account more of the dynémics,
such as the coupling betweenljoints. .Taking advantage of recent
advances in semicﬁnductor memory capabilities, many cbmplicated
functions can be pre-computed and étored in lbokup tables,
éaving on the amount of computation which must be done in real
time,

The application of artificial inteliigence techniques may
solve the control préblem.invanother way, similar to the control
of the human arm. The human arm has no posiﬁionai transducers.
Accuracy is achieved éolely by successive approximations in the
arm-eye-force sensing systems (in the cerebellum). Complete
adoption of such a programming scheme would eventually require
only the most rudimentary accuracy capabilities té be

implemented in hardware,



5. Human Capabilities

Whatever the dapabilities of the manipulator system, the
controls must interface with a human. The”relevant physical
parameters are straigh;-forward to define and quantify. For

instance, typical data for an average, male human arm are:

uppef arm length - 30 cm
lower arm length 27 cm
distance frbmicenter~df palm ﬁoywrist 9 cm
lifting capability hand outstfetched .15 kg .
best fit cube for comfortable -
working volume . 45 cm on side
A vast amount of such information is-available (see
bibliography), ranging from average dimensiéﬁs and weights
to ranges of motion and strength, The human senées have also
been thoroughly descriﬁed with'sdch pafameterS'as'f;equeqcy
range and discrimination, angular resoluﬁion, etc. Some
inﬁellectual components such as memory can alsb be directly
tested and quantified, although the underlying mechanisms
are not clear. |
The more complicated aspects of human performance are
more difficult to charaéterize. The ability to use information
to modify behavior, the effects of training on performance,
the limitations imposed by fatigue for various tasks =-- these
all represent fugctions of a coﬁplex syétemwthat is poorly

understood., Usually a simple model is proposed for a narrow
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range of behavior, and experiments are condUctedito vélidate
the model and determine the values of the relevant parameters.
Many studies of this nature have béen.done'to-determine the
performance of a ﬁuman.in'a proposed task, to directly assist
in the design of "user—friendly“'ﬁan—machine_interfaées.
Similar studies have been performed, for different
purposes, by the artificial intelligence community and by
psychologists. The biological development of man's informa-
tion processing éystems provides examples. in which ¢omplex
problem solving tasks. of apparent.infinité degrees of
freedom are redﬁced to real time computations. In the
domain of human.p:oblem solving the division of processing
labors is distributed through a hierarchy of-low-level‘and
high-level processing operations. The evolutionary éspects
of human problem solving suggest a'vasﬁ amount.éf parallei
computatidn with a system of self-modification: a system
which learns. .Biological systems employ learning as a tool,
by which they reduce thé-complexities of problem-soiving.
Biological systems are goal-directed machines éapable of
self-organized adaptive behavior; In the construction of
smart machine extensions of ourselves it would be helpful
to understand the strategies by which biological systems
solve complex problems and the operational.procedureé which
characterize the process of continuous problem féduction,
interpretation and solutioh.

The Artificial Intelligence community does not say that
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machines cannot be constructed beforevwe<know how Man works:
but that our machines, if they are to be true extensions of
ourselves, éhould.be built in 6&: image. . The problems of

~ parallel computation in staged.hieraichical information
processing‘structures, continuous representation of incon-
sistent information in a consistent form.and learning are |
but a few of the issues whitch should be addressed if we are

to build true extensions of ourselves.
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‘6. Man-Machine Interface

In the telepresence systems under'discuséion here, the
human receivés.most of his.information about. the worksite
through a television system. Oné of the teaséﬁs for this is
that the television camera is an important tool in itself,
and no space teleoperator will be without one; inspection
and observation are the most fundamental of its tasks.
Anothér reason is the human's ability tO'quick;y derive
spatial relationships from visual déta. Detailed results of
the evaluations of different camera and operator configurations
‘are voluminous and available in the literature (see biblio-
graphy). The task of integrating all of this information
and recommending the best system would be considerably 5eyond
the‘scope of this paper. However, the combination of the
discussion in the.text and the.appended.bibliography should
allow the reader. to identify the issues in his field of
interest, and refer him to the original sources for more
detailed .information. |

Human manipulations depend to a large extent on hand-eye
coordination, a task to which a significant fraction of the
brain (the cerebellum) is devoted. For this reason, efforts
are made'to ensure that the TV system can be used in a natural
way, to take best advantage of human. experience and ability.

The questions commonly addressed are the minimum required number-
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of cameras for each type of task;_énd their placement; the
minimum resolution needed; the'relative‘édvantages of color
vs.'black-and—white. |

ﬁumaﬁé are by nature adaptable to new circumstances, and
an-important:question is just how far the telepresence design
engineer must go to make the operatof feel natural., With training,
.operators can become comfortable with and quite proficient at
tasks which seem to bear little relationship to previous
experience (video games are a familiar example). Three-~dimensional
displays, inciuding Fresnel screens and stereo TV systems (using
two cameras and monitors) have been evaluated for their effect
on teleoperator performance. The Naval Ocean Systems Command
has developed a system which simulates a human very closely:

a pair of TV cameras at the correct interocular distance mounted
on é "heéd“, whose motion is slaved to the_motion of the
operator's head (the TV honitors are fixed on the operator's
helmef). This system is part of a very anthropomorphic
device, which also includes two manipuiator arms attached to

a movable "trunk".

The idea of camera control by the operator's head movements
allows a single individual to control both the manipulator and
the camera. Further, when the monitor is fixed to his helmet,
the operator..can establish a natural sense of his surroundings
just by looking around. Such a display is calied an environ-
mentally-stabilized wvisual reference, since it appears to the

operator'that his body is fixed in the teleoperator's ffame.
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This type of display contributes to the illusion that the
operator is at the worksite, and reduces the chance of dis-
orientation. With such a system it is possible to obtain -
depth information from a single'TV camera and’monitor; by small
Sideways motions of fhe operatof‘s head (causing a change in
pérallax). Time-delays in the control system méy reduce the
"natural" effect of this-diSplay.A Other disadvantages appear
if the'manipulator system requires cameras in locations other
than the natural "head position® (e.g. subSténtially off to
one side of the manjipulator), or large changes in the camera
position for some pérticular task. Also, some tasks may fequire
the operator to hold his head in an uncomfdrtable'aﬂd fatiguing
posthre for long periods of time.

In practice, most terrestrial telepresencé systems have.a
control station wifh'facilities for a video'operator'as well
as ;he manipulator contréller.‘ A typical control station is
depicted‘in Figure 11, The video operatorhcqntrois the aiming,
zoom and selection of cameras for diéplay én the monitors,
- in response to verbal requests from the manipulator controller,
In a typical ariangement the controller haé one large high—
;esolution (1000 lines) monitor screen and two smaller ones
to. use as direct references in manipulation. When the two
operators are trained as a team, they can switch positions
occasionally to reduce fatigue. An experienced video operator
often learns to anticipate the needs of the other controller,

resulting in rapid and efficient coordinated action.
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Ficure 11: ConTrRoL ConsoLE CONCEPT

FroM WERNLI, R.L., "RoBoTIcS UNDERSEA,” MECHANICAL ENGINEERING,
Aucust 1982,
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It is evident from experience that for many tasks, the

sense next in importance to sight is touch. Manipulation tasks

can be divided into two categories, which differ in the type
of sensing and control which is most suitable. One of these
categories is typified by parts trénsfer, and the other by
‘assembly.. The tasks identified previously for a space tele-
presence system include elements from both catego;ies, but
early terrestrial manipulétor systems concentrated on the
former, partly because of their simplicity. This led to the
adoption of position.control schemes, whiéh are still the
most common in ielepresen&g éﬁd'robotics. In such a scheme,
the operator specifies a desired position and orientation (in
some way) to the control éystem;~whiqh attempts tb achievé
that.configuration of the manipulator. If én obsfruction pre-
vents the desired cbhfiguration from béing attained, large and
potentially destructive forces can be generated by the control
system's attempts. 'For an industrial ménipulator moving pafts
around this is not a great drawback; since the motions can

be planned carefully, and little physical contact with the
environment is required.

Assembly tasks, however, involve what is termed compliant
motion. Simple examples of compliant motion are éliding along
a tabletop, or pulling out a drawer. Both involve interaction
with environmental constraints which are not known accurately

in advance. A typical assembly motion is the insertion of a
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peg into a hole. This is a simple task, and a good systém
should accomplish it quickly and without exerting undue forces
between the objects in contact.

Another example which occurs frequently in the space tele-
presence tasks is the tighténing of a bolt. This can be done with
a position-controlled manipulator:" if the iocation and orien-
tation of the bolt is known accurately, the circle the wrench
must move along can be computed and the control system can
execute the motion. To do so without exerting unnecessary
forces. using a-rigid manipulator requirés“high-reéolution»
positional transducers and fine mechanipal tolerances |
Even so, if a human is computing the path by eye from a
television image, errors are unavoidable. . In‘avrigidly-
coupled system like this a small error in position can give

rise to very large reaction forces.

The alternative is simple: compliance; éompliahce‘and
force-sensing in the human arm enable a man to directly
tighten a bolt with a wrench when he has ohly a general im-
pression of where things are. Without force-sensing of some
kind, he wouldn't even know when the bdlt was tight enough.

Complianca is the ability of'the manipulator to respond
to forces imposed on it by the environment. It may take the
form of passive compliance, mechanically built into the mani-
pulator, or active compliance, wherein the forces are sensed
and the manipulator commands are modifiedAaccordingly. Active

compliance has the most general application, and, for tele-
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presence, the loop can be cloéed either in the control system
or in the human (by relaying the force information to him) .

A system with active compliance can operate in a new
control mode -- force control. In this mode the operator
specifies the components.of force which the manipulator should
exert, and the control system produces the required motion.
For many assembly-type tasks, this is more natural than
position control. |

Whether position or force control is appropriate for a
‘given task depends on the constraints. If the task implies
p;sition gonstfaiﬁﬁém(éuch as the drawer example) it is not
appropriate for the controi system to provide conflicting
position constraints in the same directions. To illustrate
an extreme case, consider A'manipulétor whose end-effector is
imbedded in a fixed object. The manipulator has no.
positional freeddm, and position control is meaningless. Con- ‘
versely, the manipulator is free to exert any force commanded.
In the opposite extréme, consider a manipulator whose end is
free in space and unqonstrained. In this case force control
is meaningless and position control is natural.

In practice, most tasks fall between these extremes, and
the best solution is a hybrid 6f position and force control.
For instance, if the constraipts can be expressed as a surface,
position control should be used tangenf to the surface and

force control normal to it.
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The implementation of active compliance and force control
requires force sensing-and a means of closing the loop. When
the loop is. to be closed in the human operatér, the sensory
information must be‘relayed to.hiﬁ in a form he.can use. Force
sensing can also provide useful informétion not direéﬁly re-
iated to the control problem. PrOpefties of objects in the
environﬁent can be estimated, including mass, moment of inertia,
‘and frictional resistance. A sense of touch (essentially a
more refined version of force sensing)'can be used to provide
ihformation about environmental features which are not available
_from visual data. Various types. of tactile sensors are under
development for manipulators. These include "artificial skin,"
consisting of an array of preséure transducers imbedded in a |
flexible métrix, as well as more conventional pressure switches.
To'aid in.maintaining a grip on an object, slip sensors have
been'devised which can detect the direction and magnitude of
relative motion between the manipuiator'S»hand and the object's
surface. | |

To avoid damaging a delicate object; the manipulator
operaﬁor will often approach it slowly, so that the "collision"
occurs at a low velocity. Proximity sensors (Figure 12) have
been developed to help the operator. control this phase of
maniéulation. JPL's proximity sensors are electro-optical:
the sensor contains an infrared light source which is focused

on the target area (a few centimeters in front of the manipulator
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jaws) and a detector, focused on fhe same region, which
measures the reflected light. Thus the output of the sensor
ig a function of the distance to an object (within the sensi-
tive volume). When more than one of these sensors are used,
information can be deduced about the alignment of the jaws
with the target. |

A key problem in utilizing these auxiliary sensors is the
presentation of the information to the operator. 1In principle
the tactile information could be relayed to a device which wouid.
stimulate the operator's sense of touch, but noﬁsatisfactofy"
device yet'exists. 'Pérhaps (as suggested by Dr. Marvin Minsky
of MIT) one could be developed along the lines of a project at
Stanford, which has built a unit which translates printed
shapes (letters) into patterns of vibration on its surface,

4 allowing  the blind to interpret standard printed material.

In the absence of a téctile display, the most likely means
of presentation is a graphic (visual) display, for tactile and
proximitf information. Difficulties arise when several pfoxi-
mity sensors, or a large array of tactile sensors are used:
there is too much information for the human to éffectively
‘utilize. Fortunately, although all of the sensors méy‘be contri-
. buting useful information, the human is.usuaily controlling
6nly one or two paraméters at a time. This makes it possible
to use a display format which allows him to:iquickly extract the
information he wants. For instance, a bar graph display is

often more useful than a column of numbers. At one time



the controller may only need to know that the highest pressure
being exerted on any part of the target is below a cerﬁain
limit, and at another time he'may just want to be sure there
is no slipping taking place. Eventually, "smart" telepresence
systems may exist which will have some understanding of the
task that is being accomplished and present to the operator
only the information he needs. |

An illustration of this is provided by‘JPL'é_experimental
event-driven display for payload handling with the shuttle RMS.
Successful ground tests of this system were conducted ét the
Johnson Space Center under simulated paYload;handling conditions.
In ﬁhis system, the data from fourubroximity sensors attached
to a four-claw mechanical hand were'intégrated into a visuai
display‘shdwing range, pitch, and~Yaw error values, and indica-
ting whether ‘a successful grasp of the target-codld bé'pefformed{'
This display enabled the operator to finely control the_grasp
to prevent preloading the target. | .

Another possibility for some types of information is an
audible display. Experiments performed with aircraft simula-
tions have shown that pilots can control one function displayed
aurally togefher with a different function displayed visually
better than if both control functions are displayed viéually
on separate diéplays. Since audible displays do not take up
any of the operator's attention when they are not emitting

sound, they are also particularly useful for signalling contipgency'
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events such as excessive force applicatiqn, collision of the
ﬁrm wiﬁh obstacles, malfunctions, etc. Each type of warning
would4have its own distinctive sound. pattern. Thus the
operator would not have to be looking at the relevant display
to be immediately aware of the problem.

Related to the topic of audible displays are those of
computer-synthesizéd speech and computerizéd voice recognition,
Commﬁnication'by voice is a natural way to control functions
which now require keyboérd entry or another human operator.
One example is the video opefator, who responds to verbal
commands from tﬁe manipulator controller. A sophisticated
compute;ized'voice recognition system couid,take over this
function. Current systems have limited vocabularies and must
be “trained"-by the individuals who will.bé using them, but
are capable of reliable performance within these limits;

AS previously discussed, significantly bétter manipulator
performance is possible when fprce céntrol can be used for
assembly tasks. A variety of man-machine interface designs
for telepresence have been investigated, using different types
of sensors and controls, and achieving vérying degrees of
success.

Each design embodies a compromise between complexity and
performance. The early telepresence systems developed for
nuclear applications were designed for position control only;

open loop in the sense of force control. The operator con-
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trolled the joint actuators by switches, in the simplest
version. Each switch controlled a different degree of freedom
and allowed a single velocity to be given to the joint. Opera-
tions were quite slow, as only one degree of freedom was used
at a time, due to the difficulty of combining motions into

the desired resultant.

Some imprbvement was obtained with a proportional velocity
control in a.joystick. . This allowed simuitaneous motions in
more than one degree of freedom, and feduced task times. The
next step in sophistication was to introduce a CID (Control
Input Device), which was often an exoskeleton fitting over the
operator's. arm, containing the same number of joints as the
manipulaﬁor. The joint settings in the CID were used to
command the joints . in the manipulator. This is called a
' master—élave.manipulator because the arm is kinematically
similar to the CID and tries to duplicate its position. With
this system all of the degrees of freedom can be controlled
simultaneously.

With  the introduction of computers to do fast real-time
computation of geometrical transformations, strict kinematic
similarity is not necessary between the master and slave arms.
For instance, when control of the end-effector position and
orientation is required, and details of the joints can be
arbitrary, any sort of mechanical linkage can be used to

support the operator's hand control (for direct position
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control). The desired end-effeétor position is read by the
¢omputer, which calculates the necessary joint positions. This
is known as resolved-motion control, and permits greater free-
aom in design of the CID, while retainiﬂg many advantages of
master-slave designs. One of the control modes of the shuttle's
RMS is of this type; in this case.the CID consists of two hand
controllers =-- one for rotation of the end-effector, the other
for translation. The end-effector velocity is proportionai to
the deflection of the hand controllers, which are similar to
joysticks. The resulting control system is much more compact
than a master-slave would be, and better suited to thg purpose

of the RMS. A backup control system for the RMS consists of

‘individual joint drive switches, the simplest system described

above.

The ability of a control system to do .real-time geometrical
transformations permits another refinement, known as display-
referenced. control. In this scheme, the control system uses
the current orientation of the primary television camera to
interpret the manual input from the operator. The result is
that, from the operator's point-of-view, the controls always
bear the same relationship to the display. Thus, for instance,
movement of the control joystick away from the operator would
always produce vertical motion of the manipulator on the

display, no matter what the current. camera angle is,

All of these systems are still open-loop with respect to

force control: the operator has no means of sensing the forces
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on‘the'arm. For parts transfer this is not a big loss, as a
position-contrbl strategy is all that is needed. The shuttle
RMS, for instance, is not intended fof~manipulation but for
payload handling.: In the early days of telepreseﬁce design,
such manipulators were also used for tasks requiring compliant
motion. In these cases, experiehced operators "closed the
looé" by obsefving defleétions of the arm visualiy, to get a
rough idea of the forces. Some passive compliance was built
into these arms for that purposé.

The first teleopefators designed for true force control
were master-slave manipulators which were modified to become
fbrce-reflecting. For a typical électric-actuated.manipulator
with revolute joints, this means sensing the currents through
the motors (yhich are proportional to the torques( for DC
motors) in the slave arm and back-driving motors in the
joints of the master afm. bnly'a fraction of the force on
‘the slave arm is applied to the master, to make the operator's
work easier, The force-reflection idea can also be used with
resolved-motion manipulators in which the forces on the end-
effector are detected and applied to the operator's hand
controller.

Force-reflecting ("bilateral”) manipulators have cut the
performance times for typical assembly tasks significantly.
Figure 13 shows the general results of several studies illus-
trating this. The performance of various systems was measured

for the same task, and compared to the reference time of an
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unsuited man (using two arms). It can be seen that the
addition of force control to-a single manipulator arm reduces
the average task time by about a factor of 4 below that re-
quited using position cbntrol alone.

Master-slave or resolved-motion manipulators with force-
reflection are a proven technology for tasks of complexity
equal to that of. the anticipated space telepresence tasks. -One
aspéct of space operations presents'quite a challenge to these
systems, however: time delays. 'As previously. discussed, in
a space-to-ground telepresence loop, rouhd-trip signal time
delays may be as long as two seconds. Several studies have
investigated the effect of time delays on various man-in-the- -
loop manipulator control schemes.

For purely position-controlling manipulators, investigators
at M.I.T. have found thﬁt,‘with delays of 0.3 seconds or more,
the operators spontaneously adopt a "move-and-wait" strategy.
This involyes moving the master arm to a best guess for the
desired position, then waitiﬁg out the time-delay interval té
see the results of the move. This process is repeated until
the task is completed. The number of "waits" involved depends
on the complexity of the task. It was found that. this strategy
was effective in accomplishing the tasks, although errors were
more frequent than in the case of no delay (particularly for
complicated tasks). The extra time needed to accomplish the
task with delay was repéatable and could be predicted from

no-delay performance. For short delays (0.3 seconds in this
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test) some attempts were made to sustain continuous movement
(thinking ahead, in effect), but these results were slower
and'more error-prone than the move-and-wait tries.

The results with force—refleefing manipulators are less
encouraging. It is possible to use a move-and-wait strategy,
as with position control, but the major'advantages of force
control are lost. When driven into an immobile objecf, even
at slow speed, the manipulator arm can generate large forces
before the operator is informed of the contact and can take
corrective action. Also, when the force information is
presented directly to the controlling arm, time delay can
cause a serioue ihétability problem. Figure 14 shows a graph

_ of typical unstable coﬁtrol movements following a small |

disturbance.

— I—— | DELAY (3.0 SEC.)

-
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Figure 14: Unstable Control Movements

From Ferrell, W.R., "Delayed Force Feedback,"
Human Factors, v. 8, pp 449-455, October:
1966.
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Unexpected disturbances are more likely to cause unstable
response. The instability can be reduced by decreasing the
level of force fed back to.the operator, but this reduces sensi-
tivity and does not eliminate the.problem. bne way to get
around this difficulty is to present the (delayed) force infor-
mation to the operator's idle arm, or display it in another
form, such as visual or auditory. These alternate forms of
dispiay are not as natural for the operator, however, and.though
they provide stability they cannot compensate for the operator's
basic inability to close the force-control loop when there is
a time delay. The performance of such a telepresernce system
is limited. to .that of a éosition-controlled manipulator using
a move-and-wait strategy.

The prospects for using a classical direct-driven mani-
pulator for assembly-type tasks in the presence of a signifi-
cant (tenths of a second) transmission time delay are poor.
Several ways have been suggested to cope with this problem.

The simplest is to introduce passive compliénce into the mani-
pulator arm. Tﬁis limits the forces_geperated by collisions
between the arm and the worksite environment. It also gives
the system a tolerance for position errors. during compliant
motion. The tolerance is fixed by the design and must be a -
compromise between the rigidity desirable for some tasks and
the compliance needed for others.

With the . inclusion of a érocessor at the manipulator,

more sophisticated methods can be used. Automatic adjustment
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of forces can be performed by the onsite processor, which receives
sensory information and controls the arm with .no time'delay..
The simplest application is to limit the forces to a preset
level. When the arm sensors iﬁdicate‘that the force limit in
some direction has been exceeded, further commands to move in
that direction are inhibited, and the arm is controlled to
regulate the force to thatAlével until ‘a command to move in the
opposite direction is received. The force limits can be set

to the desired values for. each task with a command from the
remote control station. If slip sensors are incorporated in

the manipulator hand, the onsite processor can aiso be used
to‘automaticélly adjust~grasping force to mainﬁain a firm

grip on the target object. '

Passive compliance sets an overall limit on the-fbrces
exerted on the environment due to small position errors'of‘the
manipulator. An onsite processor allows this limit to be '
changed-at will. The .logical extension of this idea is to
close the force-control loop in the onsite processor. In this
scheme the force information is not fed back to the operator,
Instead, he uses a force-sensing hand controller rather than
the usual position-sensing type to directly specify the de-
sired forces. at the end-effector. The onsite processor then
adjusts the position.of‘the manipulator until the desired
forces are obtained. For motion in a direction which is not

constrained by the environment, the onsite processor would
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limit the arm velocity to a value proporfional to the commanded
force.

These ideas ameliorate the adverse effects of time delays
by reducing the penalties associated with the errors that are
made. A moreiattragtive approach is to reduce the number
6f errors th&t occur, and their magnitudé; Onlly'1:"h<=_'n_.;___,~
will the system be as effective as one with no delay.

| ﬁiéh‘tﬁeﬂéddition of more computing power at the control
station, a predictive display becomes feasible. This idea is
basically to fool the huﬁan operator into producing the inputs
he would give if there were no time delays. Such a system
begins with an accurate dynamic simulation of the manipulator
.arm, using the equations of motipn. If the delay is two
seconds, for example, the simulator would have accurate two-
'second-old information on the state of the arm, as well as a
record of the inputs since then. From this, a running estimate
of the current state of the arm is computed. This can then be
referred to the point-of-view ofAthe primary TV camera and a
line drawing of the arm generated for display on a screen.
If the simulation is accurate, this eliminates the need for a
move-and-wait strategy with parts transfer (unconstrained) tasks.

The simulation can be improved by including the effects
of the environment, such as keeping track of the mass of any

object being carried by the manipulator.. The next level of
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sophistication would involve a world-model of the worksite
gnvironment, including the relevant parameters -- dimensions,
massés; locations, etc. =- of all the objects therein. The
information. required for this world-model may come .from design
data on the satellite being serviced, in which case it would

be preprogrammed into the simulator. Alternaﬁivély, the world-
model can be generated and maintained in real-time by a computer
vision system, which would analyze the TV images and combine
this information with other available data (from a laser range-
finder, for instaﬁce) and the original design information.

2 good world-model, coﬁbined with a faithful dynamical
simulation of the arm, could produce an accuraﬁe'prediction of
the manipulator state during compliant motion. Predicted forces
would be fed back to the operator, just as in the usual master-
slave or resolved-motion system with force-reflection. If the
fidelity of the prediction is sufficient, a move-and-wait strategy
would be unneceésary for any type of task. The magnitude of the
positioning errors which occur would be reduced significantly,
so that the remaining error could be handled by a small amount
of passive compliance;

Such a system, while simple in concept, requires some '
sophisticated techniques from the fields of computer science and
artificial intelligence. The key issues in this area are
computer vision and knowledge representation, which will be
describea in detail later in this repért. At this point, we

will simply note that no complete system has yet been demon-"

strated,.
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Much of the research in artificial intelligence is aimed
at producing autonomous systems, capable of planning and execu-
ting complex tasks on their own. The control of a manipulator
arm is. one of the traditional problems addressed. Some of
this work is finding applications in telepfesence now, and
its role is bound to increase. .

The autonomy of a telepresence'system is the dégrée to
- which it can function indepehdently. Increasing the autoﬁomy
has two goals: to reduce the operator's workload, and to
imp;qve performance. For space telepresence in the near future,
operator workload and productivity are not the critical items,
since the actual manipulation time has very little effect on
the cost of a mission. Performance capability, however, is
crucial; particularly in the presénce of degrading factors such
as time delay. 1In a typical space telepresence application, a
large investment hinges on the successful outcome of thel
manipulation, and anything which increases confidence in the
system is worth quite a bit.

Autonomy is increased by removing the human operator from
the lower levels of the control hierarchy. The executive level
of control is performed automatically in all telepresence sys-
tems considered here, simply because the distanceS'invoived
are too great for direct mechanical linkage. The tactical level
of control is routinely automated in the resolved-motion con-
trollers already discussed. These controllers are given the

desired motion of the end-effector, which they then distribute
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to the individual. joint controllers of the arm. . The next level
of autonomy .is to replacg‘thejhuman in . strategic control,

which takes an overall plan of action and derives the sequence
and timing of the individual motions requiréd; Systems with

some autonomyfat this level are known as supervisory control
systems, since the human takes a back seat during whole'sequeﬁces
of movements.

_ Supervisory control schemes can be divided into two
classes: traded control and shared control. Traded control
systems are the most common and will be discussed first.

Traded control implies that, at any_givén time, either the
human is directly controlling the strategic level of manipulation,
or a computer is. 'Typically the human would define a subtask
for the computer and it would take over for a while, with the
human maintaining control only in the sense‘that he could
interrupt the routine, at will, and resume direct control. The
complexity of the subtasks allowed and the detail in which they
must be defined iﬁdicate the sophistication of the computer
system.

Even a conceptually simple system can be a great asset:to
the operator. One such system, called MMIT, has - been
assembled at MIT for dealing with problems éncouhtered by the
Navy in their underwater manipulations. To use this system,
the operator defines a set of points in space that he wants

the manipul;torﬁs tip to pass through.  This can be done text-
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ually, with a keyboard (using éome predefined coordinate system),
or by directly controlling the'aim,and indicating the desired
points to the machine (by demonstration). When the set of
points is complete, the computer generates a trajectory which -
passes through them in sequerice, and stores this trajectory for
execution when desired.

An example of a task benefitting from such a system is
cleaning sediment from a weld with a water jet. The momeht
the jet is acfivated, ﬁhe surrounding water will become murky
with silt, making it impossible to see the weld and follow it
.with the jet. With supervisory contfol, however, the path can
be defined in advance while the water is clear and then executed
autqmatiqally when-the jet is turned on. |

Industrial robots provide another example of this type of
superyisory control. The'trajecﬁories are defined textually
or by manually moving the manipulatér arm. They can then exe-
cute the same motion repeatedly with only occasional human
supervision. |

More flexibility is attained by'aAsystem which can alter
its behavior depending on sensory information. It can'be.given‘
an instruction to "rotate wrist clockwise until torgque equals
" ten N.-m.," for instance. This ailows the supervisory control
system to perform tasks which require active compliance. With
the capability to react to force or tactile sensory data, a
very sophisticated supervisory control system can develop,

beginning with a vocabulary of simple task elements. The
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simplest elements may include tightening a bolt that the
end-effector is grasping, or exchanging one:end—effector for
another in a rack. Quite complicated tasks can be specified
by combining these simple elements into procedures (essentially
computer programs written in a manipulator-oriented language).
For space telepresence the computer could be located at
thé worksite, avoidiné time-delay problems and reducing the
amount of comhunication to the control station. To deal with
the operator's time-délay using éupervisory control, the

procedures defined should at least be comparable in length to

,the~time—delay;A This enables the system to ope:ate without

intervention for the period between when the command is given

and when the operator can see the results. Supervisory control
decreases the frequency at‘which thelopefator must command the
system, reducing the time wasted in waiting for return signals,

thus speeding up the whole operation. The onsite processor can

also react more quickly to a developing problem'(if if has been .

programmed to do so) than the remote operator could, and

minimize the consequences.

The programming of complicated procedures and task voca-

. bularies would take place long before the required manipulation,

to allow time for checkout on ground-based simulators. This
information could be programmed into the manipulator before
launch, or for a space-based system, uplinked over a period of
time prior to the specific mission.. Simple procedures could
be defined dﬁring the manipulation, as with the MMIT system, .

when needed by the operator.
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Supervisory control systems such as these have limita-
tions. The definition of a broad task vocabulary is a
formidab;é.prOgramming job.. To create a program for a very
complicatéd task, taking .into account all of the
possibilities that may occur, would take the ioperator far
longer than simply performing the manipulation himself, even
- with time-delays. Unless tﬁe procedure is to be executed.
many times, it is not worth the trouble.

The addition of computeréinterpreted vision is the logical
next step in.autonomy. This is'a big step, and it requires
reorganization éf the system around a world-model. A world-
model, as discussed pre&iously for predictiﬁe display systems,
conﬁains descriptiohs of all of the objects in the workspace-
-(includibg the manipulator) with their interrelationships and
all of the parameters relevant to manipulation. For example,
the description of an acces§ panel would include its location
and orientation on the satellite, and the locations of all
of the bolts which secure it, the size of the bolts and the
direction they turn, the location and degrees of freedom'of
- any hinges, etc. 1In short, all of the information a human
would ﬁse to perform a manipulation. The world-model is a
representation of the visual data (as well as data from other
sources) in a form usable for manipulation. A world-model is

hard to construct and maintain without vision data, and vision
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data is hard to interpret without a world-model, so the two
components are compleméntary. A more detailed exposition of

the relationship between them (also known as the high-level and

low-level aspects of vision processing), and the current state-

of-the~art of such systems follows. in the section on Computer
Vision,

A ﬁelepresénce system with an internal world-model can
begin to take over some activities at the highest level of
control: the planning level. This may be thought of as an

extension. of supervisory control, but the distinction is

important and these systems will be referred to as planning

systems,

Implicit in the world-model are the tasks that can be
perférmed.. The goal of each task can be expressed as a staﬁe
of the world-model, just as the initial sfate can. In order.
to plan the manipulation to get from the initial state to the

desired state, the computer needs a set of rules, or reasoning

.tools, which allow it to predict the effects of its actionms.

For a telepresence system, the rules would.embody the equations
of motion of the manipulator arm and its interaction with the
environment.

Computer systems capable of inference using a set of rules
and a data base (world-model) are called expert systems. The
development of such systems is a well-established field in
Artificial Intelligence research. 1In this case we require a

system which is "expert" in the dynamics of a particular manipu-
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lator (the one which it controls). With this capability, the

telepresence system. can "intelligently" interact with the

worksite environment to attain its goal.

The flexibility of an autonomous system can be increased
By improving its ability to learn (or.adapt). The simplest
planning'systems'can learn, in the sense of modifying their
world-model ‘based on sensory information. A more powerful type
qf learning would enable the system toimodify its own reasoning
tools. 1Its rule base could be changed, based on experience and
deliberate éxperiment. This would simplify initial rule base
prpéramming énd.giveithe system an ability to deal with unfore-
seen circumstances and malfunctions.. Ultimately, the software
could be "trained" for each mission by simulation, much as
humahs are now. |

To use an autonomous planning system, the human operator
would supply to the machine (textually) essentiaily the infor-
mation he would need himself. A satellite repair mission, for
example, would require design data on fhe satellite and a
description of the repairs. With computer-aided design (CAD)

systems becoming common, the design information may already be

.available in machine-usable form.

Very little communication would be needed between the
computer at the worksite and the human operator at the control
station during the manipuiation. The human is relegated to a
supervisory role throughout complicated tasks. Such a tele-

presence system could approach or exceed the capabilities of a
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human present at the worksite. Autonomous systems are obvious
choices for exploration‘ndssions; where communications are a
problem and large time delays prohibit direct human control.

Fully autonomous pianning systems are the logical limit
of traded control telepresence, and are still in the early
stages df development. An alternative to traded control is
shared control, which makes use of'some'Artificial Intelligence
ideas but doesn't require thé sophistication of full autonomy.
With shared control, the human dperator‘givés ﬁhe computer a
description of the goals, in wo:ld-model terms, as well as
direct manipulation input at the strategié‘level, usihg a hand
controller. The computer modifies the direct commands as
necessary to conform with the higher-level plan.  The need‘for
.modification may come from the existence of time delays or just
misjudgments by the operaﬁor. High-level information can come
f;om textual input or from a world-model maintained at the
control station, designed to simulate key features of the work-
site, and manipulated by the human operator.

This world-model does not need to be complete or partiqu—
larly accurate, since the operatof's commands are not directly
controlling the manipulator. . The world-model at the control
site is derived from sensory infofmation, but.ié simplified,
Objects may be represented by siﬁple geometric éhapes,_éﬁd
their locations need not be precise. The human is presented a

graphic display of this world-model, and he direC£ly controls
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a simulated manipulator in it. The'manipuiator simulation is
again simple, using linearized,_appfoximafe equations of motion.
Thg human operator perfofms the'desired task in this world-model,
which is an idealized version of the real workspace.. |
.The onsite computer.also maintains a world-model, but this
‘one is as accurate. a reflection of reality as possible. It is
from this model that the simplified version is constructed and
relayed to the control station. The human operates his con-
troller, and his inputs together with their effects on the
simplified world-model are transmitted back to the onsite
computer. Note that the communication (both ways) involves
only the simplified world-mpdel, requiring much less information
than the fully accurate one. The human inputs are transformed
to account for geometric differences between the simplified
model and the accurate model, and these become the nominal control
signals for the real manipulator arm. The simplified model from
the control station contains the important features of the de-
sired state of the workspace, such as "manipulator is aligned
with bolt," This is the high-level information. The onsite
computef compares this information to its accurate world-model.
If theré are no disérepancies, the nominal signals are used,
unmodified, to control the arm. If reality diverges from the
plan, however, the system uses its manipulation rule base to
correct. the control signals. The rule base does not need to

be as comprehensive as one in an autonomous planning-level
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Sysﬁem,,sinéevdeviationS'frOm the'desired state will be detected
as soon.as they occur, while they are small. .

Since a.shared control system makes use of the human
operator's strategic skills, it is less complicated than a
fully autonomous system, However, it offers.sevéral advantages
over direct or even supervisory control. One example is in
the application to a telepresence problem involving time delays,
There is no operational depeﬁdence on the source of time delays
in a control loop, so suppose we have a system in which the
link from worksite to control station is immediate, but a two
second delay occurs on.tﬁe'return path. The simplified control
station world-model should then include a two. second prediction,
just as previously described fof a predictive display system.
The simple world-model is propagated forWard'from the one
received, using the last twb seconds of céntrol inputs, to
produce the veréion seen on the operator's display. Thus, the
operator is working two seconds in advance of reality. His
input and the world-model are transmitted back to the worksite
(with time delay) where it represents a high-level description
of the desired state, just as in a shared control system with
no time delay. The prediction errors can be handled by the
onsite computer just like any other errors, and the signalAis :
corrected to produce the desired result.

A shared control system incorporating prediction is

superior to a predictive display alone, since the force control
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loop is closed in the onsite computer. Also, with shared
control, errors caused by prediction'inaccuraéies ére.coriected
as they occur, Eor example, consider a case in.which the
manipulator is intended to pass betwéen'two'closeLy-spaced
obstacles. The prediction errs in such a way that the operétor
believes the movements will succeed, but in reality his commands
would cause a collision with one of the obstacles. With a
simple predictive display system, the collision would occur
and the operator would be informed of it, after the time delay,

by a sudden discontinuity in his display; On the other hand,

~in a shared control system, the onsite computer would detect

the misalignment and correct it before the collision could
occur.

Shared control is a particularly attractive idea for space

.telepresence, since it can cope with large time delays, yet it

does not require as much development as an autonomous planning-

level systeﬁ.. A near-term shared control. system will probably
be more capable and reliable then a near-term planning éystem,
and its need for more operator involvement is not a big draw-
back for space applications, where the additional cost would
be negligible.

Both shared control and planning systems depend on the

construction and maintenance of a data base containing infor-

mation about the worksite and .task, called a world-model. In

the next section the required technologies are discussed.
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7. Computer Vision
Telepresehce was first defined by Dr. Marvin Minsky
(of MIT's Artificial Intelligence Lab) as the transference

of human cognitive and operative skills to a remote worksite

-via a machine system interface. Telepresence will eventually

evolve into a fully autonomous teleoperator system with the
human as task-specifier and supervisor of the machine. Such
a teleoperator will possess its own planning, decision-making
and problem-solving skills. A computer will act as the

representative of the human worker at the maintenance, con-

struction, or exploration site.

Computer vision is a major step on the path to autonomy.
It enables the computer to use for itself the greatest source

of information available about the state of the worksite. Our

own experience shows that vision is a powerful tool for mani-

pulation tasks.

‘The input'to a vision system is usually light from the

- worksite. For space telepresence, a television system will

always be available to convey images to the human supérvisor
(even in a fully autonomous system), so this is the most likely
source of input for the computer vision system as well.. The
vision system's output is a description of the worksite in
terms which are useful for manipulation: the objects visible{

their geometry and spatial relationships.-
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Certain aspects of the vision problem make it similar’
to another long-standihg AT problem -- the interpretation of
natural language. One such characteristic is the ia;ge amount
of data which must be processed in real time. For a modest
vision system with a 256 x 256 array of data points in the
image, each containing an 8-bit number updated at the rate
of 30 Hz., the machine must handle nearly 16 million bité per
second. Even this does not begin to. approach the ;esolution
of human vision. The human brain devotes billions of neurons
to this task, and according to a JPL study (Gennery, D.,
Cunningham, R., et al., "Computer Visioﬁ;"_dPL Publicaﬁion
81-92, November 1981), "it is possible that no existing
sequential computer comes within-sik orders of magnitude of
being powerful enough to see as well as a huﬁan being,"
Vision processing demands efficient algorithms.

| Another similarity to the language interpretation problem

is the necessity of having prior information. To assign
meaning to speech, for instance, knowledge of the lanéuage
used, the meaning of accents, inflections, and idioms is
essential. In addition, it has been found that all sorts of
extraneous information is required to resolve the ambiguities
which commonly.occur in human speech. To correctly assign
adjéctives to their nouns in a complicated descriptive sentence,

for example, the computer often needs to know something about
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the object's properties, in order to select the most likely

alternative. In vision processing, it needs to know the

types of objects that méy be .seen, and how their érojected
images depend on distance, orientation, lighting, etc.

These features make vision processing (as well as
language interpretation) a difficult task. A basié Al queSfion
is'how to best fit'cohputational structures to a given problem
domain. This question is unsolved in general, but intensive
study of the vision problem has produced a variety of |
approaches which have been effective in reducing the compu-
tational load to manageable levels for some applications.
Vision systems are aiready being used in industry, enabling
robots to recognize parts and locate them for manipulation.
More sophisticated experimental systems abound in research
laboratories. |

The functions of a vision system will be described se-
quentially, starting with the hardware receiving the light
f:om'the scene, The image data produced consists of a two~
dimensionai array of pixels (picture points). Each pixel
corresponds to aAsmall area of the focal plane, and repre-
sents the value of one or more quantities ih that area.
Typically the quéﬁtity represented is intensity of light,
alﬁhough other types of information can be used. Depth

information from a laser rangefinder scanning across the
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scene is one example. Each pixel can be associated with a
single number (usually 8 bits), as in monochromatic (black
and white) television, or several. For color vision the
qﬁantities may be intensities in each of two or three primary
colors, or an alternative'group of characteristics known as
hue, saturation, and brightness. |

The pixels are wusually arranged in a rectangular or
hexagonal array. The numbers are updated by sensors (30-60
times a second, for TV). The distillation of scene data
into pixels represents the lowest level of vision processing.
Since this is implemented in hardware, the resolution ﬁhat
will be needed must be known in advance ana designed into
the machine, |

The next set of procedures is known as the low-level
processing of image data. ' A variety of algorithms are grouped
under this heading, all of which extract relevant featufe
information from the image. The output of this level of the
Vision'system is usually a list or a difected graph showing
the spatial relationships of the image features detected.
The ideal is to have siﬁple algorithms (which can be executed
quickly) reduce the huge amount of image data to a relativeiy
small set of data about features, while preserving all of
the important information. This process is éalled segmenta-

tion.



Many types of feature-extraction oper#tors have been
devised. Edge operators detect areas of the image with-a
large gradient in brightness. An edge usually indicates a
depth discontinuity or a_ghadow in the scene; Line operators
detect bright ér dark lines (essentially two. edges back-to-
back). Another common feature for detection is a corner,
where two edges or lines intersect. Texture, defined as a
local variation in pixel values, is another feature which
can be characterized.

Features like edges, lines, and texture are detected
using a "window" (usually a 3 x 3 or larger arfay of pixels)
scanhed across the image. The change in the pixel values
within the window determines the existence, direction, and
magnitude of a feature at that location. Windows of different
sizes and shapes can also be convolved with the image data
fbr smoothing and featufe enhancement.

Region'growing is the next step in image segmentation.
Edge- and line-follower algorithms piece together continuous
boundaries and discard isolated edges. Region growing groups
together adjacent pixels which share common properties of
brightness, color, texture, or other features, At the end
of this phase, the entire image has been reducéd.to a set of
regiohs, each with their own set of characteristics. A
directed graph can then be constructed to express the geometric

relationships between regions. The graph may indicate, for
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instance,‘that region A contains region B, and regions C and
E are ﬁqn-overlapping subsets of region B.

High-level vision processing relates the image data to
objects in a wqud-model. MoétAof the variation between
different types of vision éystems is in their usage of high-
level iﬁformation. A general-purpose real-time vision system
requires sophisticated techniques to reduce the computational
burden tq a manageable level,‘while'a system for performing
a specific task ;n a controlled environment can be much
simpler. A typical problem in industrial robotics may re-
quire locating a part of known shape on a flat table, with
the camera position fixed directly overhead. 1In this case
the simplest approach might work: an exbaustive test of all
the possible object orientations, checking to see if they
match the image. In'a situation with many possible objects,
having arbitrary orientatiénsland distances from the camera,
the time required for this'approach'becomes.prohibitive;
some technique must be used to reduce the number of compari-
sons to be made.

The high-level part of a vision system is also called
the recognizer or classifier. It is guided by a database
which containg descriptions of the objects it is designed
to feéggnize.. In an application-oriented system for tele-
presence, this might include the components of the satellite

to be examined, the manipulator arm itself, and, for other
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objects not characterized in advance, a set of generalized
‘'shapes. These would typically be blocks, cones, or ellipsoids
with parameters which can be adjuéted; Any object not speci-
fically feCognized could be represented by some combination
of these generélized shapes.

Recqgnition consists of matching object descriptions
in the database with features in the image. As many methods
for doing this exist as there are researchers in the field.
The most common approach is to gi&e each feature in turn a
"likely" interprétation, then examine the whole set of these
assignments for compatibility. The assignments are'then
revised and checked again until certain confidence criteria
are met. The final set of feature identifications is then
completely compatible with a three-dimensional interpretatibn .
of the scene, and should represent the most likely possible
intérpretation.

The "likelihood" function, which is used to give features
their initial assignments and to compare alternatives} is the
most important part.of this method. If initial assignmgnts-
are made which are nearly all correct, the vision system will.
run much faster than if many iterations are necessary. For
this reason, an éfficient vision system makes use of prior’
information wherever possible (as humans do). In a con-
tinuously-operating system, for instance, the scene may change

‘little between one .image and the next. 1In this case an
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initial set of assignments cah be quickly derived from those
of the previous image.

Tracking and verification are two types of vision problems
which exploit the existence of prior information. Tracking
refers-fo the continuing detection of one or more moving
objects against a fixed background, while verification implies
that a model for the scene already exists and must be checked,

The simplest vision Systems have a fixed likelihood
function which is predetermined by the programmers based on
the anticipated scenes. For.instance, in an industrial
robot system where parts are all laid out flat on a table: .
assume that each part has one 135° corner. The high~level
part of the vision system would thenr automatically assign
that corner of a part to each 135° corner feature detected by
the low-level system. The compatibility check would sub-
sequently eliminate any erroneous assignmenfs'caused by;
for instance, the edges of two adjacent parts making a 135°
angle.

More sophisticated and general-purpose vision systems
must be able to change their own likelihood function based
on the state of the scene. Ultimately, if the computer's
world-model has an understanding of the dynamics of the
worksite, the state of the worksite can be predicted from

knowledge of the previous state, and the vision problem
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reduces to verification. If the features are correctly
identified on the first iteration, no more are necessary.
This procedure is an example of the highest level (the
system's'worid-model and dynamical knowledge-base) helping
out a lower level (the high-level part of the vision system).
Communication and cooperation between levels can be an
effective technique for reducing the émount of computation
required. For insténce, the high-level part of the vision
system could redgce the amount of low-level processing re-
quiféd-by directing the feature detection algorithms to look
only for certain kéy features. The high-levél system selects
these features based on its ongoing recdgnition attempts.
One example would be a vision system looking at an access
panel. When one”corner has been tentatively identified as
the cofner of a panel, the high-level system would direct
the feature-detectors to look for the other corners and thé
latch. 1If the access panel design is familiar to the system, .
the low-level processors can be given the most likely places
to look for these features. By saving the time needed
to detect and classify ali of the edge and texture information
for the area of the access panel, the vision system can
operate much'faster; In a telepresence system with some
autonomy, the highest level of the computer deals with the

manipulation goals. Knowing these goals, it can direct the
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vision system to concentrate on the portions of the scene
which are most important at that time, to give high-resﬁlution
information where it is needed most, and spend less time
working on the rest of the écene.

In this waf, a. certain amount 6f high-level processing
can be traded for gquite a bit of low-level processing. There
is a limit to this, which is reached when the computational
time needed to predict the existence and location of a
feature exceeds that needed for a 1owflevel feature operator
to scan the whole region of interest, 1In general an optimal
distribution of computétion between all of the levelé exists,
involving communication  both up and down the hierarchy. '

Figure 15 summarizes the processing sequence for the

low-level and high-level aspects of a machine vision system.

ow~LEVEL———>IMAGE DATA——>FEATURES LABELED_FEATURES

EARLY) ¥
G - FEATURES
PROCESiING SEGMENTED

- CONJUNCTION OF SEMANTIC REPRESENTATIONS
HiGH-LEVEL 4
PROCESSING LABELED FEATURES OF FEATURES

INFERENCES WHICH DETERMINE
OBJecT DEFINITIONS

FiGure 15
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images of a lung.

Figure 16 shows the arrangement used in a particular

vision system application.

found in the original source.
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FiGure 16: A HIerARCHICAL TuMOR-DETECTION ALGORITHM

FroM D.H. BAaLLArRD, C.M. Brow, “COMPUTER VISION”,
PRENTICE HALL; INc.,, ENcLEwooD CLIFFs, N.J.
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Quite a bit of work has been done on all aspects of
‘the vision problem (see bibliography). Since there are
several phases of vision p:ocessing-which can become compu-
tationally very expensive, a workable vision system for a |
given application tends to be as simple as possible, and
"cheats" by using prior information wherever it can. For
this reaéon ho truly;general-purpose vision system yet exists,
but it is possible to deal with a restricted problem domain
(such as maintenance work on a known satellite design) with
accufacy and reliability. Careful design of the workspace
can considerably enhance the performance of a machine
vision system by, for instance, judicious use of color-coding -

and'surface patterns.

A few words about Artificial Intelligence in general afe
not out of place here. A.I. has been characterized by Df.
H. Simon as, "the science of weak analytical methéds."
Moreover, A.I. is an empirical assembly of analytical methods
fdr the symbolic représentation of problems and correspond-
ing'computational procedures -for establishing optimal |
problem solutions. A.I. then is an assembly of analytical
methods, out of which some synthesis gives rise to what Qe
call reasoning in a cognitive sense. . (If this sounds a“bit like
Alchemy you are beginning to get the true flavor of A.I.
as it stands). A machine system demonstrates.inéelligent
- reasoned behavior by systematicaily,constructing for a

given problem domain, a problem representation and some |
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- corresponding methods for generating .a problem solution(s). -

. To say that A.I..is.a science composed of weak analytical

. methods points to the fact that A.I. is an empirical science

in 'search of .a formal theory for its unification. The
statement does. not méﬁnAto imply that the analytical methods
themselves are weak due to some logical inconsistency
inherent in the methodology of analysis.. Simply, it is the
case that A.I. is not a unified science ‘at ‘this éime, A
partial unification may evolve from a close examination of
A.I. problem solviﬁg.skills as they interact with human
probleh solving skills in the context of;;hé-ﬁan;Machine‘
interface for space‘telepresence/teleoperatioh.

‘So whét can A.I. do to minimize the complexity of
problems which the human will:encountér-when employing the

Man-Machine interface to perform space operations? ' Smart

. machine systems will reduce the complexity of operational

‘problems by the systematic application of its methods in

such a way as to give rise to reasoned solutions to complex
problems. - A.I. may provide a complement to human problem

solving capabilities in the unforgiving space environment.

Bty withplon B BR P SRR S
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8. Summary

In a telepresence system, the‘requirements for the man-
machine interface depend on the capabilities of the other
components (including the human) and on the nature of the
work to be done, The mechanical and control design constraints
have beén described in sections 3 and 4. Human characteristics
were discussed in section 5, and the ahticipated tasks de-
scribed in section 2.

Overall system architecture is directly related to the
interface design, since several different levels of'controi
may be required from the operator. Four basic'types of tele-
presence‘system-architecturé are depicted in Figures 17-20,
covering the spectrum of arrangements discussed in section 6.

The first (Figure 17) is the simplest_control'structure,
with a_direct‘lihk_between-the control input device (CID) and
the manipulator.sefvos, The CID often takes the form of a
master arm, which the operator.  controls and the manipulator
servos are slaved to, The sensors shown in the figure include
proprioceptors (joint sensors) and exteroceptors (such as
}éroximity sensors). This type of system comprises virtually
all of those in actual use (as opposed to experimentai efforts)
with a man in the loop. |

Figgre 20 shows a supervisory control system, Two pro-
cessors are shown; for a simple version only one is necessary

(the one at the control station). 1If time-delays are present
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.or communications costs are high the secopd processor (onsite)
is a useful.adjunct. When the supervisory control system is
in continuous control, the menipulator is said to be autonomous.
Industriai robots are examples of such aﬁ autonomous system,
capable of dealing with a very restricted problem domain.
Ultimately, fully autonomous systems may exceed the capabilities
of man—in-the-leop telepresence, though the evolution will be
~gradual. For most projected tasks an intermediate combination
of man and machine control will be most effective.

Predietive disPlays are specifically intended to cope
with a time-delay in the control loop, an expected feature of
space telepresence.. Figure 19 shows the structure of a simple
version which, aeediscussed in section‘G, a;lows.the execution
of part-transfer tasks as if there were no tiﬁe—delay. A more
advanced configuration (Eigure-ZO) uses an onsite processor to
implement shared centrol, wherein the nominal eontrol inputs
(from the human) are augmented to compensate for prediction
errors. Such a system could accomplish aseembly taske despite
" the presence of time-delay,
Most of the systems mentioned use some artificial intelli-
~gence (AI) technology to eomplement humen capabilities, parti—
cuiarly for precise aﬁd repetitive tasks. Manipulator control
is a problem of tremendous magnitude from the AI point of view,.
Heuristic methods must be used rather than exhaustive algorithms,

for controlling complex behavior. The difficulty is reduced if
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the immediate subgoal is close to the current situation, as
with,shéred or supervisory control.

As small computers become more powerful and space tele-
presence tasks more demanding, AI techniques will increase in
" importance, taking their place alongside control theory énd
kinematics in the standard repertoire of the design engineér.
This will have particular impact on the human factors aspect
of telepresence, eﬁabling machines to perform functions tra-
ditionally reserved for the human operator. A more efficient

merger of man and machine will be the result.
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