
~ ~ ~

~ ~

~ ~

~ ~ ~ ~ ~ ~ ~

~ ~ ~



Superman: A System for
Supervisory Manipulation and the

Study of Human/Computer Interactions

Thurston L. Brooks III
Thomas B. Sheridan

Sea Grant College Program
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

Report No. MITSG 79-20
Index No. 79-320-Mio



AUTHORS

Thurston L. Brooks wrote this report while a Master of Science degree candi-
date at MIT.

Thomas B. Sheridan, Professor of Mechanical Engineering, who is the principal
investigator for the Sea Grant Project, "Application of Teleoperators to Un-
dersea Tasks," served as Mr. Brooks's thesis supervisor.

MIT SEA GRANT PROGRAM REPORT SERIES
RELATEO REPORTS

MITSG 76-7 MIT/Marine Industry Collegium. Telemanipulators for Underwater
Tasks: Opportunity Brief ¹3, $2.50

The MIT Sea Grant Program maintains an inventory of technical and advisory
reports. Publications inquiries should be addressed to:

Sea Grant Publications
MIT Sea Grant College Program
77 Massachusetts Avenue
E38-302
Cambridge, Massachusetts 02139
�17! 253-7041

Reference copies and directories of all reports are available through the
Program's Information Center.
Contact:

Barbara Steen-Elton
Information Specialist
Marine Resources Information Center
292 Main Street
Building E38-302
Cambridge, Massachusetts 02139
�17! 253-5944



ABSTRACT

This report considers the need for supervisory control of remote tele-
operator vehicles in the ocean environment, and shows that computer controlled
systems can increase the effectiveness of remote manipulation.

A distinct~ on is made between absolute tasks -- tasks which have a known
spatial relationship to the manipulator base prior to execution -- and rela-
tive tasks -- tasks which cannot be spati ally defined prior to execution. A
second distinction is made between fixed tasks -- tasks which remain fixed
with respect to the manipulator base during execution -- and moving tasks--
tasks which continuously move with respect to the manipulator base during ex-
ecution. Four distinct combinations can be made from this 2 x 2 array: �!
fixed-absolute tasks, �! fixed-relative tasks, �! moving-absolute tasks, and
�! moving-relative tasks. Mathematical principles are developed to deal with
each of these four possibilities.

A unified theoretical framework of supervisory manipulation is considered
to give the designer an overview of: �! manipulator and processor selection
factors, �! interface design considerations, �! control language attributes
and implementation factors, and �! control philosophies.

Based on the mathematical and theoretical foundations described in this
Sea Grant Report, a supervisory system was developed and demonstrated.

The major conclusion derived from this study is that even under the "best"
control conditions, i.e., no time delays, no frame rate problems, high visi-
bilityy, etc., supervisory control can improve system performance for aIl forms
of manual control except master/slave with force feedback.
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CHAPTER I

INTRODUCTION TO SUPERVISORY NNIPULATION

"The bomb was tenuously resting on a craggy slope at the

brink of an undersea canyon, and the parachute that was still at-

tached to it was drifting back and forth in the current. There were

two dangers here for those attempting a recovery: the first was

getting entangled in the parachute shrouds and the second was

dislodging the bomb and possibly losing it deeper in the sea.

When the bomb was first discovered, the Alvin attached a marking

pinger, but i4  Alvin! became entangled and there were some nervous

moments before it worked itself loose. After that the Alvin pre-

ferred to stand back, and the remotely manned CVRV I made the

necessary attachments and raised the lost bomb to the surface".�[lj

The incident described was referring to the lost H-bomb off the

coast of Palomares, Spain in 1966.

The performance of the CURV clearly indicated the poten-

tial of remote vehicles. Although unmanned spacecraft had been in

use for eight years, none had directly manipulated its environment

to any rea'l extent. Unmanned vehicles had come of age almost un-

noticed in the pub1icity of the event. Mithin a decade the number of

remote vehicles in operational use increased from a handful of simple

vehicles to more than 50 sophisticated machines which interact with

their environment on a number of levels  sonar, low-light video, sonic

imagining, manipulators, etc.!. [~3



But with the increasing use of remote unmanned vehicles

has come an increasing awareness of the limitations of present

technology. Technological advances are needed in navigation and

guidance, remote viewing and search, signal processing and trans-

mittal, artificial inte] ligence, and remote manipulation. This

thesis will deal primarily with the last category, remote manipu-

lation, although at times the remaining categories will be men-

tioned'~

1.1 Su ervisor Control - AAhat Is It?

its performance,how to achieve the desired functions,

-15-

A supervisor is normally thought of as an individual

who directs the actions of subordinates. The supervisor's function

is to plan future courses of action for the subordinates, teach

them the proper method of carrying out these actions, monitor

their performance, correct their actions whenever they do not

meet expectations, and trust the subordinates to perform the

actions as directed.

Ferrell and Sheridan in 1967 proposed that a hier-[3j .

archiat man-computer system based on the human supervisor-sub-

ordinate relationship could be used in deep space to solve some

of the control problems involving time delays. Under supervisory

control the human operator directs the subordinate computer by

~1annin the actions and directions it should take, ~teachin it
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complish the task without continuous assistance.

Figure 1-1 shows the essential difference between direct

manual control and supervisory control of a teleoperator. Under

direct control the operator's control signals are sent directly

to the remote manipulator, and sensor information is fed directly

back to the operator. Under supervisory contro1 the operator's

control signals are relayed through a local computer to the remote

computer, which then processes the signals and acts on the infor-

mation. The relayed signals are not necessarily the raw signals

generated by the operator. In fact the signal is usually a coded

instruction of high information density which must be interpreted

to be utilized. The operator's input could range from a purely

manual analogic command to a highly abstract symbolic command  see

Chapter III for details of this distinction!. The remote computer

not only interprets the local computer's messages but also acts on

the sensor information available to it about its environment. The

remote computer only relays information to the operator which is

deemed important and necessary for effective supervision � the

responsibility for the specific details of control is usually left

to the subordinate computer.

Figure 1-2 shows how supervisory control fits into the

global scheme. Supervisory control combines the best attributes

of both machine and man to achieve the desired goal a clear il-

-16-



TELEOPERATOR CONTROL

DIRECT CONTROL

SUPERVISORY CONTROL SENSORS

ACTUATORS

Figure 1-1: Direct Manual Control and Supervisory Control
of a Teleoperator  Adapted from Ref. [4j !
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lustration of the axiom "two heads are better than one". Sheridan
has said, "human supervisors are used in conjunction with robots be-

cause the two are complementary: Me automate what we understand and
can predict and we hope the human supervisor will take care of what
we don't understand and cannot predict'.� L6]

1.2 Su ervisor Control - When Is It Needed Underseas'

The world's oceans cover approximately 70 percent of

the globe and of that 70 percent the continental shelves cover less
than 8 percent. Since most of the exploration, production and[6]

transportation of ocean resources occurs on the continental shelf,
this means that 92 percent of the earth's ocean resources remain

untapped.

A vehicle which can dive to 6100 m �0,000 ft! will be able

to reach 98 percent of the ocean floor. Unfortunately, the pressure at
any depth beyond 100 meters requires rather elborate equipment to safe-
ly maintain submersible operators or divers for any length of time.
Concern for human safety  submersible occupants or divers! requires
redundant back-up systems which not only increase the initial capital
expenditure, but operational costs as well. Busby gives in-depth
accounts of 39 emergency incidents involving 22 subnersibles which di-
rectly endangered. or resulted in loss of life. High mortality rates
for cemercia] divers in the North Sea clearly indicate that human

safety is not easily achieved.

-19-



Unmanned systems, on the other hand, are not as pressure

dependent, and hence, operation costs are less and human safety is

not of primary concern, since the operator is on the surface.

Figure 1-3 shows the estimated cost in dollars per bottom hour for

conventional surface diving, saturation diving, manned submersibles,

and remote work vehicles as a function of depth for a welding task.

The figure shows that, except for the initial 40 meters, unmanned

vehicles have the lowest cost per bottom hour. Unfortunately, the

figure does not indicate the productivity of each method; if the

remote vehicles require significantly longer times to perform the

sarrl. task as a diver or manned submersible there will be no economic

advantage. In fact Vadus says, "from a cost-effectiveness�]

standpoint, the cross-over point between utilizing a diver with

Scuba versus a manned submersible is about 150 meters". The ad-

vantage of divers is clearly one of productivity; human divers are

on the average 4 times faster than manned or unmanned teleoperator

systems. But with the continuing improvements in manipulators

and computers, the divers will eventually 1ose their dexterity

advantage. Dnce the dexterity of manipulators approaches that

of divers, the diver's only remaining advantages will be sensing

and cognition, both properties which could be done equally as

well from the surface.

Man's only function inside a submersible is to provide

scene analysis; he can neither feel, hear, nor manipulate his en-

-20-
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O Figure l-3: Cost Compar isons for Underwater Melding as a Function
of Depth and Method  Data taken from Ref. [9] and
adjusted for an annual inflation rate of 8 X!
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vironment except by artificial transmission of energy and ccewunica-

tion through the hull. Until recently the operator's direct visual

assessment was irreplaceable, but improved low-light cameras and

sonic imaging techniques which can see through turbid water are be-

ginningg to encroach on the operator's domain. Man's stereoscopic

vision is still unequalled by any other system, but it can be en-

visioned that within time even this attribute could be sent over the

communication link to the surface for operator analysis. If all

of man 's functions as a diver or submersible operator can be relayed

to and from the surface, the need for man to be in direct contact

with the hostile ocean environment evaporates. Clearly, the operator

should be removed to the safety of the surface vessel since his

physical presence will no longer be requi red.

Once the decision has been made to place the man on the

surface it becomes necessary to decide how much "autonomy" the re-

mote vehicle should be endowed with. One of the primary duties of

the on-board operator is to make decisions based on the information

he has about his environment. If the communication link between the

remote vehicle and the surface is instantaneous, the vehic'le would

need very little automony. Supervisory control would consist:of

simple routines to aid the operator in a direct manner  e.g., it

could obtain too1s and return them automatically!. But during

periods of feedback dropouts  turbid water, etc.!, sensor failure,

degraded TV, interrupted acoustic imaging, control communication

-22-



loss, or other failures the remote vehicle should be capable of simple

autonomous actions to continue performing the task, stop, or return to

the surface.

If the remote vehicle operates at extreme depths or

requires complete freedom of movement, the weight and drag of the

tether can cause considerable problems. There are three methods

which have been suggested to overcome these problems: �! use of

1 1 ghtweight and small diameter cables, �! all owi ng the vehi cl e to

work out of a "garage" which is tethered to the surface, or �! com-

municating through sonic links. The cable's weight and diameter

can be reduced through the use of fiber optics for communication

signals, but the power supply will still require either a bulky

cable or the use of limited on-board batteries. The garaging method

appears to hold the most promise, since it allows a large, heavy

cable to descend from the surface to the garage and a smaller

buoyant cable to extend from the garage to the vehicle. The final

solution, a sonic link, allows complete freedom of movement, but

imposes a severe communication constraint between man and vehicle.

The speed of sound in water is approximately 1600 meters

per second. Therefore, an acoustic signal will take a delay time

of' one second for every t 600 meters of depth. If each "message"

is composed of a large number of information bits there can be further

restrictions due to the low bandwidth of the sonic channel  e.g.,

30k bits per second for the acoustic channel compared to 300k bits

per second for a coaxial channel and 3M bits per second for a fiber

-23-



optic channe't ! For example, a video picture composed of 128 x 128

pixe1s with 4 levels of gray sca1e would take 2 seconds for the entire

"message" to be received and assembled on the surface.

This form of limited bandwidth conmunication is called "frame

rate". Clear'Iy, the frame rate is independent of the delay time, and

hence, both effects will be observed over an acoustic channel  i.e .,

at 1600 meters an acoustic channel would take one second for the

first bit of information to reach the surface and then another 2

seconds for the entire picture to assemble!. Since manual manipu-

lation requires continuous visual feedback to close the loop around

the end effector, it would be expected that time delay and frame

rate constraints would severely limit the operator. In fact, ex-

periments conducted by Ferrell, Black, Starr, Hill, and others for

time delays in space manipulation indicate that task completion time

can be increased by a factor of four or more under a time delay. L43

To date, experiments to determine the effects of frame rate on task

completion time have not been conducted.

Considering the problems involved with an acoustic com-

munication channel the trade from hiqh bandwidth optical cables

does not appear to be warranted. But, if the remote vehicle were

controlled under supervisory control, which does not require large

amounts of control conmunication  remember, supervisory control sig-

nals are usually coded instructions of high information density

-24-



Section 1.1!, the vehicle freedom and performance would offset the

loss of direct contro1.

To summarize, as undersea technology advances there will

be an increasing use of unmanned, tethered and untethered vehicles.

These remote vehicles can benefit through the use of supervisory

control techniques which range from simple direct operator aids

 such as automatic tool retrieval and return routines! to more

sophisticated supervisory techniques  such as systems that can per-

form autonomously for brief periods when commanded by high infor-

mation density directives!.

1.3 Su ervisor Control � How Can It Be Accom lished?

Now that supervisory control has been defined and the

ci rcumstances under which it might be useful have been examined,

it will be necessary to determine the methods by which a supervisory

system can be built. The remainder of this thesis wil1 be devoted

to both the theoretical and practical aspects of developing super-

visory manipulation .

In Chapter II mathematical foundations will be developed

for performing four major categories of tasks: �! tasks which have

a consistent relationship to the manipulator base at all times.

�! tasks which cannot be spatia11y defined prior to execution

�! tasks which remain fixed with respect to the vehicle during

execution, and �! tasks which are continuously moving with respect

to the vehicle during execution.

-25-



Chapter III is devoted to the theoretical aspects of

supervisory manipulation from manipulator and processor selection,

to the design of the interfaces, language, and control philosophy.

In Chapter IY an explanation of the features of SUPERMAN,

a system for supervisory manipulation, is given with visual aids

and programming examples.

Chapter V is an evaluation of the SUPERMAN system under

supervisory control as a function of viewing conditions  mono and

two-view! and manual control modes  switch rate, joystick rate,

master/slave without force feedback and master/slave with force

feedback!. Comparisons between purely manual control and combined

manual-computer control are used as a basis for determining the

applicability of supervisory control to representative marine

tasks.

Conclusions and reconmendations for further research

appear in Chapter VI.

-26-



CHAPTER II

ABSOLUTE, RELATIVE, FIXED AND MOVING MANIPULATION

Through observation of natural human manipulation, one can

develop an understanding upon which the design of a supervisory system

can be based. For example, when you pull a pen out of your shirt

pocket the required joint movements are the same each time regardless

of where you are standing. On the other hand, pulling a pen out of

your friend's pocket can require differ ent joint actions depending

on your friend's spatial location relative to yourse'lf. Hence,

through observation of a common human experience, it can be said

that one quality of manipulation is represented by the concepts of

absolutely defined versus relatively defined joint actions. Another

attribute of the human system is the capability to perform a task

which is either fixed or moving with respect to the manipulator base.

As an example, consider putting a coin in a soda machine versus put-

ting a coin in a turnstile while simultaneously moving through the

passage. It is the purpose of this chapter to demonstrate how methods

can be developed to give machines the human qualities of absolute,

relative, fixed, and moving manipulation.

2.1 Absolute Versus Relative Tasks

Before proceeding, it is necessary to define some of the

terminology which will be used:
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Frame or Coordinate ~Sstem - the terms "frame" and "coor-

dinate system" will be used interchangeably to signify a

set of three orthogonal unit vectors which define a three

dimensional space  e.g., in cartesian space the set of

unit vectors T, j, and E!.

Joint ~An le � the angle or translation which results from

a rotational or prismatic actuator between two congruent

manipulator links.

Position � the complete spatial location of a coordinate

frame by a set of independent variables which are defined

by another frame  e.g., in cartesian space the "position"

will mean both the displacement of the frame's origin, as

well as the frame's orientation, with respect to another

coordinate system!.

Base or Vehicle Frame - any coordinate frame which is

rigidly attached to the most distal manipu'lator joint from

the hand  e.g., the vehicle and anythinq connected to it

would be the base for underwater manipulation!.

World or Task Frame - any coordinate frame which is not

rigidly attached to the manipulator base  e.g., a valve on

a wellhead would have a world or task coordinate frame!.

Given the above definitions it is now possible to explicitly define

an absolute manipulation task:
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Absolute Task � a task in which the geometric relation-

ship between the task and base frames is known and the

joint angles necessary to obtain the required spatial

hand positions are always the same.

The only human task which is tru'ly absolute is the act of touching

your shoulder, all other tasks are initially relative to some co-

ordinate syste~ � either the world's  e.g., turninq on a lamp! or

the human operator's body  e.g., pulling out a wallet!. But many

quasi-absolute tasks can be found for both human and machine manipu-

lation. For example, a quasi-absolute human task would be the func-

tions required to drive a car once the driver has been seated. The

gas, brake, clutch, lights and other control inputs are always de-

fined in the same position and requ~ re the same joint actions with

respect to the driver's seat. Almost every function required of the

driver in the cab is absolute, even though the world coordinate sys-

tem is changing relative to the base  seat! coordinate system.

Relative Task - a task in which the spatial hand positions

always remain fixed with respect to each other, but the

joint angles to obtain these positions are a function of

the geometric relationship between task and base frames,

therefore, requiring the determination of this relation-

ship prior to execution of the task.

Consider the task of removing a nut from a rigid stud located some-

where in space. This task is cognitively defined in a relative
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mode before the human operator is shown the nut  the human operator

knows he must turn the nut in a counter-clockwise manner, pulling

back slightly as he turns to determine if the nut is free!. But,

unlike the quasi-absolute task of turning on the headlights in his

car, the human operator does not know, a priori, the location af the

nut with respect to his body, and hence, the joint conmands required

to perform the task.

One of the more obvious and important differences between

absolute and relative manipulation is the amount of feedback

necessary to perform each. Mhile absolute tasks can be performed

without feedback, relative tasks require input to determine the

relation between the base and task frames. For example, before

entering your living room at night you know ahead of time that your

light switch is always located at the same place on the wall  i.e.,

a quasi-absoiute task assuming you are standing in the doorway!.

But, you also know that there is a lamp on your endtable, which

could have been moved to a new position or orientation during the

day  i.e., a re1ati ve task!. The switch on the wail is fixed and

can be located without visual and tactile feedback, and is "abso-

lutely" defined with respect to the doorway before any feedback

information has been received  note that usually tactile feedback

is used to a small deqree to account for errors in memory and

proprioception!. To turn on the endtable lamp, though, you do not

*Absolute tasks, as well as relative tasks, require proprioceptive
feedback to insure the joints are moving as desired  See Chapter III!.
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know the absolute position of the switch, but only the "relative"

action required once the lamp has been located  i.e, once the lamp

has been found and the hand oriented to the switch, the action re-

quired is a turning or pushing motion!. without feedback most people

turn the lights on by a switch which is always fixed with respect

to the room rather than blindly search in a dark room for the lamp.

Clearly, a relative task cannot be performed without some

form of feedback  visual or tactile in the case of the human operator!

to determine the relationship between the two coordinate systems

 task versus human operator!. An absolute task, on the other hand,

declares a priori that the human operator base coordinate system

is related ta the task coordinate system at the time the task was

defined, and hence, requires no other feedback except joint posi-

tions  proprioceptive feedback!. The majority of people operate

in a relative mode whenever feedback is available and the task is not

completely and absolutely defined with respect to their internal base

system. But note that whenever the visual machinery can be freed

from the labor of defining the human operator 's hase frame with respect

to the task coordinate system, most people instinctively resort to

quasi-absolute manipu'lation which does not require the higher level

processing needed for relative tasks. For example, tasks such as

pulling out a wallet, typing, reaching for a cup of coffee recently

set down, automobile control functions, etc. are generally done

in a quasi-absolute manner rather than overload the human processing



system with unnecessary information.

Most or all industrial tasks are presently defined in an

abso1ute mode  i.e., the part will always be located in the same

place at a specified time and will require specific joint actions!.

But experience has shown that the real, relative and changing world

will not be as ideal as the absolutely defined industrial climate.

Hence, the failure of many combined computer and manipulator systems

in the "real world" where the actions are specified, but the spatial

locations and orientations to perform these actions are not known

until execution time. To implement supervisory control of a remote

manipulator, it becomes obvious that a number of the tasks that the

manipulator will be required to perform can be defined prior to ex-

ecution time, but that the positions at which these tasks are to be

accomplished are variables of the environment, and therefore, are

usually not explicitly known until the job is located. This draw-

back has been recognized and much research is being devoted to the

deve1opment of visual imagery systems to inform the computer of the

1ocation of the relative task. But image processing systems are ex-

tremely complicated, unreliable, and expensive devices which probably

will not be usefu1 for determining the relationship between an ar-

bitrary environment and the manipulator base for many years.

A simpler method which does not rely on digital image

processing is needed to fill the gap. Such a method is available

with today's technology. The remainder of this chapter will ex-
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plain the theoretical and mathematical principles necessary to ac-

complish relative manipulation both with a fixed and moving vehicle.

2.2 The General Transformation Matrix

Xik'

'k'
J

kk'ki'

0 0
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The transformation between two coordinate systems, p and

q  see Figure 2-lb! can be obtained through a combination of trans-

lational and rotational transformation matrices. The composite

transformation matrix consists of a 3x3 matrix of the direction

cosines of coordinate system q with respect to coordinate system

p, a column vector which gives the translation of the origin of

frame q with respect to frame p, a three element row vector of

zeroes, and a translational multiplier, l. The direction cosines

of any vector, U, are identified as in Figure 2-la, where a is the

cosine of a the angle the vector U makes with the x axis!, m is the

cosine of 8 the angle the vector U makes with the y axis!, and n

is the cosine of y the angle the vector U makes with the z axis!.

Using the notation of Figure 2-lb for each of the coordi nate axes

 i',j',k'! of the right handed system to be transformed, the fol-

lowing relationship results:
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where,

the cosine of the angle between each of the three
transformed axes  let q' = i', j', and k' respectively!
and the new coordinate x axis.

m., = the cosine of the angle between each of the three
JZ transformed axes  let r,' = i', j', and k' respectively!

and the new coordinate y axis.

the cosine of the angle between each of the three

transformed axes  let <' = i', j', and k' respectively!
and the new coordinate z axis.

which, when substituted into equation 2-l, results in the more

succinct form of the transformation law

�-2!px = pA qx

Assuming there is a third coordinate system o and it is desired

to express coordinate system q in o, it can be seen that by sub-

stitutingg p for q and o for p in equation 2-2 the transformation

from p to o is obtained as

oX =oA

which when combined with the original result of equation 2-2  i.e.,

X! g i ves the des i r ed trans f ormati on:
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The transformation matrix between coordinate system q and coordinate

system p is denoted symbolically by



X = A A X = A X

The above equation demonstrates an important feature of the coor-

dinate transform matrices � the transformation matrix from coor-

dinate frame n to coordinate frame 1 can be obtained by multiplying

the individual transform matrices from 1 to n

2 n-'l
A gA A3 ~ ee ~ A

A specialized form of the transformation matrix has been

derived by Roth and Pieper for a manipulator link with twist a,

length a, revolution e, and axis offset S. ' Although this[1 0,11]

specialized matrix allows one to define the transformation parameters

with four variables, in practice the notation  e, a, e, and S! can

be confusing if the original source of the matrix is not recognized.

It is suggested, therefore, that the general transformation should

be used.

2.3 Relative Rani ulation Derivations

From the discussion in Section 2.1  Absolute versus

Relative Tasks! it should be clear that for an absolute task, co-

ordinate transformations are not required. The only unknowns that

have to be determined to perform the task are the desired joint

angles, which can be specified when the task is defined. Tool

retrieval is a good example of an absolute manipulation task  The

tool will always be in the same location when the manipulator re-

trieves it, and hence, the required joint angles can be recorded



once and stored for all time!. In contrast to absolute manipulation,

relative tasks require coordinate transformations and joint space

solutions* each time the task is performed. As an example, imagine

a program which scrapes a vertical cylindrical surface has been en-

tered into the computer  Figure 2-2a!, Later, when the program is

executed, the computer is informed that the surface has changed its

orientation so that it is skewed with the horizontal  Figure 2-2b!.

The method that will be presented in this section will allow the

computer to adapt to the new orientation and scrape the surface as

it originally did for the vertical orientation. This method is

general enough to be applied to any relative function. For example,

openi ng or shutti ng valves; putti ng on or taki ng off nuts and bolts;

painting, cleaning, scraping, and jetting a surface; drilling; and

tapping to name just a few. The key point to note is that the above

tasks can be performed without reprograneing the computer each time

i t is confronted wi th a task whi ch does not have the same spatial

positions and orientations as when the task was initially learned by

the computers

To illustrate the method, imagine the desired relative

task requires that a wrench be rotated to free a nut  Figure 2-3a!.

To obtain the counter-clockwise motion i t is necessary for the hand

to move from position A to position ~ by passi ng through the inter-

*Given a desired hand position with respect to the vehicle, what
joint angles will result in this position?
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REL ATIVE
MOTION

 a! Scraping Vertical Cylindrical Surface

RELATIVE MO

SAME AS ABO  b! Scraping Skewed Cylindrical Surface
Figure 2-2
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Figure 2-3: Relative Task with Horizontal Initial Position
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mediate positions  Al though the following development is primarily

advanced in terms of points A and g, it should be recognized that

the results should be applied to all points A through c!. Using

this simple coplanar example it will be shown that although the

desired motion  i.e., turning the nut! requires difterent absolute

positions for various orientations of the nut and wrench, the ac-

tions remain constant with respect to the initial hand position.

Indeed, as mentioned in Section 2.l, all points in a relative task

have the cordon attribute that each position maintains a fixed

relationship with each of the remaining points independently of

the world's coordinate system. To demonstrate this constant

relationship note that frame ~  Figure 2-3b! is defined with respect

to frame A by d and 0 where d is a vector in coordinate system A
K E E

to point c. Now assume that instead of having approached the nut

from the negative x direction the wrench has moved toward the nut

from a positive y position as in Figure 2-4a, and that the task

still recpires a counter-clockwise turning action. In terms of the world

coordinates  double arrows in both Figures 2-3 and 2-4! the x and

y displacements of A and E in Figure 2-3 are given by A -a,0! and

c -jocose,- Jzsine!, whereas, in Fi gure 2-4 the di splacements of

A and ~ are given by A�,a! and E -@sine,acose!. In contrast to

the different positions of A and c in the world system, the x and

y displacements with respect to the initial hand coordinates, lo-

cated at point A, remain fixed for both figures, i.e., A�,0! and

~ a-tease,zsine!. A similar analysis can be used to demonstrate
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Figure 2-4: Relative Task with Vertical Initial Position



that the orientations also have a constant relationship with respect

to the initial hand coordinate system  see figures!. Hence, by

comparison of the relative motion in Figure 2-3 and the relative

motion of Figure 2-4 it is noticed that both tasks maintain con-

stant positions relative to each other but that the world  spatial!

positions required to achieve each task are different. Generally,

all relative tasks have this feature in common, and it is this con-

sistency which a1lows a task to be defined in one coordinate frame

and through a modification of the original definition obtain the

desired manipulator actions for any spatial orientation of the

task.

Normally, manipulators do not output the position rela-

tive to some original hand orientation, and therefore, if the fixed

relationship is to be of any benefit, it will be necessary to

transform each position of the task to the initial hand coordinate

system. This is accomplished by the use of the transformation

matrix given in Section 2-2. Assuming the manipulator has six de-

grees of freedom, the transformation from hand coordinates to

vehicle coordinates, or from vehicle coordinates to hand coordinates,

will require six transformation matrices. For any six degree of

freedom manipulator  Figure 2-5 and Appendix C!, the transformation

from the hand to the vehicle frame is given by

0 0 1 2 3 4 5 6 0 6X = Al A~A3A~ ~A~A X = ~A X
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and the transformation from the vehicle to the hand is given by

6 6 5A4 3 2 1 0 6 0X = ~A~AA3A A1~AX = ~AXMM � 3-2 � 1 -0~ E! � ~
�-5!

The equation which results by substituting the vehicle

ordinates at point A  equation 2-5! is the transformation from the

coordinates at point ~ in space to the initial hand coordinate sys-

tern 6Ã 6diA odEA 6X 6dl 6X
Mdi -6dc -~ -%dc ~

�-6!

where  see also Figure 2-6!,

signifies the vehicle coordinate trame
 Figure 2-5!
signifies the hand coordinate frame  Figure 2-5!
signifies that the transformations are calcu-
lated from the joint rotations recorded at the
time the task i s defined

signifies the initial manipulator posit~on  point
A in Figure 2-3!
is the transformation from vehicle coordinates
�! to the hand coordinate �! in the initial
position  i ! at the time the task is defined  d!.

6di
~Ad .

Od~
~Ad is the transformation from the hand coordinates

�! at point c c = A,B,C,....,H! to the vehicle
coordinates �! at the time the task is defined
 d!.

*The vehicle coordinates are assumed to remain fixed throughout the
1 earning porti on of the task; therefore, since the mani pul ator
base has the same relationship to the task when the hand is in
the initial position as when the hand has been moved to position
~, the coordinate systems Odi and Od~ are equivalent.
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It should be clear that the ~Ad matrices define the frames c with6di
-6dE

respect to the initial hand position and that the initial hand coordinate

system relative to itself is the identity matrix

0 0 0

0 1 0 0

� 6dA � 0 0 1 0

0 0 0 1

Since the transformation matrix for the initial hand coordinate system

relative to itself is always the identity matrix, regardless of the

original position and orientation, and since each of the ~Ad6di
-6dE

matrices is relative to the initial hand coordinates, the relative

position of the transformed points wi 11 always be the same regardless

of how the task is defined.

The combined transformation matrix

6di
~Ad

can be partitioned into a 3x3 direction cosine matrix, a 3xl trans-

lational vector, a zero row vector, and a translational multiplier

�! in the same manner as the general transformation matrix in Section

Z-Z. The partitioned direction cosine matrix clearly gives the or-

ientation of the hand coordinates at point ~ with respect to the

initial hand coordinate system at A, and the translational vector

gives the displacement of the origin of system c from the initial hand co-

ordi nate origin, which is the desi red result. For the wrench rota-
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tion in Figure 2-3, the partitioned relative matrices would be given

by

cos 90+e ! 0
E I

I

coso 0 i d
i

I

0 1
3

coso
E

cos 90-e !
6di

~Ad

It is important to note at this point in the development

that the initial hand coordinate system referred to in the above

analysis is the first position defined during the learning stage of

the task, and hence, the required calculations can be performed at

the time the task is defined and stored for use at a later date.

Also, since it is desired that all positions be in terms of the in-

itial manipulator position when the task is defined, the transfor-

mation from the vehicle to the initial hand coordinates   ~Ad.!6di

will be constant for all points in the task and will only have to

be calculated once. For example, in the wrench rotation task, the

manipulator would be moved to position A, the joint angles would be

recorded and used to calculate the constant matrix   ~Ad.!, and6di
-Odi

the resu1ts would be stored. Then the wrench would be moved to posi-
OdBtion 8, the joint angles would again be recorded, the A d matrix

would be calculated and multiplied by the stored constant matrix,

and the result would be stored as the relative transformation between

-47-
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point 8 and the initial hand coordinates   ~Ad>!. Each of the suc-6di

cessive points C,D,E,... would be converted to relative transfor-

mations until all the task points were relatively defined with respect

to the initial hand position. Obviously, all of the processing of

the relative transformation can take place during the learning mode,

and hence, will not slow down the real-time execution of the task.

Although the relative frames, ~ have been defined with

respect to some initial hand frame, the position of each of the

relative frames c will have to be defined in vehicle coordinates

to successfully perform the task at the time of execution. In-

tuitively, the defined relative motion  Figure 2-3b! and the rela-

tive motion desired at execution  Figure 2-4b! are exact1y the same,

although the absolute spatial positions are not. The fundamental

difference between the two tasks is the starting position and orien-

tation. The relative motion required in Figure 2-3 and Figure 2-4

has been redrawn in Figure 2-7a to graph~ cally represent the relative

transformation matrices   ~Ad ! which would be calculated and saved6di
� 6dr.

at the time the task was defined  note the absence of the nut in the

internal computer's model of the relative task - the computer only

knows that a specified relative motion is required given a particular

initial hand position!. Now, imagine that the manipulator and wrench

are moved to the nut as shown in Figure 2-7b. Further, imagine that

the relative motion of Fiqure 2-7a is lifted off the page and that

frame A is placed over the initial hand frame in Figure 2-7b. The
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result of superimposing the relative frames on the initial hand frame

is the desired relative motion  Figure 2-7c!.

Clearly, once the manipulator has been placed. in the posi-

tion at which the task is to be performed  i.e., once the initial

execution time hand coordinates are known!, the vehicle coordinates

G f each c can be fo und by s uperimpos i ng the rel ati ve trans formati ons

  A~d ! on the initial execution frame and transforming from the6di

relative frames to the vehicle frame.

As stated, the initial hand coordinate system relative to

itself is the identity matrix

6di
AdA I

Superimposing the initial hand frame on the execution time hand

frame gives

0 Oei 6di 6 Oei >6
-4 � 6ei MdA M � 6ei � -A

A X� 6ei -A

where,

0 - signifies the vehicle coordinate frame
 Figure 2-5!.

6 - signifies the hand coordi nate frame  Figure 2-5!.

e - signifies that the transformations are calculated
from the joint rotations recorded at the time the
task is executed'

i � signifies the initial manipulator position when the
transformations are calculated.
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Oei ~A . is the transformation from the initial  i! hand
coordinates �! to the vehicle coordinates �!
at the time the task is executed  e! ~

The remaining relative positions in vehicle coordinates can

be obtained by multi plving the relative transformations   A !6di

~dc

times the transformation from the initial execution time hand coor-

dinates to vehicle coordinates

Ox OeiA SdiA 6 OeiA 6<
-6ei � 6d~ � c � 6dc ~

where 6di equals 6ei by superposition of the initially defined hand

frame with the initial execution hand frame.

Once the relative transformation matrices are known and

an initial posi tion at the time of execution has been specified, all

of the positions with respect to the vehicle can be found. The three

displacements and three orientations associated with point ~ can be

determined directly from the transformation matrix

It., a.k,

m..!Jj 3k
m.,

OeiA
&dc

kj' kk'

* Note that the ~A . matrix is a constant, and therefore, wouldOei
&el

only have to be calculated once.
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by noting that,

a = the desired x translation of point c from the origin of
the vehicle coordinates at execution time  Figure 2-2! ~

b = the desired y translation of point c from the origin of
the vehicle coordinates at execution time  Figure 2-2! ~

c = the desired z translation of point c from the origin of
the vehicle coordinates at execution time  Figure 2-2!.

the direction cosines that the i' axis  the relative
x axis at point c! makes with the respective axes of
the vehicle coordinate system.

the direction cosines that the j' axis  the relative
y axis at point e! makes with the respective axes of
the vehicle coordinate system.

'ik the direction cosines that the k' axis  the relative
z axis at point ~! makes with the respective axes of
the vehicle coordinate system.

kk'

Unfortunately, these displ acements and orientations are not

the required joint angles, but only translations and rotations of the

hand with respect to the vehicle frame. It is necessary, therefore,

to solve for the joint angles which will result in these hand posi-

tions. There have been a number of methods developed to find the joint

angles which result in a required position, and therefore, specific

details wi11 not be given. But a brief comparison of these methods

will be included in Chapter III to demonstrate the need for proper
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manipulator selection at the. earliest stages of planning and devel-

opment.

2.4 Fixed versus Movin Tasks

Although the two qualities absolute vs relative and fixed

vs moving may appear to be related concepts, they are actually in-

dependent task variables. A task can be absolute and fixed, or ab-

solute and movi ng, or relative and f~ xed, or relative and moving.

Consider retri evi ng a part from a rack attached to the manipulator

base  absolute and fixed! in comparison to obtaining a part from a

conveyer belt which delivers the part in exactly the same manner every-

ti me  absolute and moving!. Roth tasks are absolute since neither

requires that the manipulator be i nformed of the geometric relation-
ship between the base and the task coordinate systems. The primary

difference between the two tasks is that the task frame changes as

a function of time with respect to the base frame during execution

for one task and does not for the other. The definit~on of a fixed

manipulation task follows:

Fixed Task - a task in which the manipulator base re-

mains stationary with respect to the task frame during

execution.

To i'llustrate a fixed relative task imagine that it is necessary for

a submersible to settle on the bottom beside a wellhead to loosen

a gland nut on a valve. Further assume that due to the location of
the nut an impact wrench will not fit over the nut, that the only
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method of approach is from the side, and that once the nut is free

the manipulator gripper has enough force to turn the nut but the

gripper cannot initially free the nut. The required functions should

be recognized as a relative task as the relationship between task

and vehicle can only be ascertained after the vehicle has settled

on the bottom at the site. Also once the relationship of the task

and vehicle has been determined it remains constant, and hence, the

task is fixed.

To perform this task with a computer controlled manipulator

the following algorithm, which starts with the gripper closed on the

nut, would be defined on the surface as follows:

1! Open end effector.

2! Obtain wrench to free nut  this will be an absolute

task as the wrench wi 11 always be located in the same

position on the tool rack!.

3! Place wrench on nut  the initial manipulator position,

with the gripper on the nut, defined the nut location!.

4! Turn wrench counter-clockwise and free nut  this rela-

tive task was defined in Section 2.3!.

5! Return wrench to tool rack  absolute task!.

6! Return to nut and turn counter-clockwise with gri pper

until nut is free.

7! Return control to human operator and await further

i ns true ti ons .
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Use of the algorithm would proceed as follows:

l! Remote vehicle settles on bottom next to task  fixed
manipulation!.

2! Operator on surface moves manipulator to nut and grasps
it.

3! Operator calls stored program to remove gland nut auto-
matical'ly  the operator is essentially saying to the
the computer "Here is the nut � now take it off"!.

4! Computer takes initial manipulator position, overlays
the predefined relative task on that position, and
determines the joint commands required to complete

the task.

5! Computer performs task and returns control to human
operator.

This i s an example of a fi xed relative task which can be performed

with the human operator specifyi ng the i ni tial position. Hut the

human operator's ability to defi ne the initial execution position

is extremely limited unless the first position is easily obtained

and clearly specified  in the above example, the gri pper is placed

on the nut with the gripper axis perpendicular to the nut axis!.

The scraping of a cylinder in Section 2.3 is a good example of the

human operator's limited ability to define the initial position of

a relative task. Unless the end effector is in exactly the proper

position at execution time, small angular errors of the hand
could multiply to intolerable levels as the distance from the hand

origin increased. To illustrate, imagine that the end effector is
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slightly skewed with respect to the axis of the cylinder,

computer wou1d assume that the cylinder is al so skewed and would

scrape the cylinder as shown in Figure 2-8.

Clearly a method is needed to insure that the end ef-

fector is oriented properly to perform the task. The device should

not be expensive, and it should not require an involved procedure.

It was suggested by Qfer Gneezy of the M. I.T. Man Machine Systems

Lab that the tool handles used for the experiments  Chapter 5!

if permanently mounted on a task would allow the operator to specify

the initial position. A special tool evolved from this idea whi ch

would plug into a socket mounted on the task  Figure 2-9!. Mith

this orienting device the operator would approach the socket and

then force steer ' the tool until it mated with the socket. After
[12, 13 I

the orienter is inserted, the rel ati onship of the task to the vehicle

would be known and fixed as long as the vehicle does not move. But

suppose the vehicle does move?

The defini ti on of a movi ng manipulation task follows

directly from the definition of a fixed task:

~Movin Task - a task in which the task frame changes

as a function of time with respect to the base frame

during execution ~

In many circumstances it is necessary to perform a task which is

located in a position that can only be reached when the submersible

is off the bottom. Many remote manipulator systems simply ignore
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Figure 2-8: Scraping Cylinder with Error in
Initial Hand Position

EDGES ARE SLOPED FOR

SLIDING FIT

Figure 2-9: Male-Female Orientation Tool
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this problem, with the remaining systems attempting to solve the problem

by holding the submersible firmly fixed to the structure by means of

mechanica1 grabbers. Unfortunately, fixing the submersible is not always

a practical solution � at times there is literally nothing strong enough

to grab onto. Also, this method does not completely fix the submersible

as the structure, links, and joints have limited stiffness.

If the arm response speed is faster than that of the sub-

mersible response to outside disturbances, it is theoretically possible

to have the arm correct itsel f for the motion of the submersible. Ob-

viously, to develop such a method it will be necessary to obtain the

position of the vehicle with respect to the task coordinate system.

The relationship between the task and base frames can easily be obtained

with an orientation manipulator;*

Oi «i ~i1 � d i i«ig

number of links and joints with position sensors which,

through the use of transformation matrices, gives the

position of the vehicle frame with respect to the task

f rame.

Possible designs for the orientation manipulator are shown in

Figures 2-IO and Z-ll. A simple magnetically-coupled orienter

 Figure 2-11!, which defines the state of the manipulator base with

respect to the task, could be used for tasks without the built in

orientation sockets  Figure 2-10!. The design shown in the figures

 universal joints with a telescoping mid-section! was chosen

Laser and sonic triangulation, or direct machine vision are other
possibilities, but the orientation manipulator is economically more
attractive.
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UN1V

Figure 2-l0: Orientation manipulator for
Tasks with Huil t-In Sockets

Figure 2-ll: Orientation Hanlpulator with Magnetic Coupler
for Tasks without Built-In Sockets
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to allow the vehicle to move in all six degrees-of-freedom with-

out locking or binding a joint.

Now that a simple method is available to obtain the

vehicle position with respect to the task it is necessary to

derive the transformation equations whi ch will result in the re-

quired incremental joint angles.

2.5 Movin Mani ulation Derivations

To develop the movi ng transformation equations it will

be assumed that the task has been defined in a relative manner as

described in Section 2.3, and that the submersible moves with respect

to the task.* It will also be assumed that the vehicle has approached

the task, connected the orientation sensor, and begun execution of

the predefined relative task. Since the task is assumed fixed and

the submersible is assumed to move with respect to the task, it is

clear that the vehicle base cannot be used to define the relative

task positions. Therefore, the relative positions must be trans-

ferred to the fixed immovable task frame. The relative positions

have been determined in a previous section and are given by equation

2-9,

OX OeiA 6X
&dc m

'Whether the task moves, the submersible moves, or both move is ir-
relevant since all that is required is that a relative motion be-
tween the task and vehicle exists.

-60-



TX = TeiA OeiA 6X = T A
� Oei Wd~ � ~ Md~ � ~

�-10!

where,

T - signifies the task coordinate system  Figure 2-12!.
Qei

Mdc

TeiA
-Oei

is defined in Section 2.3

is the transformation from vehicle coordinates �!
to task coordinates  T! at the time the task is
executed  e! with the hand frame in its initial
position  i!.

The relative positions are now completely known in the task coor-

dinates. It should be noted before proceeding with the moving

derivations that equation 2-10 can be obtained by two distinct

methods:

1! If the entire task can be defined prior to submerqence,
the matrices A d can be directly calculated when theTei

task is defined and saved for future use  It should be

recognized that to define these positions it is not
necessary to enter the data from blueprints the
positions can be obtained by moving the arm through
the des~ red points and calculating the transformation

matrices directly!.

2! If the task cannot be completely specified in terms
of the task frame before submergence, then the matrices
Tei ~A d can be calculated on the bottom after the human
operator has "shown" the computer the task.
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To define the relative positions in the task coordinate system it is

only necessary to transform from the vehicle frame to the task frame

at the instant the task is executed,



 a! Orientation Nanipulator and Work Arm

OR TRANSFORMATION

Oei

ATOR

TRANSFORMATION

 b! Frame Assignments for Moving Task

Figure 2-l2
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Now assume the vehicle is free to move again and that the vehicle has

changed its position by a small increment due to drift, current, etc.

Since the relative positions are known in the fixed task frame for any

instant of time, the desired task coordinates in "moving" vehicle co-

ordinates are readiIy given by,

X Otc TeiA OeiA 6X
� Ttc AOei -6dc � ~

where,

signifies that the transformation occurs at
time t>0.

is the transformation from the task coordinates
 T! to the vehicle coordinates �! at a particu-
lar instant of time  t! with the hand frame in
posi tion ~  See Figure 2-12b! .

The procedure to use this method would be as follows:

1! Calculate the transformation matrices ~A d whichTei
� 6dc

defines the relative task  either on the surface or

at the task site!.

2! Calculate the required vehicle coordinates of the task
at time t by obtai ni ng the matrix A and multi-Ot~

plying it by the matrices ~A dTei

3! By either analytical or iterative techniques determine
the incremental joint commands  The iterative tech-

niques would appear to lend themselves naturally to

this method!.

4! Return to 2 and continue until task is finished.

These derivations were advanced in terms of a relative task, but the

results can be applied to any task or control mode  manual or computer!

with minima1 modifications.

An explanation of these techniques is given in Chapter III.
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Once the orientation manipulator is connected to the task,

the hand position with respect to the task would be frozen, regard-

less of the motion of the submersible � on1y commands from the op-

erator or computer would change the hand position, although the joint

angles would be in a continuous state of correction.

It is possible to conceive of a system which, through the

use of the orientati on manipulator and moving transformation equa-

tions, could act as an autonomous robot for extended periods of time.

From the moment the orientation manipulator is manua'Ily connected to

the task, the remote computer would perform the task, or sequence of

subtasks, in a completely autonomous manner, only returning to the

operator for further instructions or when it gets into troub'te. A

fleet of these manipulator vehicles could be dropped overboard,

plugged in and left to complete the task. Moving manipulations

could also be used for space applications.

Now that the definitions and equations for absolute,

relative, fixed, and moving manipulation have been determined, we

will proceed to investigate some of the design principles of a

supervisory system.
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CHAPTER II!

A UNIFIED THEORETICAL FRAMEWORK FOR SUPERVISORY MANIPULATION

To design an effective supervisory system it is necessary

to investigate some of the theoretical aspects of supervisory control.

Four factors have been identifi ed which should be considered when

developing a supervisory system: �! manipulator/processor sel-

ection, �! control philosophy; �! interface design; and �! language

philosophy. Each of these factors interacts with one another, and

therefore, none of these factors is independent  e.g,, if man-machine

interaction is through a single communication channel, the sophisti-

cation of the language wi » be determined by the restraints imposed by

that channel, etc!. The following sections discuss these factors in

more detail.

3.1 Mani ulator/Processor Selection

Several investigators have identified the following as

important design factors for computer-controlled manipulators:
[»,14,15,

16,17]

Kinematic Design Factors

1! degrees of freedom

2! joint types and configuration
3! link parameters  length, twist, and offset!
4! workspace

5! approach angles of end effector
6! operation zone of each link

7! obstacle avoidance

8! joint space solvability
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Physical Design Factors

speed

acce1eration

frequency response

stability

power requirements

Processor Se1ection Factors

1! computation speed

2! memory capabi1ities

3! I/O capabilities  man-processor-manipulator interfaces!

4! reliability

5! power requirements

Nany of these parameters have been extensively treated in the liter-

ature, and therefore, do not require further attention. But one

factor, joint space solvability, negatively influences many of the

other design factors, and hence, warrants further consideration.

For computer manipu1ations to be successfully performed,

it is absolutely essential that the arm have a solution which can be

*A solution is the determination of the joint rotations, angular
velocity and angu]ar acceleration by an algorithm given a desired
spatial position.L» ]
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obtained under the time constraints of the real-world. But, it should

not be immediately assumed that al I manipulators have solutions and

that a computer can solve the joint space within those real-time con-

straints. In fact this important parameter, which should be considered

in the initial stages of planning a computer controlled manipulator,

is often the one design factor which is rarely examined until the

physical design has been set.

Generally there are two methods available to determine the

joint space solution; one obtains the solution by iterative technqiues

and the other by a closed form analytical expression.

A short discussion of the iterative and analytical methods

of joint space solution will be included to demonstrate the need for

proper manipulator se'lection from the start of the program if computer

control is to be used.

The iterative techniques find a solution by taking a number

of small steps until the resulting values converge on the required

t10,11,18]position. ' ' But iterative methods have three recognized short-

comings:  I! they consume more time to determine the joint space

than the analytic solutions; �! at certain positions they take an

unwieldy number of calcutations; and �3 they usually result in only

This is probably due more to the fact that most computer controlled
arms in the past have been converted master/slave, analog, joystick,
or rate controlled arms, rather than systems specifically designed
for supervisory contro!.
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one of many possible configurations.~ ~ The time drawbacks can be
overcome to a large extent by using the incremental result as joint

driving signals. If this scheme is used, each iteration results

in a driving motion which when properly timed results in almost

no computation lag time, with the result that the iterative methods

appear faster than many closed fom analytic solutions.  l8,lg]

One of the first attempts to obtain an analytical joint

space solution was made by Pieper, who more notably describes solutions

for any manipulator with three intersecting axes. ] Pieper also gives
a method to determine if a particular manipulator configuration has a

closed form solution an important attribute for computer manipu-

lations. Generally the method used to solve for the joint space makes

use of the fact that the x,y,z,a,8 and y displacements are known, and

therefore, since there are six knowns and six unknowns  the required

joint angles! the solution can be found. l3ut due to the nature of the

equations, mu'ltiples of sines and cosines, a polynomial of the 524,288
th

degree results if a simple substitution and elimination scheme is

I:lO]used. Even if the extraneous roots were removed, the polynomial

would still result in approximately 64,000 possible solutions, of

which only a few would be valid joint angles for the particular manipu-

lator. A further simplifying assumption must be made to achievePOj

a tenable solution. If the manipulator has three axes which intersect

the problem can be broken down into two sets of equations in which

three of the unknowns can be solved for independently of the remaining

Llo]three unknowns. This method generally results in a closed form



solution which requires at most the solution of a fourth degree poly-

nomial � a considerable simplification  See Pieper's thesis �0] for a

more detailed explanation!. Other methods make use of an array of

simplifications to arrive at a tenable solution.

Although it should be expected that in the future all manipu-

lator configurations will be solvable, it should be kept in mind that

the number of computations increase as the complexity of the arm in-

creases.~ As an example of the two extremes, trivially solvable and
unsolvable, consider the manipulators in Figure 3-1. The manipulator

in Figure 3-la has three translational axes that intersect at the base

and three rotational axes that intersect at the wrist. Clearly, the

analytic solution to go from position A to position B is easily calcu-

lated as the desi red motions correspond directly to the joint movements.

On the other hand, consider the manipulator in Figure 3-lb whi ch has

six degrees of freedom with no intersecting axes. The required joint

motions to move the hand from A to B is not immediately evident, and

as a matter of interest this case has not been solved in a closed form

to this date.

In terms of solvability it would appear that the unsolvable

manipulator only offers increased computational complexity. But,

comparison wi th the other design tactors  e.g., obstacle avoidance,

approach angles and workspace! clearly shows the superiority of the

general six degree-of-freedom mani pu'I ator over the trival configuration .

The general manipulator could easily reach around an obstacle, whereas,
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 a! Trival ly Sol vable
Hanip lat C f'guration

 b! Unsolvable Manipulator

~ B

Figure 3-1



the geometrically s~mpler arm could not. It can also be shown that

the workspace and approach angles of the general configuration are not

as limited as those of the simpler manipulator. Clearly, as the

generality  i.e., the ability to avoid obstacles, to reach more posi-

tions in the work area, and to approach an object from different angles!

increases, so does the number of calculations required to solve for

the joint space in closed f'orm. In constrast to the analytical solu-

tion, an iterative technique generally requires the same number of

calculations for the trival solution as the general solution  e.g., the

linearized equations of motion result in six incremental equations in

six unknowns which are easily solved by a 6x6 matrix inversion!, But

using the iterative method defeats the purpose of generality since it

results in only one out of the possible 32 different joint configur-

[1 1]ations . To obtain the 32 conf'igurations an iterative search of

the joint space would have to be performed with the end result that

as the generality increases the calculations increase  This method

could be extremely expensive computationally, compared to the closed

form solution!.

Clearly, the two design factors, generality and joint space

solvability, oppose each other computationally. The question of how

to select the degree of generality versus solvability is still un-

answered. In fact Roth has said  speaking on kinematic design oft'! 4]

a manipulator! that, " .. except for simple geometries there exists

almost no rational way to make decisions". The decision can only be



1!

2!

3!

z!

5!

e!

hardware mul tiply/divide

memory look up tables

optimized programs

special matrix manipulation features

parallel/distributed processing

precalculation of variables when possible

To conclude this section, there are a number of kinematic,

physical, and processor design factors which inf uence the ultimate

configuration of a supervisory controlled remote manipulator. There

are undoubtedbly many more which will become apparent as these sys-

tems become more sophisticated. To date there is no concise tool

for determining the optimal configuration given the desired attributes.
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based on the comparison of the manipulator configuration with the speed

of computation. That is, given a specific configuration, how fast must

the processor be to generate real-time joint space solutions? In-

versely, given a fixed processing speed, how much generality can the

manipulator have and still be solvab1e in real-time?

In many industrial applications it is possible to precalcu-

late the joint-space solution prior to task execution, and hence,

processor speed is not as important. Hut teleoperators under super-

visory control are by nature real-time processors. Therefore, any-

thing that reduces the calculation time will increase the available

generality,

Some of the methods by which calcu1ation speeds can be

increased are:



Therefore, design decisions will have to be made on a comparison and

tradeoff basis until a better method is available.

3.2

The control philosophy is the method by which the manual

inputs or supervisory language commands are executed. The control

philosophy encompasses every control action from higher level

processing to the simplest rudimentary position control. At times

it is difficult to distinguish the features of the control philosophy

from the features of the other categories equipment, interfaces

and languages. This is easily understood considering that the equip-

ment, interfaces and language are created to control the manipulator,

and hence, cannot be independent of the methods in which it is

desired to control

whether they are related ta the "internal" state or the "external"
[20]state of the manipulator. For example, an internal force state

would be given by the joint torques, whereas, the external force state
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There are four state variables which can be di rectly measured

and used to control the system: �! position/orientation, �! linear/

angular velocity,   3! linear/angular acceleration, and �! force/

torque  Only the linear terms will be used throughout this report with

the implicit understanding that these terms wilI represent both linear

and angular terms!. State variables used to control the system which

cannot be directly measured are kinetic energy, potential energy,

and power consumption. State variables can be classified according to



would be given by the force applied to the end effector  The external

variables are usually referenced to the end effector for convenience!.

The control philosophy can be divided into four categories

which determine how the state variables are controlled: �! manual

vs computer control; �! contro1 strategy; �! contro1 algorithm;

and �! loop closure. Within each of the above categories there are

a number of subcategories or impIementations, All of the subcategories

can be included in a system, but at any one instant only one subcategory

can be used  i.e., the subcategories are mutually exclusive at any

instant of' time!.

 a! Control-Manual vs. Com uter

The first control philosophy category relates to the degree

of manual and computer control to be used by the system. The types

of contro'I available are not simply manual or computer, but any com-

bination of the two. Sheridan and Yerplank ~ have discussed this in
terms of how much of the task-load is carried by each. Figure 3-2

is a modification of thei r origi na1 figure. The figure demon strates

the possible permeations of manual and computer control, from a purely

manual control mode with the operator carrying the entire load to a

completely autonomous compu ter mode. For example, forms of shared

contro1 are, resolved motion rate control, index control  Chapter IV!,

or a computer aid which relieves the operator by controlling some of

the degrees of freedom. Examples of traded control are emergency

takeover by either the human or computer and a supervisory system
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which takes control for brief periods to perform a task,

 b!

The second category of a control philosophy which can be

distinguished is called the control strategy. The following control

strategies have been identified: �! fi xed, �! adaptive*, �! learning ,
and �! cognitive. These terms, as used here, refer to their con-

ventional meanings and are independent of the intelligence  algorithm!

used to achieve these strategies  i.e., to be fixed means to remain

constant, to adapt means to modify behavior in response to the environ-

ment, to learn means to acquire through experience the ability to dis-

criminate between inputs, and to be cognitive means to be aware of one' s

world!. Before proceedi ng with explanations and examples of these

strategies it is necessary to investigate the significance of the

phrase "independent of the intelligence  algorithm! used to achieve

these strategies."

Many investigators feel that a machine should only be

labelled "adaptive" if it makes a self-adjusting decision based on

its environment. Consider a machine that, each time it retrieves

a tool, remembers the position, so that it can adjust to changes

in the tool rack position. Is the machine adapting to changes in the

environment? Consider a relative file  Chapter II! for removing a

*The terms adaptive and learning do not refer to the conventional
method by which a servo-control loop modifies its perf'ormance to
changing electro-mechanical parameters.
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a nut which modifies the end effector positions and orientations to

the nut. Is the machine adapting to the environment? Neither of

these examples makes a "decision", and therefore many investigators

relegate these machines to the realm of non-adaptiveness by virtue
of their lack of "intelligence." But intuition and common sense

says they are adapting. Should biologists consider bacteria to be
non-adapting because they don't make decisions? Similar examples

can be cited for the remaining strategies. Winston, commenting on

machine intelligence, has considered this problem:
I~1]

As long as the origin of an idea is obscure; its
invention seems profound, but as soon as the explanation
surfaces, we wonder, "1rJhy didn't I think of that,
its trivial!" As soon as a process is dissected,
studied and grasped, the intelligence invariably
seems to vanish,

Much the same happens when programs are studied.
Vintage performance becomes vin ordinaire once de-
tails are exposed and limitations seen. Instead of
embracing a system's intelligence, study dilutes it.

This thesi s maintai ns that regardless of whether an algorithm

with a "decision process" or "artificial intelligence" can be dis-

cerned, if the devi ce "appears" to adapt, learn, or think it wilt be

attributed these qualities.

A fixed strategy can be recognized by a sequence of control

commands that maintain a constant relationship or change in a pre-

dictable manner as a direct result of a measured state variable. For

example, under computer control the commands generated by a fixed�
strategy control language would always be executed in a predictable
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sequence. Even if a branching command is enabled as a result of a

measured state variable the outcome is predictable  e.g., GO TO A

UNLESS FORCE=10 THEN GO TO B!. Under manual control a fixed strategy

would be typified by resolved motion rate control whi ch always responds

in a predetermined manner for a given input.

An adaptive strategy modifies its behavior in response to

the environment by a predetermined method, but, in contrast to a fixed

strategy, the result is not predictable to any degree of certainty.

For example, compare the fixed strategy given above which follows a

predetermined sequence and has a predictable outcome  i.e., either A

or B!, to the adaptive tool-retrieval example cited previously. Al-

though the method of adapting is predetermined  i.e., record a new

position each time tool is retrieved! the result is not  i.e., the new

tool position has an infinite number of possibilities!. Whenever

a manual control mode is used the human operator is usually the

adaptive element. But, imagine a strategy that maintains the orienta-

tion of the end effector  e.g., to prevent the spillage of a liquid!

while allowing the human operator to manually control the spatial

degrees of freedom. Is this an adaptive strategy? Although it may

appear to be an adaptive strategy, the response is predictable in

the same manner as resolved motion rate control, and hence, the

strategy is f~xed.

As an example of adaptive manual control, consider a task

and vehicle which move relative to one another in a random manner.
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Through the use of the orientation manipulator  Chapter II! the manual

control inputs can be superimposed on the slave arm allowing the op-

erator to perform the task manually while the end effector is continu-

ously adapted to the random task movement.

A learning strategy is similar to an adaptive strategy in that

both adapt to the situation, but unlike the adaptive strategy the

1 earning strategy, through experience, acquires the ability to dis-

criminate inputs which previously it could not discriminate. For ex-

ample, a learning system might watch the operator perform a task

until it is sure  from its observation of successes and failures! it

understands the task, at which point it progressively rel ieves the

[22]
operator as its confidence level increases.

A cognitive strategy involves an "awareness" through a

detailed model of the world upon which the algorithm makes decisions

  Re~ember that these decisions can be made by a "dumb" or "intelligent"

algorithm, but the strategy will be labelled "cognitive" if the

system demonstrates these attributes!, This form of control has

been called "world-modelling", by some investigators. ' ' The[4,23,24 ]

world-modelling in supervisory systems is usually done by the human

operator.

 c!

The control algorithm is the method by which the control

strategy is accomplished. mathematical, logical, statistical, or

pseudo-biological procedures can be used by the algorithm to manipu-
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late the state variables.

Control algorithms can be classified as e~ther mechanistic

or intetligent. Hence, it is possible to control an arm in either a

manual or computer mode using a fixed, adaptive, learning, or cogni-

tive strategy which demonstrates mechanistic or intell igent properties.

The "self-adjusting decision based adaption" mentioned in Section 3.2b,

is actually an intelligent-adaptive system, whereas the tool-retrieval

example is classified as a mechanistic-adaptive system.

The number of available algorithms is so large that only a

few will be listed as an indication of the possibilities:~
26,27,28,29,30,31,32,33,et.al.]

1! Terminal Point Control - the operator specifies the final position
of the end effector and the control algorithm determines the tra-
jectory.

2! Path Control � the operator, or processor, specifies path con-
straints which the control algorithm uses to determine the tra-
jectory. Can be mechanistic or intelligent.

3! Resp't ved Direction Control - the operator specifies a displacement
along a coordinate f~xed in the end effector and the algorithm
determines the joi nt actuations necessary to perform that movement.

4! Resolved Rate Control - the operator specifies a rate along a
coordinate fixed in the end effector or vehicle and the algorithm
determines the joint velocities required for the desired movement.

5! Force Control - the operator, or processor, specifies a desired
end effector force vector and the algorithm determines the re-
quired joint torques.
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Ada tive, Learnin, and Co nitive Strate ies

1! ~Sim le model Control � a s1mple model 1s continuously updated
by the alqorithm to adapt to environment changes  e.g., adaptive
tool � retrieval!. This is a mechanistic aIgorithm.

2! Decision Model Control - a statistical algorithm  e.g., maximum
likelihood, correlation, etc.! is used to make control decisions.
This is an intelligent algorithm.

3! World-Model Control � a detailed model of the manipulator environ-
ment is used by a cognitive algorithm for decision and control
purposes.

4! Psuedo-Biolo ical Control - an algorithm modelled on theories of
b1ological mechani~sms e.g., the cerebellum!.

 d!

The final philosophy category is related to the state variable

feedback which the algorithm receives. The state variable feedback

determines whether an algorithm is open or closed loop. A generalized

block diagram of an open and closed loop system is shown in Figure

3-3  Note that the local servo control loops that exist in any sizable

machine are excluded from this generalization!. Control is considered

to be open loop when the external state variables  i.e., end effector

output! are not directly fed back to the control algorithm. Some

manipulators which are considered to be closed loop mechanisms by

virtue of internal state feedback  i.e., joint teedback! are actually

open loop devices. The loop is not considered to be closed because of

the effects of backlash, gravity droop, static link/actuator springiness,

dynamic link/actuator wind-up,etc.
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A loop is considered to be closed when the actual end ef-

fector state variables are fed back to the controller. The external

state variables which are fed back to the algorithm to close the

loop are obtained by exteroceptive sensors  both exteroceptive and

proprioceptive sensors are discussed in Section 3.3!,

To conclude this section, a control philosophy has been

found to consist of four design categories, human vs. computer con-

trol, control strategy, control algorithm, and loop closure. To

build a supervisory system, the control philosophy should be specified

prior to the design and selection of the equipment, interfaces, and
language. This is easily understood considering that the equipment,

interfaces and language are created to control the manipulators, and

therefore, cannot be independent of the methods by which it is con-

trol l ed.

3.3

The interfaces which must be considered when build~ng a

supervisory system are the man-machine interface and the manipulator-
environment interface. Each of these will be considered separately.

 a! Man-machine Interface

There are two boundaries across which man and machine must

communicate � the control interface  man output/machine input! and the

display interface  man input/machine output!. The control interface
consists of any device by which the human operator communicates with
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the manipuIator system. Conversely, the display interface is any

device by which the manipulator system communicates with the human

operator. The control and display interfaces are the means by which

communication occurs, not the method  i.e., language!. It is well

known that man acts as though he is a single-channel signal detector and

processor at a given instant. Therefore, to effectively communi-

cate across these boundaries requires an efficient use of the limited

human communication channel s.

Some of the variables which have been identified as impor-

[ 4,35,36 ]
tant criteria for man-machine interface design are:

1! symbolic/analogi c communication

2! apparent/transparent communication

3! stimulus-response compatibility

4! communication channel redundancy

5! consistent format and configuration

6! dedicated or generalized devices

7! ease of use

8! interface compactness

The last two design categories  ease of use and interface compactness!

are seIf-explanatory, and hence, no further di scussi on is necessary.

The remaining factors will be examined on the following pages.

All man-machine communications can be divided into two

forms � symbolic and analogic. Symbolic communication has an abstract,
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coded meaning since it implies communication through symbolic assoc-

iation rather than direct physical analogy. A set of' alpha-numeric

characters on a screen, a tone signaling an emergency, keys pressed

in a particular sequence, and a lit ready-bulb represent man-machine

commun~cation through symbolic association. Conversely, analogic

communication has a distinctly physical meaning si nce it represents

communication through direct spatiotemporal analogy rather than ab-

stract association . A vi deo monitor showing the manipulator movement,

a bar graph of applied force, a tone which varies with pressure, a joy-

stick, a poteniometer for speed adjustment, and a master/slave manipu-

lator represent man-machine communication through direct analogy.

'Lterplank has suggested that an optimal computer -controlledL 37]

manipulator would use a combination of both symbolic and analogic com-

munication modes. It is still too early to specify the degree of

symbolic and analogic communication which should be designed into a

supervisory system, but as more functions are relegated to the computer the

trend will probably be toward the symbolic end of the spectrum  See

Section 3.4!.

As shown  Section 3.2!, combined manual and computer control

of a teleoperator can be classified as either shared or traded control.

Sheridan and Verplank have proposed that an important design factor

is indi cated by the degree of i nterface transparency  apparent versus

transparent! during shared and traded control. The term "transparent"

signifies that the operator is unaware of the interface and may actually
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mentally project himself into the task environment. The term "apparent"

indicates that the interface 'IiteraIly forces awareness of itself on

the operator and is clearly recognized. A stereo camera which is

servoed to the operator's movements allowing the operator to feel as

though he were in the remote environment is an example of a trans-

parent display. An example of an apparent display would be an audible

signal indicating an emergency. Transparent control is exemplified by

a master/slave manipulator with force feedback through which the op-

erator identifies with the remote environment. A sudden jolt or jerk

in the master arm signaling return from computer control is an example

of an apparent control in terface. These examples suqgest a

design philosophy which can be used to determine when an interface

should be transparent or apparent, that is; �! if control is traded

the interface should be apparent, � ! if control is shared the inter-

face should be transparent, �! if the display requi res immediate

attention the interface should be apparent, and �! if the display

requires continuous attention the interface should be transparent.

Another important interface design factor is calied

stimulus-response compatibility. Simply stated, the communication

signal, control or display, should have a "natural correspondence "

with the operator responses requested or given. If the stimulus

and response do not have the required "natural correspondence", the

operator will become confused. A form of stimulus-response in-

compatibility occurs, for example, when the human operator's internal
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model of an anticipated hand motion does not coincide with the actua1

hand motion. This form of stimulus-response incompatibility is some-

times referred to as cross coupling  The term "cross coupling" implies

an undesirable relationship between the degrees of freedom, that is,

motion in the anticipated hand coordinate direction results in a

motion in an unexpected direction. See Appendix A!. An analog bar

graph which decreases as the applied force increases is an example of

a display interface with stimulus-response incompatibility. Use of

analogic controls does not guarantee that stimulus-response compatibility

wi11 occu~, and conversely, use of symbolic controls does not auto-

matically mean that stimulus-response incompatibility will occur. Since

stimulus-response compatibility has been extensively treated in the

literature [see ref. 4,38,39,et.a'I.], specific design rules will not

be given, except to note that stimu1us-response incompatibility is

detrimental to operator performance and shou'Id be removed whenever pos-

sible to avoid confusion and errors.

Man-machine communication can also be improved through the

use of redundant channels. Redundancy increases the probability that,

a signal will be received or acknowledged. For examp1e, when control

is traded between man and machine it is important that the transfer

be apparent to the operator, and hence, redundant visual, auditory,

and tactile clues will insure operator recognition of the traded

status. It should be real ized that these are independent communition
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channel s saving the same thing, and not simply one channel which is

displayed or controlled in a redundant manner. As another example of

redundant displays, consider the methods by which the machine can signal

recognition of a command. It can visually echo the command, it can

audibly acknowledge rece~pt, and it can tactually signal completion,

Hence, when a button is pressed a tactile click; an audible tone, and

a visual message could a]l be simultaneously used to enhance the chances

of operator recognition. Clearly, whenever possible, redundancy

should be used to increase the probability of communication reception

or ackn owl e dgemen t.

Consistency of the control and display format is extremely im-

portant for effective man-machine interaction. Symbolic and analogic

display and control formats should be structured for easy reference

and operator confidence. For example, alpha-numeric feedback should

continuously display operational information, such as state, control

mode, indicators, etc., in a uniform manner so that the operator can

obtain the desired information quickly Oisplays and controls should

also be arranged in a "tight" pattern within easy reach and view of

the operator, but should not obstruct or interfere with each other.

The man-machine interfaces should be grouped according to usage with

the more heavily used controls and displays given preferential location.

Consideration should be given to the amount of attention the user wi'll

be required to allocate to each i nterface . A wel'l known "candy store"

phenomena occurs when a child has so many choices that demand his



attention that he cannot make-up his mind. Bejczy has an interesting

method of defeating the "candy store" effect only one display

interface with a menu of options is used. Through voice commands the

operator can select the display of his choice.

The question of whether display and control interfaces

should be dedicated or generalized devices has remained unanswered

for many years. For example, although a general purpose keyboard

is flexible, a dedicated keyboard is often more efficient  see

I anguage Philosophy Section!. Which is more important, generality

or efficiency? An interesting soIution to this problem has been

achieved by using a virtual image to label the keys, giving the

dedicated keyboard the flexibility of a general purpose keyboard. t3vj

As another example, consider an analog control interface should

a generalized position controller which is manipulator independent be

used, or a dedicated master?

To conclude, the man-machine interface involves two boundaries�

 b! Hani ul ator-Environment Interface

The manipulator-environment interface is responsible for

sensing the internal and external states of the manipulator. Sensing

the control and display interfaces. Although these two boundaries are

distinctly different  input versus output! there are eight common

design considerations which must be evaluated to achieve effective

communication through the limited human channels available at each

boundary.



of the internal manipulator state is called proprioception. Sensing

of the external state of the manipulator is called exteroception. L>oj

The term proprioception is defined as being aware of

stimuli produced within oneself. Proprioceptive sensing of the in-

ternal manipulator state usually concerns geometric/kinematic proper-

ties  i.e., sensors for measuring the positions, velocities, accelerations

and torques of the joints!. Proprioceptive feedback is open loop

information with respect to the end effector  see Figure 3-3!,

since the end-effector output is neither directly measured nor fed

back for comparison with the commanded value. Clearly, the accuracy

and precision will depend heavily on the calibration and repeatabili ty

of the system. For example, elastic arms with large masses toward the

end-effector will be uncontrollable. Many of the important manipu-L»]

1ator selection factors  e.g., backlash, link/joint mass and stiffness!

clearly result from systems which use only proprioceptive information

for control.

The term exteroception is defined as being aware of stimuli

produced outside of oneself. Exteroceptive feedback is commonly

provided by proximity, tactile, texture, slippage, force/torque, and

spatiotemporal optical sensors  i.e., digitized cameras!. In

contrast to proprioceptive feedback, exteroceptive feedback cIases

the loop directly around the end effector. Since the end effector

output is compared to the commanded value, exteroceptive sensors re-

duce the necessity for a highly calibrated and repeatable system
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 e.g., if the end-effector is approximately on target, precision align

with exteroceptive sensors!. Some of the uses of exteroceptive infor-

mation are: �! correcting pos1tion errors, �! constrained motion,[4aj.

 e.g. sliding along a surface!, �! error detections  e.g. collisions!,

�! tra1ning  e.g., a learning system that is taught how a block feels!,

and �! classification of objects  e.g., size, weight, etc.!. It

should be noted that exteroceptive sensors should not be considered

as a substitute for good manipulator design � proprioceptive and

exteroceptive sensors should be used to complement one another.

In conclusion, the responsibility of the manipulator-environ-

ment interface is to measure the internal and external state of the arm.

The design of proprioceptive and exterocepti ve sensors should be based

on reliability, accuracy, precision, stability, and repeatability of

the end effector.

3.4 Lan ua e Philoso hies

According to a class1fication described by Park , manipu-L23]

lator systems can be divided into two categories � exp11cit and

world-modelling. Explicit systems assume "someone"  man or mach1ne!

will be there to teach the machine what to do 1n a step-by-step manner.

World-modelling systems, on the other hand, attempt to give the computer

an internal "picture" of its environment upon which it can act and plan

the required step-by-step instructions  i.e., artificial intelligence!.

For example, the human operator using a world-modelling system would

say, "open the valve" leaving the details to the computer, whereas the
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human operator using an explicit system would describe "how" to

open the va'lve.

Although these two categories appear to be distinct, it is

possible to conceive of a system which, after being explicitly pro-

grammed to perform a task, can adapt to new environments by modi-

fying its instruction set on the basis of an interna1 world-model.

Would this be an explicit or world-mddelling system? Clear!y, this

classification deteriorates as explicit systems with world-modelling

capabilities proliferate. In fact, Park indicates that the boundary

separating the two categories is no longer distinct:

"The two kinds of systems are becoming mare alike.
Recent world-modelling programs permit the user
to decide on the tactics to be employed, and they
can also deal with more uncertainty in their world
models. Explicitly-programed robots are beginning
to make some strategic decisions for the user, such
as planning pick-and-p1ace motions to avoid ob-
stacles."[23j

There is also a tendency in the 1iterature to label a system as "world-

modelling"  implying a high degree of planning and artificial intel-

ligencee! when in reality it is an adaptive or learning strategy which

simplv adjusts an algorithm.  This is not meant to imply that a}l adap-

tive and learning strategies are devoid of artifical intel'ligence, but

a system which records the operator's movements over a period of time

and takes control upon recognition of a pattern  i .e., the operator

did the same thing twice! is little more than a mechanistic record/

playback strategy!.
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Clearly, it is necessary to devise a new or modified classi-

fication system which wi11 remove the ambiguities and vague usage of

the term "worl d-model ling". Hefore proceeding with this cl assificatione

note that the "world-model" is used for two distinct purposes � planning

and execution. The confusion resul ts from the fact that planning is

a function of the task description  language philosophy! and execution

is a function of manipulator control  control philosophy!. Hence, it

is possible to have an apparent contradiction by defining a task "ex-

plicitly" and executing it on a "world-model" basis. The term "exp! icit"

refers to the language used for task description not the system, and

the term "world-modeller" refers to the method of execution~ot the

language.

It is suggested, therefore, that the term "world-modelling"

be used as an adjective to define a ~astern which bases its decisions

on a model of its world  taskj. Whenever speaking of the ~1an ua e

by which the system is programmed the terms "explicit" and "imp]icit"

will be used. As before, the explicit language assumes either man or

a world-model ling machine will specify the commands necessary to per-

form the task. The implicit language, though, assumes each command

is a generalized instruction which should be translated by the machine

into step-by-step instructions. Notice that the term "world-model"

was not used to define an implicit language, since it is possible for

a system to develop a set of instructions strictly on the basis of a

"dumb" alqorithm  e.g., a cross-assembler which simply translates

higher level language commands to lower level commands!. Since the
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world-model is defined as a system parameter  i.e., data base!, it

should be clear that both the explicit and implicit languages can now

use world-models without ambiguity in definition.

The explicit and implicit languages have the following

attributes:

EXPL ICIT LANGUAGE

1! Human operator responsible for planning and program order

2! Instructions are detailed and specific

3! Complex tasks require many instructions

INPL ICIT LANGUAGE

l! Robot responsible for planning and program order

2! Instructions are simple and abstract

3! Complex tasks can be described in a few instructions

As a method of comparing languages, Grossman and Taylor

have suggested that, "the level of manipulator languages is best

measured not bv the richness by their computer science content, but

rather by the number of source statements requi red to code specifi c

applications programs". The value of this method as a means of

classifying languages which range from simple explicit commands to

abstract implicit camnands has not been proven. But this method

could at least provide a hypothetical indication of the time required

of the human operator to define the task. Since supervisory manipu-

lation requires real-time interaction, the time the operator spends

programming directly effects the task completion time  see Figure



5-1 which shows hypothetical task completion times as a function of

task complexity!. Hence, one design goal for a supervisory language

should be to allow efficient communication between man and machine

 it should be remembered that this discussion deals only with the

method of communication and not the means, i.e., language and not

interfaces!. This design criterion appears to indicate that an im-

plicit language is the better choice. But if the computer planning

time is greater than that for a human operator, the advantage of an

implicit language would be lost.

Explicit and implicit languages can be further broken down

into two categories of code � grammatical/syntactic code versus pro-

gram code  e.g., " I want you to get me the scalpel now" versus "scalpel"

often used by doctors in an operating room!. A pragranming code is a

highly specialized language which must be learned with all its idio-

syncrasies before command entry can begi n, while a grammatical/syn-

tactic language strives for a natural conversation between machine

and operator with the ultimate goal of simple, active man-machine com-

munication. Unfortunately, "natural" conversations tend to be ex-

tremely awkward methods of code entry when input must be entered

through a keyboard   Indeed, even verbal commands tend to be slow for

specialized conditions such as an operating room!. Clearly, a pro-

granming code has a higher information density for each operator in-

put compared to the grammatical/syntactic code. For example, an

explicit verb-noun-parameter-terminator language used by Percep-

tronics requires the following input commands to define a point
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which the manipulator will be required to return to:

DEFINE POINT DO

-96-

The same commands could be written as one instruction by allowing

the computer to assume that one keystroke means "define this point,

call it a sequential name, and terminate the stroke automatically

if the required information has been obtained"  see DPATH in the

DEFINE section!. Clearly the advantages of grammatical/syntactic

code can be overshadowed by the greater number of keystrokes or

verbal commands required for data entry.

Many designers believe that if the operator must adapt

his behavior to the demands of the machine, optimal communication

can not be achieved. Hut a long list of "natural" situations can

be cited where the human language is deliberately constrained for

precise conmunication. For example, doctor-nurse coomunication in

the operating room, pilot-air traffic controller communication,

pi1ot-gunner communication  e.g., why say, "There's a silver mirage

RIG fighter coming over our starboard wing at 700 mph firing...",

instead of "bandit at 3 o' clock high"?!, etc.

Regardless of whether the language  explicit or implicit!

is natural or structured, there are basic components which are coo+on

to all. In collaboration with Verplank the fundamental elements of

manipulator language have been identified:



VARIABLES � A quantity of data identified by a symbolic name. There
are two types of data quantities associated with manipulator languages�
state and program variables. The appropriate state variables have been
identified previously  Section 3.3!. Examples of program variables are
counters, flags, etc.

DECLARATION STATEMENTS � Non-executable statements  i.e., they do not
perform an action or operation! which simply specify a gi ven condition .
For example, a declaration could state that the entire command string
should be interpreted in joint coordinates versus, say, vehicle coor-
dinates.

ASSIGNMENT COMMANDS � Replaces the current values of a variable with
the quantity specified by the command. Assignment commands can
direct! y assign a value, call for input from sensor readings, or re-
quest symbolic/analogic input from the operator.

ACTION COMMANDS � Primitive manipulator commands that request a physi-
cal response from the arm. These commands control the state variables
 e.g., position, angular velocity, torce, etc.!. The requested action
can be either absolute or relative to the current state and expressed
in any state space  e.g., joint coordinates, hand coordinates, vehicle
coordinates, etc.!.

OPERATION COMMANDS � Commands used to modify, transform, and manipu-
late both the state and program variables. As examples, an operation
can request a transformation from one coordinate frame to another,
an addition of two variables, etc.

FLOW-CONTROL COMMANDS - Higher level language commands that regulate
the direction of the program based on tests and branching. Flow-con-
trol commands allow the user or implicit compilier to exercise exter-
nam control over the sequence of execution. Tests are either performed
on the state variables  position, force, etc.! or the program vari-
ables  coun ters, flags, etc.!. For example, program flow could be re-
directed if a touch sensor is activated or a force encountered.

COMMUNICATION COMMANDS � Commands used to request or deliver some
form of man-machine interaction . An example, would be a command,
that when executed, displays a message or outputs an audible signal,

SUBROUTINE CALLS - Sequences of programming elements whi ch have been
identified by a symbolic name so that the sequence can be executed by
one reference  Note � A subroutine call is not an implicit language
as a translation is not being performed!. Subroutine calls are impor-
tant because they allow a complicated procedure to be executed as a
sequence of less complicated tasks  subroutines!.
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Several of these fundamental elements are similar to other

programming languages  FORTRAN, APL, etc.!, and, therefore, many of

the procedural and design rules which apply to computer science are

also applicable here. For example, individually named variables

should be used to allow personal labeling versus fixed names such

as "1" through "j", programs should be structured to avoid confusion

but not at the cost of execution speed, etc. Many design questions

are still actively debated. For example, what is the best method

to terminate a command or lin~ SEND command, a carriage return,

or an automatic termination when the expected information has been

obtained?

Generally, a supervisory manipulator language should have
I�4, 24, 42,43,44

the following attributes:"

1! Easily learned, read, debugged, and used

2! Constrained and standardized code

3! Reel-time command modification  editing!

4! Real-time code generation

5! Mani pul ator independent

6! Easily commented

7! Easily upgraded

8! Appl ication  task! flexibility
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In conclusion, it has been shown that there are two methods

of generating code for manipulator languages � explicit  human planning!
and implicit  machine planning!. Although implicit languages appear

to be more efficient communication modes, the machine planning time

can significantly reduce their effectiveness for real-time supervisory
systems. It is too early in the development of supervisory manipula-
tion to define an optimal language, but a compromise between the two

which allows the operator to perform the higher functions of plan-

ning and world-modelling, letting the computer do the simpler plan-
ning and world-modelling, would probably result in an optimal system.

It is possible, though, to project the future development of supervisory
manipulation as a gradual change from explicit languages to implicit
languages as the computer planning time approaches that of the op-

erator.

Languages can be further divided into constrained and natural

communications. Constrained languages are more efficient compared to

natural languages but require a complete knowledge of the specific

code . Again, it is too early to predict whi ch will result in the

optimal system, but it can be assumed that a combination between the

two will become more prevalent.

Manipulator languages have basic components which are

Fundamental~ariables, declaration statements, assignment commands,

action commands, operation commands, flow-control commands, communica-

tionn commands, and subroutine calls. Although many procedural and



design rules have been determined there are steal many questions

which remain unanswered.
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CHAPTER IV

SUPERMAN: A SYSTEM FOR SUPERVISORY MANIPULATION

STOP, DEFINE, or EXECUTE. Secondaryof the three primary states

states  TAKEOVER and EDIT! can only be entered through one of the

primary states.

To investigate supervisory control of a remote manipulator,

an experimental system called SUPERMAN was created. The system was

built on the theoretical foundati on outlined in Chapter 3. Before

proceeding with the specific SUPERMAN design details, a summary ex-

planation of the system will be necessary.

Figure 4-1 shows the general relationships between the

multiple inputs  keyboard, dedicated symbolic keys, and analogi c

inputs!, the computer states  STANDBY, DEFINE, EDIT, EXECUTE, STOP,

and TAKEOVER! and the control modes  RATE, MIXED MASTER/SLAVE AND

RATE, MASTER/RAVE, and COMPUTER control!. The solid rectangles

in the figure represent computer states with the exception of the

rectangles with circles whi ch represent control mades. The man-

machine interfaces are represented graphi cally on the left of the

figure  The joystick, TV moni tors and switches on the computer inter-

face are not shown!. The solid arrows in the figure indicate

transitions between states, the dashed arrows represent input sig-

nals, the half-arrows indicate control mode conmunications, and the

dottled lines represent output signals. Control normally resides

in the STANDBY state. Through this state the operator can enter one





With the basic foundation established, the factors which

influenced the design of the SUPERMAN system will now be considered.

4.l SUPERMAN Oesi n Considerations

In Chapter 3 it was stated that there are four design

factors which should be considered when bui idi ng a supervisory sys-

tem;  a! manipulator/processor selection;  b! control philosophy;

 c! interface design; and  d! control language. Each of these

factors will be dealt with separately.

 a! Mani ulator Processor Selection

Unfortunately, the selection of the manipulator was not

determi ned by geometric constrai nts  i.e., solvabil ity and generality!

but rather as a matter of availability. The selection of the pro-

cessor was also predetermined. Therefore, to achieve better perfor-

mance of the overall system these components were modified.

The SUPERMAN system uses an Argonne National Laboratory

master/slave manipulator  Figure 4-2!. The modifications to the

arm consisted of mechanical and electronic alterations which were

the direct result of a change from syncro/resolvers to potentiometers

for position feedback. Modifications to the geometry of the existing

arm were impractical, and therefore, only minor changes in gearing

were done. Details of the modifications made to the arm can be found

in Appendix l3.
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The manipu]ator/computer interface designed for the project

has 32 analog to digital inputs, 16 digital to analog outputs, 32 digi-

tal inputs and 16 digital outputs. The central processor, affectionately

known as Murphy, is an Interdata Model 70 with 64K bytes of memory.

The M70 is interfaced with two Diablo disk drives and a modified Imlac

vector plotting scope. The processor performs a hardware floating point

multiply in 54.0 q seconds and has a basic register-to-register instruc-

tion time of 1.0 p seconds. Many of the program simplifications would

not have been necessary had a faster processor been available. On

the basis of these recommendations the Man-Machine Systems Lab is pur-

chasing a PDP-ll/34 for future studies. The future SUPERMAN system

may even use a form of distributed processing by assigning display

and joint driving functions to microprocessors.

 b!

The control modes which were implemented on the SUPERMAN

system are explained in the STANDBY section. It was decided that

only the fixed and adaptive control strategies would be used as the

1 earni ng and cognitive control strategies are beyond the realm of

this study. The adaptive strategies consist of a command which re-

cords the slave posi tion for use during the next execution and the

implementation of the relative technique discussed in Chapter 2.

The SUPERMAN system presently uses proprioceptive sensors

for position, velocity,and torque. Although the system does not use

any exterocepti ve sensors, it performs many functions which would
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normally be done through exteroceptive information; the difference

being a matter of convenience and accuracy. For example, the end

effector force vector can be approximated through proprioceptive

joint torques.

The complexity of many of the control a'1gorithms requires

that the details be explained in the sections dealing with the

SUPERMAN language. Hence, only the mathematical control algorithms

for position/orientation and linear/angular velocity control will be

considered in this section.

[26 ]
The three algorithms identified by Bejczy, terminal

point control, path control and resolved position/rate control,

were implemented on the system to drive the slave servos. The first

control algorithm, terminal point control, is obtained when the op-

erator specifies an end point through the DPATH command. When ex-

ecuted, the algorithm outputs a third order polynomial between the

starting position and the desired end position. The parabolic vel-

ocity curve  derivative of the polynomial! is given zero initial

and final velocities as boundary conditions. The control algorithm

calculates the time required for each joint to reach its final

position and then uses the slowest joint time as the total path

time for all six degrees-of-freedom. Using the slowest joint time

insures that all the joints have sufficient time to reach the final

position. Hence, the algorithm chooses an optimal path time to in-

sure that all joints arrive at the desired position at the same time.
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The operator has the option of using a path control al-

gorithm through the TPATH  through-path! command. The operator can

specify any number of through-points that the manipulator is to

traverse on its way to the final point. The maximum velocity that

the end effector can have as it moves through the point is calculated

from an empirically derived curve. With the initial and through-point

velocities known, the algorithm is able to fit a smooth third-order

po1ynomial between the two points in real-time. For the calculation

of the next through-point the previous point's velocity becomes the

initial velocity for the new curve. This process is repeated until an

end point is reached with a final velocity of zero. If the processor

does not detect an end-point  DPATH!, the computer automatically gives

the 1ast through-point in the sequence a zero velocity. The path

control algorithm calculates the slowest joint and then drives the

joints to arrive at the through-point at the same moment in time.

 The equations used for the termina'l point algorithm are actually

a subset of the path control algorithm since the initial and final

velocities are set to zero for the terminal point!.

Figure 4-3 shows the joint rotations for a number of through-

points  TP! and an end-point  DP! given an initia1 execution manipu-

1ator posi tion   IP!. Note that the second through-point in the path

has a zero velocity because of a change in path direction. The

dashed line in the figure is the joint, rotation as a function of time

for the terminal point algorithm.
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Figure 4-3: Illustration of the Terminal and Path Control Algorithms
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Resolved position/rate control al gorithms are empl oyed

in many of the manual control modes  time delay, resolved rate

control, indexed manual control, etc.!. See the STANDBY section

for further detail s of the position and rate control algorithms.

 c!

The man-machine interfaces were designed to use multiple

communication channels for redundancy and effective interaction.

Whenever possible, tactile, visual and audio signals are returned

to the operator to insure detection of the action. Inputs to the

SUPERMAN system include an ASCII keyboard, a dedi cated analog-symbolic

interface  DASI!, a three axis spring-centered joystick, and a six

degree-of-freedom replica master manipulator. Outputs from the sys-

tem include audible warning tones, graphic and aloha-numeric visual

displays, lights for binary on/off information, force feedback, and

meters for joint torque levels.

To communicate with the manipulator a dedicated analog-sym-

bolic interface  DASI! was created with efficient man-machine in-

teraction as the design criterion. The DASI keyboard is shown in

Figures 4-4 and 4-5. The buttons numbered 0 through 15 on the ri ght

of the control box  Figure 4-5! are used to define computer commands.

Each of the round DEFINE state buttons on the interface responds with

a tactile "click" to give the operator positive feedback that the

command has been entered. For feedback redundancy all DASI buttons

alert the operator with a short 50 ms "beep" from a sonalert tone
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generator and when appropriate, the commanded action is echoed on the

monitor screen. The buttons are grouped according to computer states

and control modes  The grouping of comands will be discussed further

in the individual sections on each state!. A potentiometer with

fine and coarse adjustments is a1so incorporated into the DASI key-

board for analog input. The potentiometer is used for data entry

in the DEFINE state, as a scaling factor for rate control modes,

and to adjust the arm speed during execution.

A piezoelectric transducer  sonalert! is used to give

audible warning signals with a sound intensity of 50 to 80 db. The

sonalert is used to signal �! manipulator collisions with the en-

vironment, �! manual takeover with mismatch, �! imminent movement

of the master arm, �! execution of a relative task which exceeds

the physical limitations of the arm geometry, as well as �! key-

stroke entry.

The screen of the Im1ac vector scope is used f' or display

of �! the contro'1 mode which is in effect or temporarily suspended,

�! the computer state, �! the listing of the file being executed,

�! the task fi1e button assignments, �! position, velocity and

force information, and �! operator cues  see Figure 4-6!. Lights

on the DASI control box are used to indicate control modes, computer

states, and operator cues. Visua1 torque feedback for each joint is

indicated by meters located on each servo-ampl ifier. Visual spatio-
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Figure 4-6: Display Format



temporal feedback consists of two video monitors with one fixed

camera and one zoom camera with remote pan and tilt controls.

 d!

On the basis of the previous'1y cited language considerations

 Chapter 3!, it was decided that the SUPERMAN system would use an

explicit language with a constrained programming code. Whenever re-

quired, a psuedo-grammatica1/syntatic code is used for clear and

precise entry  e.g., IF FORCE > XXX, INCREMENT DOF XXX, etc.!. The

hierarchy of the SUPERMAN code is shown in Figure 4-7. The heavy

lines indicate computer states and the light lines represent

transitions. The figure shows that there are two methods by which

the EXECUTE state can be entered the command register or a task

file.

The command register is a general purpose fi'le which is

executed through the use of the execute button. The command register

is an efficient file through which a task can be defined, tested,

edi ted, and finally saved as either a named subroutine or a task

fi'le.

A named subroutine is a string of commands which has been

saved under a user specified "name". These files can only be execu-

ted by �! retrieving them from the disk and inserting them into the

command register in the DEFINE state, or �! by calling them from the

main program during execution.
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A task file, on the other hand, is a string of commands

which has been through the debugging stage and has been saved under

a specific button for easy execution. Once a file has been saved

as a task file it cannot be edited  The user can change the file by

executing it and then entering the DEFINE state, thereby moving the

task file commands into the command register!.

In the block diagram at the beginning of this chapter

 Figure 4-1! it was shown that the SUPERMAN system has six computer

states � STANDBY, DEFINE, EDIT, EXECUTE, TAKEOVER, and STOP. The

STOP state is self explanatory and no further consideration is needed.

The remaining states will be discussed in the following sections.

4.2 STANDBY State

When the computer is in this state, control resides with

the main program and the operator. By pressing the proper control

console button the user can invoke a control mode, specify a control

constraint, execute the command register or a task file, zero the arms,

list the options currently available, or transfer to the DEFINE state

 Figure 4-8!.

The control mode, as the name implies, is the method by which

the primitive signals required by the slave arm to perform the desired

function  task! are generated. In general, the control mode can be

divided into two categories on the basis of whether the primary con-
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troller of the arm is the human operator or computer.* Under computer
control the processor has complete control over the slave manipu-

lator. The human operator can only interrupt the computer  see TAKE-

OVER or EXECUTE state! or change its goal  see, for example, gOTO in

DEFINE state!. Under a manual control mode the human operator is the

primary signal generator. Manual control modes are generally inde-

pendent of state  e.g., the control mode might be master/slave while

the state is EDIT!. Note, though, that during the EXECUTE state the

manual control mode is temporarily suspended while the computer control

mode is in effect  i.e., during execution the control mode is state

dependent!. Six methods of manual control have been incorporated in-

to the SUPERMAN system:

1! Switch Rate - Each degree of freedom is rate controlled

through a spring-centered on/off switch on the DASI

console. The individual rates are adjusted as a per-

cent of the maximum rates by the DASI potentiometer.

2! Mixed Plaster/Slave and Rate - The master acts as a

springloaded joystick in the X, Y, and Z axes, giving rate

commands to the X, Y, and Z axes of the slave propor-

tional to the displacement of the master. The rate

The term "primary controller" indi cates that in general the human
operator is never in complete control. of the slave arm in any con-
trol mode. For example, in RMRC the human operator is the primary
controller, or action giver, but the computer is ultimately inter-
preting and relaying the commands ta the slave. This is a form of
shared control between the human operator and computer described by
Sheridan and Verplank ~4] ~
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of the slave arm is then reflected in the force-

feedback level which the operator feels in the master

The remaining degrees of freedom  rotation, elevation,

azimuth, and end-effector! are control ted in a master/

sl ave mode. The potentiometer on the control console

can be adjusted to set the sensitivity of the joystick.

3! Variable Rate Joystick � A three degree of freedom

sprin gl oaded j oysti ck  Fi gure 4-9! outputs rate si gnal s

to the X, Y, and Z axes of the slave proportional to

the joystick displacement. The X, Y, and Z axes of the

master arm are then locked in position, creating another

joystick for the remaining rotational degrees of freedom.

The potentiometer on the DASI console can be adjusted

to set the sensitivity of the joysticks.

4! [' taster/Slave without Force-Feedback - The slave manipu-

lator duplicates the position of the master, but the

master is completely unaware of the slave position.

The force the slave exerts on its environment is pro-

portional to the difference in position between the

master and slave.

5! Master/Slave with Force-Feedback - Any position error

between master and slave applies a driving force to

the corresponding motors on both master and slave

but in opposite directions to nullify the error.
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Fi gure 0-9: Three l3egree-of- Freedom Joyst i ck
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Thus, any force exerted on the slave is reflected

to the master giving the operator the impression of

actual contact with the environment. The force exerted

by either arm is proportional to the position disparity

between the master and slave. Potentiometers on each

degree of freedom can be used to adjust the amount of

force-feedback  gain!, damping, and tach feedforward

of both manipulators  See Appendix D!.

6! Indexed Naster/Slave and Rate � Within a specified

boundary the master am gives direct incremental

position corn@ands to the slave. But once the master

is pushed beyond the imaginary boundary, the master

controller changes to a proportional rate joystick

and the operator feels a counteracting force which is

proportional to the rate of the slave. The operator

can return to position control by moving the master

back into the boundary. This combination allows the

operator to efficiently switch between the two major

forms of manual control rate and position. Since

this mode frequently trades between rate and position

control, an offset will usually exist between the

master and slave positions.

Whenever a control mode is changed it is necessary to initialize the

master position to the current slave position  when a master/slave
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mode has been selected! or to some zero reference position  when a

rate mode has been selected!. To avoid possib1e operator harm the

computer warns the user through the DASI sonalert before movement of

the m4ster. During initialization movements the master arm is con-

tinuously checked to determine if a collision has occurred to prevent

unnecessary damage to the arms and further protect the operator.

Whenever control is passed to the master the arm gives a small jerk

to indicate the trade  i,e., this is a form of apparent trading of

control}.

Although a time delay is not a form of manual control, it

is a control constraint which may be imposed for experimental purposes

 under a time delay the slave arm would be driven to duplicate the

position of the master after an interva1 of time had elapsed!. The

time delay is entered through the STANDBY state at the same time the

control mode is specified and can be set to any time between 0 and 6

seconds by the DAS1 potentiometer. Other control constraints which

wi 11 be implemented in the future on the SUPE@ON system are coamuni-

cation blackouts, limited communication bandwidths, and limited or

frozen degrees of freedom.

Through the STANDBY state the operator can zero both the

master and the slave manipulators  PE2 button on the control mode

plate!. The zeroed position can be used to calibrate the arms or

as a convenient reference. A list of system options is also available

by pressing the "OPTIONS" button  Figure 4-8!. Each option is ob-
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tained through the LDAT switches on the Interdata front panel. The

foll owing options are currently available:

1! LDATS�2j - Time Delay

2! LDATS�3! � Disregard Takeover Commands

3! LDATS�4! - Rate with Joystick

4! LDATS�5! � No Force-Feedback

The operator can also execute the command register, execute a task

file, or transfer to the DEFINE state from the STANDBY state. Each

of these actions can be initiated through the corresponding button,

signaling a change of state from STANDBY to EXECUTE or DEFINE.

4.3 DEFINE State

DEFINE is the primary state through which the operator

enters a string of commands to be executed at a later time. Once

the DEFINE key has been pressed, coamands are entered by one of the

sixteen specially dedicated buttons for each function  Figure 4-10!.

Each of the buttons used in the DEFINE state has dual functions. The

second function for each button is denoted in gold letters below the

button, whereas the major function is in black letters above the

button  The small lettered commands in Figure 4-10 represent the

gold commands on DASI!. To enter a second command the operator simply

pushes the 2 � button and then the desired function key.nd
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[Button Push]

 Pot Inputs!

Button keystrokes are denoted by brackets.

Potentiometer inputs are denoted by paren-
theses.

"Keyboard Entries" Keyboard entries are denoted by quotes.

COMPUTER REPLIES Computer replies are denoted by capital
letters.

The dedicated-button commands associated with the DEFINE state are:

Button
Command and Def1nition ~Usa aNumber

END [END]
Final command used to signal completion of DEFINE state.

SAVE [SAVE] "NAME"
[SAVE![TASK FILE N]

Used to save the command register on the disk as either
a task file or a named file. A task file can be recalled
only by one of eight buttons in the STANDBY state, where-
as a named file is saved under a user-designated title
and can only be recalled by the same name through the GET
button �! in the DEFINE state or as a subroutine in the
EXECUTE state.

EDIT [EDIT]
Enters the EDIT state  Section 4.4!.

2ND [2ND]

Used to signal that the second function of the dual
command keys will be used.

ERASE LAST LINE [ERASE�]
Used to erase the last entry in the command register.
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A listing of each button and a definition of its function

is given on the following pages. The general format that will be

used throughout this text will be as follows:



GET [GET] "NAME"

Used to retrieve a named command file from the disk either
as a subroutine in the EXECUTE state or inmediately in the
DEFINE state. GET asks for the name of the file to be re-
called and then locates the file. If GET is to retrieve
the file iomediately it will read the file, string it on
the end of the command register, modify the statement
numbers, and return for further input. Otherwise it wi11
insert a subroutine call in the command register which will
retrieve the file at execution .

RESET [RESET]

Used to initialize the necessary internal variables and the
command register to zero.

THROUGH PATH [TPATH]

Records the present position of the am for use in EXECUTE
as a through-point.  A through-point is a position which
the operator desires the arm to move through without stop-
ping, i.e. non-zero velocity point.!

[IF.GT.][DOF] XXXX!IF DOF FORCE.GT.

EXECUTE NEXT COMMAND

If the force 1 eve'1 in the desired degree of freedom  DOF!
is greater than the level set by the operator  XXXX! the
following command is executed. If the force level is
less than the level set by the operator, the command is
skipped during execution. The user enters the IF FORCE.GT.
command, then the desired degree of freedom, and adjusts
the f orce 1 evel through the po tenti ometer.

GRASP WITH FORCE XXXX [GRASPl XXXX!

The user enters the GRASP command and adjusts the force
level through the potentiometer.
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INCREMENT DOF XXXX [INCl[DOF] XXXX!

Makes an incremental motion in the desired degree of
freedom by a selected value. The user enters the INCREMENT
command, then the degree of freedom  DOF!, adjusts the
desired increment XXXX through the potentiometer and
presses the READ POT button directly beneath the potentio-
meter.



DISCRETE PATH [DPATH]

Records the present position of the arm for use in
EXECUTE as a terminal point. During execution, the
slave arm is moved from its current position to the
recorded position with zero final velocity.

LABEL N [LABEL][N]

Labels a position in the comand register which can be
returned to through a GOTO command. The user presses
the LABEL button and then the number N of the desired
label.

GOTO N [GOTO][N]

GOTO is a conditional corrlrrand which moves to label N un-
less the operator signals during execution to change the
branch to [M] by pressing a different button . To enter
the command the operator presses the GOTO button and then
the number N of the label to which GOTO should branch.

[OPEN]OPEN

Open jaws.

ABSOLUTE [abs]

Informs the execution compiler that the command register
is to be executed exactly as recorded  see RELATIVE!.
The user enters the absolute corrmand by pressing the 2ND
button [¹3] and then the ABSOLUTE button [¹0].

RELATIVE [rel]

Informs the execution compiler that the positions in the
command register are to keep the same relative displace-
ment with respect to each other, but are to be trans-
formed so that the first position following the RELATIVE
command corresponds to the position of the slave at, the
time of execution. A RELATIVE command can be cancelled
by an ABSOLUTE conmand, with the result that only the
positions between the RELATIVE and ABSOLUTE commands are
transformed. The user presses the 2ND button [¹3] and
then the RELATIVE button [¹1] to enter the command in the
regi ster.
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CONTINUOUS PATH [CPATH]

Records the position of the master manipulator every 0. 1
second for use in EXECUTE. A continuous path is achieved
by interpolating between the recorded positions.



MESSAGE [msg] "MESSAGE"

Allows the operator to enter a message which will be
displayed on the monitor screen when the message com-
mand is reached in the command register.

2ND- 2

ALERT [alert]

Sounds the sonalert on the DASI control console for
1/2 second when this command is executed.

2ND -3

Available button command presently not assigned.2ND -4

SPEED ADJUST [speed]

Allows the user to fix the velocity of the arm during
execution from 0 to 100 percent of the maximum velocity.
The speed is permanently set until another speed ad-
justment is encountered in the command file to turn it
off.

2ND � 5

DO LOOP [do][N][I]

During execution the processor will execute all com-
mands through label N, I times before continuing be-
yond label N.

2ND-6

ADAPT XYZARL [adapt][X][Y]...

When executed this command records the slave position and
stores the appropriate degrees of freedom, [X][Y]..etc.,
in the calling file. This command results in a permament
modifi cation of the calling file, and therefore, should be
used with discretion. 'Hhen the file is executed again the
manipulator will return to the modified position instead
of the originally recorded position.

2ND- 7
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Throughout the DEFINE state the yellow DEFINE button remains

lit indicating that the current computer state is DEFINE. The computer

visually signals that it is ready for command entry at the lower left

corner of the monitor screen with, "ENTER DEFINE COMMAND." The ENTER

COMMAND light on the DASI console also signals the ready condition.



To assist the operator in command entry the dedicated buttons respond

with a positive click and a beep from the DASI sonalert. As each com-

mand is entered they are echoed on the screen in the coneand register

 Figure 4-6! to give visual confirmation of the comnand to the operator.

Whenever input from the DASI potentiometer is required the sca'led

values  force, distance velocity, etc.! are shown on the lower right

corner of the screen with an appropriate title The computer also

checks the logic of command entry to insure that the operator has entered

the required keystrokes. If an illogical sequence of strokes is en-

countered the computer responds with an error message and resets the

register for continued entry.

Since the first entry in a cemand string must declare the

file as either absolute or relative, the processor automatically in-

serts an absolute  AHS! ccemand in the register if the first button

pressed is not a relative  REL! declaration.

Vpon completion of the DEFINE state by the operator the sys-

tem compiles the command register and preprocesses all relative com-

mands and force statements. Preprocessing in the DEFINE state de-

creases the number of execution calculations, and hence, the time re-

quired to execute the task  see Chapter II for the appropriate pre-

processed calculations!. As noted in Figure 4-1 the EDIT state is

entered through the DEFINE state. The EDIT state will be discussed

in the fol1owing section.
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4.4 EDIT State

1! CHANGE A LINE

2! INSERT A LINE

3! DUPLICATE A LINE

4! DELETE A LINE

5! LIST COMMAND REGISTER

6! RETURN TO DEFINE

The editor checks the logic of keyboard and command entry to insure

the proper sequence of keystrokes has been entered. If an illogical

sequence is encountered the editor returns with an error message and

initial izes the editor for further command entry. Errors encountered

in the EDIT state are shown in the message area of the screen  Figure

4-6!. Some of the editor messages are:

COMMAND REGISTER IS FULL LINE INSERTION IS NOT POSSIBLE

ILLEGAL EDITOR COMNAND

FILE RETRIEVAL NOT ALLOWED BY EDITOR

SAVING OF FILES NOT ALLOWED BY EDITOR

The EDIT state allows the operator to modify a command

register which has been previously defined. Since it is required

that the file be defined before editing, this state can only be en-

tered through the DEFINE state. Once in the EDIT state, input to

the system is primarily through the keyboard. Whenever DASI entries

are required the computer cues the operator with, "ENTER DASI COMMAND."

The following options are available after entering the EDIT state:



WRONG KEY NUMBER ENTERED TRY AGAIN

CONTINUOUS PATH EDITS NOT ALLOWED

4.5 EXECUTE State

This state suspends the manual control mode in effect and

executes the string of comnands in the command register or task file.

The EXECUTE state is entered through the STANDBY state by either the

EXECUTE button  i.e., the command register! or one of the TASK FILE

buttons. When a file is executed the master arm position is frozen

 master/slave or combined modes!, the computer performs the required

relative calculations, executes the file, returns the slave arm to the

initial execution posi tion, and returns to the suspended manual con-

trol mode in STANDBY. The green EXECUTE button remains lit throughout

the EXECUTE state regardless of whether the command register or a task

file is being executed. Figure 4-11 shows the relevant button inputs

for the EXECUTE state.

To facilitate in the testing of a file the cormand register

allows the operator to step through each line of the program as well

as to vary the maximum speed of the manipulator. During step execu-

tion only one command in the register is executed each time the EXECUTE

button is pressed. The operator can also move up or down in the

register by pressing either of the arrowed buttons  Figure 4-11!.

Whether in step mode or run mode the computer's position in the

execution register is indicated by two congruent arrowheads  »!

which dynami cally move through the register as the file is executed.
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The computer performs all relative calculations iomediately

after the EXECUTE button has been pressed. If the execution file

 command register or task File! contains a relative declaration and

the calculated arm configuration cannot be physically satisfied, con-

trol is returned to the STANDBY state and the following message is

given to alert the user.

EXECUTION CANCELLED

EXECUTION FILE HAS A RELATIVE DISPLACEMENT
WHICH EXCEEDS THE MANIPULATOR WORKSPACE

During execution the processor continually checks the status of the

button labels  Figure 4-11, numbered buttons! to determine if the op-

erator has requested a transfer to a specified label in the execution

register. If the label has not been defined previously, the computer

returns with an error message  LABEL X UNDEFINED! and waits for fur-

ther instructions before proceeding.

If the operator desires to take control during execution

there are two methods available. The user can take irreediate control:

�! by pulling on the appropriate manual control stick  see TAKEOVER

section!, or �! by pressing the STOP button. All action ceases after

the STOP button has been pressed until the human operator signals for

continuation  green EXECUTE button!, branch to a specified label in

the register  GOTO button and then label number!, or return to

STANDBY and the suppressed control mode. Under an emergency situation

the operator can also stop the manipulator action by hitting a red
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panic button which completely powers down the manipulator and

servoelectroni cs.

Whenever the comput: er is in control of the arms the force

levels of each joint are continuously monitored for excessive levels

to protect the arms and environment. The manipulators are further

protected by independent fuses on each degree of freedom  For in-

experienced operators a lower amperage fuse is used than for an

e xpe ri en ced use r! .

If the arm collides with its environment the processor

responds by alerting the operator with a series of rapid beeps from

the DASI sonalert and a flashing message on the monitor screen,

while simultaneously backing away from the object to relieve the

static forces. The message which flashes on the screen is as follows:

MAX FORCE LEVEL EXCEEDED

After the static forces have been relieved, the sonalert stops and the

flashing message is replaced by the following message:

MAX FORCE LEVEL EXCEEDED

EXECUTION STOPPED PRESS CONTINUE TO PROCEED

By pressing the STOP button the user is transferred immediately to

the suspended manual control mode in the STANDBY state. If the CONTINUE

button is pressed the computer will attempt to continue execution of

the task from the location that it encountered the excessive force

levels.
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As mentioned in the DEFINE section, SUPERMAN has the

capability of recalling subroutines by name during execution.

Whenever a subroutine call is encountered in the execution register

the cue pointer  »! stops on that call as the file is retrieved.

Once the subroutine has been located, the execution register on

the screen is replaced by the subroutine register. The subroutine

register is then executed as if it were a command file or task file.

Upon completion of the subroutine the computer returns to the calling

register, restores the original cal'ling values and proceeds with the

mainline execution. If the subroutine cannot be located on the disk,

the computer returns with the following error message and returns

control to the operator through the STANDBY state:

"name" UNDEFINED

Subroutine resti ng is presently not allowed. Therefore, if a subrou-

tine file is encountered which calls another subroutine the following

error message is returned and the computer continues execution of the

calling register:

SUBROUTINE NESTTING IS NOT ALLOWED

As noted in Figure 4-1, the TAKEOVER state is entered through the

EXECUTE state. The TAKEOVER state will be discussed in the following

section.
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4.6 TAKEOVER State

TAKEOVER is a transition state between the two primary con-

trol modes, i.e., from computer control to the manual control mode in

effect before the EXECUTE state. The operator enters this state and

overrides the computer by pulling on the appropriate control input

 i.e., the master whenever the suspended control mode involves position

control; or the joystick or rate switches whenever the suspended con-

trol mode involves rate control!. The TAKEOVER option is available

in all six manual control modes.

Manual over ride of an autopilot has been studied in con-

siderable detail in the past, but manual takeover from a computer

controlled manipulator is essentially an uncharted realm. User in-

tervention with an autopilot is a relatively simple task which in-

volves disengaging the autopilot control and moving the joystick

in the direction of the desired rate change. The control stick

signals represent rate commands, and therefore, discontinuities in

di spl'acement do not occur. Similar attributes  i.e ., simplicity

of takeover and continuous displacement commands! are necessary for

user intervention of a computer controlled manipulator. Rate control

of a manipulator closely resembles the rate control of an airplane;

therefore, manual override of a rate controlled manipulator can be

implemented in much the same way as an autopilot. But if control

were suddenly passed to the master/slave mode, the pos~ tion signal

from the master would probably be different from the previous com-
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puter signal to the slave and there would be a discontinuity in the

displacement comnand. Clearly, manual override of a position con-

trolled manipulator will present a new set of problems.

To prevent a jump in the position commands during manual

override, either the master must continuously follow the slave's move-

ments so that at the moment of takeover the two are properly aligned,

or the difference in the position of the master and slave arms at the

instant of takeover must be artificially maintained. It is not

practical to have the master follow the slave, as some motions are

too complicated for the human operator to follow. Therefore, the

only other possibility, if position control is to be used, is to allow

an initial mismatch between the maste~ and slave.

If the joints of the master and slave are not equal when

manual takeover occurs, geometric cross coupling can occur,

destroying the spatial correspondence between the master and slave end

effectors. Since position control requires that an offset be put

i nto the control loop when control is passed to the master to main-

tain the initial mismatch, it would be expected that a stimulus-response

incompatibility wi11 occur. If the offset is a'llowed to remain through-

out the emergency task, this incompatibility could have -serious effects

on the human operator's ability to function properly if the emergency

task requires anything more than a simple retreat motion. Clearly,

*Geometric cross coupling is a phenomenon where a master motion in one
hand coordinate corresponds to a slave movement in an unexpected hand
coordinate due to a geometric difference between the master and slave
joints  see Appendix A!.
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the mismatch should be removed as quickly as possible. But, if the rate

of decrease is too fast, the change in mismatch would be more detri-

mental than the offset alone, and if the rate is too slow the offset

would remain throughout the duration of the emergency task. It is

necessary, therefore, to find a rate of mismatch decrease which does

not interfere with the operator's normal response, and yet, reduces

the offset to zero in a reasonable time.

Figure 4-12a demonstrates a master/slave manipulator at

the instant of takeover  takeover!. After some increment of time at,

the offset of the slave arm with respect to the master will decrease

by an increment ay  Figure 4-12b!. Eventually, the total number of

increments will equal the original offset and the mismatch will be

completely removed  Figure 4-12c!. During the removal of the offset

a transient condition wi11 exist between the initia11y mismatched

takeover and the final master/slave mode. The period of time during

which the transient effects will be observed  nest! is a function of the

initial mismatch distance  y . t h! and the rate of offset decrease
mi smatch

 ay/at!. Since the initial offset cannot be directly controlled the

total mismatch time can only be adjusted by the offset decrease rate

as mentioned previously.

Experiments were performed to study some of the character-

istics of the takeover problem  see Appendix 8!. Through these ex-

periments a subjective decrease rate was determined using accuracy

and path time as criterion. Clearly, if the emergency task does not
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 a! Master/Slave Manipulator at Instant of Takeover

 b! Master/Slave Manipulator After Time dt

+ht

 c! Master/Slave Nanipulator After Mismatch is Dissolved

Figure 4-'t 2
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require a high degree of accuracy, a faster decrease rate would allow

the arms to approach a true master/slave mode more quickly. But the

computer cannot determine the accuracy needed by the human operator to

complete an unpredictable task  i.e., an emergency task!. To avoid

this problem the KPERMAN system begins cancelling the offset with

a fixed rate, and then, if the operator wishes to increase the rate,

he can do so by pressing the STOP button until the desired speed is

obtained. If the initial mismatch is small the offset is usually

cancelled before the operator is aware of it. If the offset is

larger, the operator has the option of �! adjusting the rate to

a value suitable for the emergency task or �! working with the

initial decrease rate. Since the mismatch must be dissolved before

control is passed to the STANDBY state, the computer will not allow

the operator to exit the TAKEOVER state until the offset has vanished.

The diamond in Figure 4-1 signifies that after the mismatch has

been removed, the operator has the option of moving into the STANDBY

state by pressing the STOP button, or continuing the EXECUTION state

by pressing the CONTINUE button.

4.7 Exam le SUPERMAN Pro rams

To demonstrate some of the features of the SUPERMAN system

a number of simple programs will be considered. The examples chosen

characterize the relative ease and speed of program entry important

attributes for a real-time supervi ory system.
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Each line of the command string depicts the symbol ic and

anal ogic inputs required of the operator to graphically demonstrate

program entry. The fol lowing symbols will be used to represent

the actions required of the human operator:

[BUTTON PUSHj

  POT RE A D IN GS !

"KEYBOARD ENTRIES"

ANALOG INPUTS

The order of each symbol from 1 eft to right indicates the sequence

of command en try. For exampl e,

woul d mean that. the operator positions the slave, presses a button and

then adjusts the DASI potentiometer. To further clarify the program

entry procedure actual pictures of the manipulator are included when-

ever a position is recorded  DPATH, TPATH and CPATH!.

As the first example consider a string of commands to take

a nut off of a bolt and put it in a box. This program can be broken

down into two major sections; one removes the nut and the other places

it in the box. Since the user would prefer one nut removal program

to be used for all nuts regardless of the orientation of the nut, a

RELATIVE command should obviously be the first command in the regis-

ter  The RELATIUE command and all of the following commands are

described in the section on the DEFINE state!.



1 [RELAT I VE]

3 [DPATHj

5 [DPATH]
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2 [LABELj [1]

4 [GRASP] �00!

Relative fi Ie decl aration.
Location of nut in space
is not known prior to
executi on.

Place the sl ave on the nut
and record that position
by pressing the DPATH but-
ton.

Turn the end effector
180' and record that
position.



8 LGO TO] [2]

9 [GO TO] [3]

12 LOPEN]
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6 3 INCREMENT] [Y]  -300!

7 [IF FORCE.GT ] tY]  IOO!

10 [LABEL] [2]

l 1 LIN CRESCENT] [Y] �00!

Increment the slave by
300 counts in the direction
that would pull the nut off.

If the force in the Y
direction is greater than
100, the nut is still on
the bolt, therefore ex-
ecute the next command.

If the force is less than
100 in the Y direction, the
nut is free and this command
would be executed.

Return the arm to position
before incrementing in
command 46.

Release the nut.



13 [GO TO] [1] Return to LABEL 1 and
continue turning the nut.

14 [LABEL] [3] End of the first part of
task. The nut is off.

[SAVE] "NUT-OFF" Save command register as
the named file "NUT-OFF"

 typed in at the keyboard!.

1 [ABSOLUTE] Declare file as absolute.
The box will always be in
the same location

2 [TPATk]

Hove the sI<.ve to a position
just over and above the out-
side edge of the bucket and
record thi s pos it i on by
press i ng the T PATH but ton.
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The second part of the task requi res the manipulator

to place the nut in a box. The enti re command register for the

program to put the nut in the box would be as follows:



3 [DPATH] Move the slave to a position
over the center of the
bucket and record the
position.

I OPEN]

5 LT PATH]

Enter the same position
as recorded in command 42
by duplicating line 2.

LSAVE] "NUT-IN-BOX"

At this point the operator could call either program as a

subroutine and execute it. The NUT-OFF program would simply take the
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nut off and return control to the calling program as soon as the nut

was free. The NUT-IN-BOX program woul d move to the bucket, release

whatever was held in the end effector, return to the position it was

called from, and continue with the calling program. Hence, the NUT-IN-BOX

program could be used as a generalized sampler to put whatever was re-

quired in a sample basket, But the present status of these files

 i.e. a named file! requires that the operator type in each name to

obtain the file to execute it or call them from within another program

as subroutines. If the operator performs the following commands the

file will be saved as a task file which can be immediately executed at the

touch of a button:

[GET] "NUT-OFF"

[GET] "NUT-IN-BOX"

The computer will reply by stringing the two files together in the

command register  renumbering GOTO and LABEL statements if necessary!

as shown in Figure 4-13. The operator would then enter:

t SAttE] "TASK-FILE"

and press the button which will retrieve the file  e.g., button Nl!.

To remove a nut and put it in the box the operator simply presses the

same button, the execution compiler transforms the first hal f nf the

register relative to the position of the slave at the instant the but-

ton is pressed and then executes the program. After the nut is re-

moved and placed in the box the slave returns to the operator's position

and the computer relinquishes control.
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Figure 4-13: Display for Combined NUT-OFF and NUT-IN-BOX Program



To further demonstrate the SUPERMAN programming capabilities

a string of commands to open a valve will be considered, Again, since

the user would prefer a simple program which could be used on any valve

regardless of its orientation, a relative declaration will be the first

command in the register.

[RELAT IYE I

2  LABEL f [1 j

3 LDPATH] Place the slave on the
valve and record that
position by pressing
the DPAEH button.

4 [GRASP] �00!
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5 LDPATH]

7 [GO TO] [2]

8 [OPEN]

9 [GO TO] [1!

lo [LAeEL] [2]

6 [IF FORCE.GT.] [RE] �0!

Turn the end effector
180' and record the

position.

If the wrist rotation
force during the above
motion is greater than
20 the valve is open
and the next command
shou'Id be executed.

If the wrist rotation force
is less than 20 the valve
is still turning, so re-
lease the valve and continue
opening.

The valve is open.



11 [OPEN] Release the vawve.

l2 [MESSAGE] "VAI VE OPEN" Alert the operator that
the valve is open with
a message.

I END] End DEFINE state.

The computer will string the following commands on the file

and return to the STANDBY state.

DPATH TO RETURN CONTROL

END

The "DPATH TO RETURN CONTROL" statement causes the slave to return to

the initial execution position before relinquishing control to the op-

erator so that the master and slave are matched. The operator would

execute the command register in either the step mode or the run mode

 see EXECUTE section!.

The tasks which have been implemented on the SUPERMAN sys-

tem are: �! tool retrieval, �! tool return, �! auto-sampler,

�! open/shut valve, �! nut-off, �! auto-digger, and �! holt-on

 Listings of each of the command registers for each of these programs

are given in Appendix F!.
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The bolt-on program is particularly sophisticated in that

it recognizes three possible results � cross threading, inability to

engage threads,and completion of task. These patterns are easily re-

cognized through logical statements  i.e,,IF FORCE.GT.,etc.!. Figure

4-14 shows a bolt being threaded into a nut by the computer.

Figure 4-14: Bolting Operation under Supervisory Control

The program initially turns the bolt through 360 degrees while simul-

taneously checking the rotation torque level. If at any time during

the first turn the torque level becomes excessive the bo'lt is cross

threaded. After the first turn the program increments away from the

bolt along the rotation axis and checks the force. If the force is

less than some prespecified threshold level the threads have not

started. Finally, if the force is greater than the threshold level

the computer continues to turn until the rotation torque increases to
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the specified tightness and returns control to the operator.

The tool retieval and tool return programs use the ADAPT

command to detect minor changes in the position of the too'I rack.

When the tool task-file is executed the ADAPT command records the tool

rack position and stores the Y,Z,A,R, and L degrees-of-freedom in the

calling file. When the file is executed again the manipulator wil'I

return to the mod~fied position instead of the originally recorded

position.



CHAPTER V

EXPERIMENTS, DATA, AND RESULTS

The purpose of this study was to determine the applicability

of supervisory control to remote ocean work. Therefore, the objective

of the experiments was to build a framework upon which comparisons of

supervisory and manual control could be made. Unfortunately, two af

the suggested uses for supervisory control  i.e., limited frame rate and

time delayed conditions! were not implemented in time to be experimental-

ly investigated. Hopefully, these results will be obtained in the near

future. In any case these restricted conditions can only degrade

direct manual control and make supervisory control look better. There-

fore the experiments which follow provide a "best case" for direct

manual control relative to supervisory control  or a "worst case"

for supervisory control in such a comparison!.

The manual control modes presently available to the ocean

industry range across the spectrum from switch rate to force reflecting

master/slave. Therefore a fair comparison should at the very least,

include the major control d~visions  position and rate!. It was decided

that two representative control modes from each class would be used.

The two forms of position control were master/slave with force feed-

back and master/slave without force feedback. The two forms of rate

control were switch rate control and joystick variable rate control.
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5.1 Ex rimental Considerations

Previous investigators have found that task completion time

under manual control increases with task complexity. According to a

hypothesis advanced by Sheridan and Verplank it would be expected

that the combined progranming and execution time for a supervisory sys-

tem would a'Iso increase with the complexity of the task. As shown in

Figure 5-1, at some level of task complexity the supervisory control

scheme should become faster than the direct control method. But at

what level of complexity will this occur if it occurs? Or must time

delays and limited frame rates be present for it to occur? The ex-

periments were performed with the expectation that a relationship such

as Figure 5-1 might be found forsome of the control modes. It should

be noted though, that the primary purpose of these experiments was

to demonstrate the usefu1eness of supervisory control for remote under-

sea tasks and not the verification or negation of this hypothesis.

Therefore, the experiments were designed to be representative of

underwater tasks and were not intended to be relative tests of how

complexity affects the completion time  i.e., the tasks were not designed

on the criterion of complexity, but rather applicability to the marine

environment! .

Some of the tasks which could be required of a manipulator

I6,es,v6,47]system in an undersea environment are:

1! assessing damage  poking, prying, etc.!

2! bolting/unbolting



TASK COMPLEXiTY

Figure 5-1: Hypothetical Curves of Task Completion Time Versus
Task Complexity  Modified from Ref. [4j !
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3! welding
4! connecting hoses
5! cutting  pipes, wire, cable, etc.!

6! digging

7! drilling

8! tapping

9! fastening

10! lifting objects

ll! pulling

12! recovery

13! reaching into confined spaces

14! threading cables

15! untangling cables

16! water jetting

17! wire brushing

18! opening/closing valves

19! sampl ing

20! corin g

Several of the tasks in this list require special tools.

Usually the tools per form the desired function directly, requiring

little or no movement of the manipulator once the tool is in place.

Hence, a major portion of the task requires the operator to retrieve

and return the tool.

The following tasks were chosen as representative of the

requi rements of marine manipulation  A brief description of each

will be given as a foundation; detailed explanations of the tasks

and experiments will be given in Section 5.4!:
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GET TOOL � starting from a prespecified position, move to the
rack, grasp the tool, being sure it is properly seated in the
hand, and return with the tool to the initial position.

RETURN TOOL - starti ng from a prespecified position with
tool in hand, move to the rack, replace the tool on the rack
being sure it is properly seated, and return to the initial
position.

NUT-OFI= - starting from a prespecified position, move to

the nut, orient the hand, and remove the nut without drop-

ping it.

SAMPLER - star ting from a prespecified position, pick-up
thirteen randomly placed samples and put them in buckets

according to their size.

V V � i f i i p

move to the valve, orient the hand, and open or close the

valve as required.

DIGGER - starting with a shove'l grasped firmly in the end
effector, fill a bucket with simulated soil.

Bejczy has stated that there are three experimental factors

which should be considered for the evaluation of a manipulator

3<8]

1! Effectiveness of control measured by the binary cate-
gories of "success or failure".

2! evaluated by the combined measure

of

3! Cost of control measured through the "
a lied resources".
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It was decided that the experiments would only consider effectiveness

and quality of control as the cost criteria could not. be implemented

within the time constraints of the project.

It has been shown by a number af investigators that the time

required to perform a task can be broken into a number of distinctly

different motions. For example, one classification divides the

task time for control with a time delay into get, transport, and posi-

tion motions. For a peg-in-the-hole task Hill has shown that

the task has two independent motions which determine the total task

time � trajectory  i.e., gross travel! and precis~on. 4 scheme similar

to Hill 's will be used to describe the task completion time for a super-

visory system using manual and/or computer control:

t ask complexity & +  task location &
control philosophy control philosophy �-1!

where, TT = Task Time
g = Time to locate the task. This tim is a function of

the initial hand/task locations and the control
philosophy used to locate the task  Figure 5-2!.

f = Time to perform the task. This tism is a function
of the task complexity and control philosophy used
to perform the task  Figure 5-2!.

These equations apply to all forms of control, both manual and computer.

I<hen a task is executed by the computer, the location actions can be

performed by manual control, computer control, or a combination of

the two  Figure 5-2!. For example, manual location  g�! of the task

is usually done for relative tasks  Chapter 2!. Computer location  g !
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Figure 5-2: Definition of Location and Performance Time
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of the task occurs when the position of the task can be identified

or is fixed and known  e.g., absolute tasks!. Finally, combined

location actions occur when a task is composed of a number of relative

and absolute subtasks. For example, when the task requires samples

to be placed in a bucket, the action of grabbing the block is a

relative subtask  TT = task time to manua11y grab the relative block

in Figure 5-2!, and the action of moving the block to the bucket is an

absolute subtask  Figure 5-2 !. The total task completion time under

computer control consists of the time it takes to manually find the

sample  TT !, the time it takes the computer to locate the bucket

 g !, and the time it takes the computer to perform the task  f !.
C c

Under manual control the trade from location to performance

actions is continuous, and therefore the determination of the boundary

between these task times  i.e., location and performance! can be

difficult. When a relative task is executed under computer control,

the location actions are usually done by manual control and the task

performance actions by the computer. During the trade from manual

location movements to computer execution movements a discontinuity

in control occurs making the determination of these two times rather

simple  remember, this discontinuity" is a desired result since

trading of control should be "apparent"!. If the location time of a

task can be determined under manual control, it should be possible

to use this time as the location time of the computer controlled

tasks. If the computer execution time is constant, a prediction of

task completion time would be given by:
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TT p +  task location g,
c c gm  manual control mode �-Z!

where,

E = Constant computer execution time.
c

From the above equation it is seen that the total computer task com-

pletion time can be obtained by adding the manual location time to the

execution tine.

As stated the experiments were chosen on the basis that

they were representative of marine manipulation tasks. Although the

tasks were not designed to be relative indices of complexity, it was

hoped that the hypothesis advanced by Sheridan and Verplank couldI:4j

5.2

The spec~fics of the SUPERMN system have been described

elsewhere  Chapter 4!, and therefore, will not be discussed here.

The manipulator laboratory was arranged as shown in Figure 5-3 during

the experiments. Many of the objects schematically represented in the

figure can be identified in Figure 4-2. Figures 5-4 through 5-7 show

the movable task hub, sample buckets, task board, simulated tools,

and tool rack built for these experiments  I'emote, the tool rack in

Figure 5-5 is normally mounted to the base of the manipulator by a

be demonstrated. It was decided that the evaluati on of the experiments

would be based on effectiveness and quality of control. The time

measure would be divided into location and task performance times

to indicate the time spent by each action under computer control.
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Figure 5-4: Task Hub Designed for Experiments

y hP

Figure 5-5: Tool Handles and Rack Designed for Experiments
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Figure 5-6: Proper Seating of Tool Handle in End Effector

Figure 5-7: Movable Task Hub,Task Board, Sample Buckets,and Tool Rack
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cent11ever beam. See the shadow in Figure 5-7!.

5.3

Three classes of subjects were used for these experiments,

one experienced, four we11 trained, and two untrained subjects. Due

to time constraints only three subjects were used for four of the tasks

 tool retrieval, tool return, nut-off and sampler!, and only one subject

was used for the remaining two  open/closed valve and digger!.

The well trained subjects had an average of 20 hours training

given in 15 minute 1nterval s for each of the control modes. On the

average the trained subjects performed '1.5 out of the possible 6 tasks.

Due to the variat1ons 1n time requ1red by each subject to reach a

plateau of performance, some of the subjects performed more than the

average whi1e others performed less. The four trained subjects were

given incentives to perform well in the form of bonuses which would

be awarded to the best combined time and error rates in any control

category.

Generally, after the subjects practiced for 15 minutes with

a particular control mode a simulated task was performed. Unfor-

tunately, during the initial stages of the experiments the simulated

tasks were not run in earnest, and therefore, the subjects tended to

"take it easy". After the author became aware of th1s effect, the

tasks were run under actual experimental conditions to insure subject

cooperati on.
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When the subjects appeared to show a plateau, experiments

were begun. But since the experiments usually stretched over a period

of several days, the subjects were asked to "reperform" some of the

tasks due to a "mistake". If the subjects showed marked improvement

the tasks were performed again until the learning curve levelled off.

One of the subjects was remarkable in that after five minutes of

practice he was achieving faster times than the expert and with a

lower error rate. This subject exhibited almost no learning curve

at all.

The author was used as the baseline experienced subject.

He has over 200 hours of practice on a number of manipulator systems

and intimate knowledge of the SUPERMAN system. It may be reasonab'ly

assumed that the experienced subject underwent little or no learning ~

The experienced subject performed all six of the tasks without a

"warm-up" period.

The untrained subjects had a total of 3 hours training time

for all control modes  i.e., 30 minutes per control mode and viewing

condition!. The learning curves of the untrained subjects were not

observed. The only requi rement placed on their training sessions was

to insure that each control mode was given equal training time.

After the 3 one-hour familiarity and adjustment periods were over the

subjects were allowed 24 hours of rest and the experiments were begun.

None of the subjects had any previous manipulator experience. The

mean times of the untrained subjects were always above the maximum

value of the trained subjects for the same task and control mode.
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5.4 Tasks and Ex eriments

As mentioned, the tasks chosen as representative of marine

manipulation were: �! tool retrieval; �! tool return; �! taking

a nut off; �! sampling;   5! opening or closing a valve; and �! digging.

The experiments involved four different control modes: �! master/

slave with force feedback; �! master/slave without force feedback;

�! variab'le rate control with a joystick; and �! variable rate con-

trol with switches. With regard to the video arrangement, both mono

and two-view conditions were tested for comparison. Each experiment

was performed 5 times to obtain a statistical mean and standard

deviation  see Appendix G!. Both purely manual control and computer

control were used. These conditions, combined with those mentioned

in the previous section, give:

� viewing conditions! x � control modes! x � control philosophies

manual and supervisory! x � runs! x � subjects x 4 tasks + 1 subject

x 2 tasks!= 1120  required runs!

Two of these experiments  tool retrieval and tool return! have con-

stant computer execution times regardless of the manual control mode

used since they do not require manual location time. This reduces the

matrix to 900 runs.

To reduce the number of runs further, the constant task time

equation  Equation 5-2! was used whenever the location time of the task

could be identified under manual control. Since the "nut-off" and

"valve" experiments are relative tasks with readily distinguishable
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location times, these tasks were only performed under manual contro1,

thus reducing the number of runs to 680.

The experiments were scored on the basis of recorded time

and errors. The subjects were not given specific instructions to

minimize either quality, but only to weigh them equally. The experi-

ments were not redone if errors occurred  regardless of the magni-

tude! unless it was impossible to proceed with the task  e.g., a coI-

lision with an object that blew a fuse, etc.!. The tasks were ran-

domized whenever possible to insure that variab les which the experi-

menter was not aware of  e.g., particularly easy or difficult task

positions, short term learning effects, etc.! could be negated. All

tasks started from a prespecifi ed position so that comparisons of

location times could be made across control modes.

8efore proceeding with an explanation of each task and pre-

sentationn of the experimental results, a description of the nomencla-

ture of the graphs which follow will be given:

HS � master/slave with force feedback

MS NO FF8 � easter/slave without farce feedback

JYRC - joystick variable rate control

SVRC � switch variable rate control

SC - supervisory control

The first graph on the top of the page will give the task completion

time as a function of the control mode and viewing condition  see,

for example, Figure 5-10!. Task completion times are given on the
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vertical axis and the manual control modes are given on the hori-

zontal axis. The control modes increase in complexity from left

to right within each viewing condition. The number above each bar

gives the mean task completion time for that control conditi on. The

lines to the left of the manual bars indicate the minimum and maximum

completion times for that control mode. The second graph at the

bottom of the page will give the expected errors as a function of

control mode and viewing condition.

 a! Tool-Retrieval Task

The first task requi red the subject to start with the end

effector positioned over the nut  task hub!. On the experimenter's

signal, the subject moved the end effector to the tool rack, obtained

the tool, being sure it was properly seated in the hand, and returned

to the nut. This task simulated tool-retrieval for many of the tasks

listed in Section 5.1, but in particular it simulated the retrieval

of an impact wrench to free a frozen nut. Figure 5-8 shows the ex-

perienced subject retrieving a tool handle from the rack  The curtain

is normally closed during experiments but was left open here far

visualization!. An action photo of the manipulator retrieving a

tool handle under computer control is shown in Figure 5-9.

The average tool-retrieval times as a function of control

mode and viewing condition for both manual and computer control are

shown in Figure 5-10  see Appendix 6 for the individual subject

means and standard deviations!. The results f' or various control

modes under mono and two-view conditions can be found to the 1eft
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Figure 5-8: Author Retrieving Tool from Rack

Figure 5-9: Manipulator Retrieving a Tool Handle
under Computer Control
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and right of the figure respectively. Since tool-retrieval is an

absolute task, the absence of manual location time is an expected

result. Each of the manual control mode bars is the result of data

averaged over two subjects with five trials each. For comparison, the

average time over five trials for an inexperienced subject to ob-

tain a tool is denoted by a triangle. As previously mentioned, the

untrained subjects consistently averaged higher than the maximum

time for any of the trained subjects  Note, the one exception to

this observation occurred du~ing this task under switch rate control

 SVRC! with one-view, but the untrained subject was still well above

the trained subject's average!.

There were three kinds of errors that a subject could make

while performing this task collisions, dropping the tool, and not

seating the handle in the end effector properly. The subjects were

told that the success or failure of the task was measured by whether

a solid connection between the tool handle and end effector was

achieved  Hydraulic or electrical connections require the Cool to

be properly aligned in the hand!. Figure 5-11 plots the mean number

of tool-retrieval errors averaged over two trained subjects  The

trained subjects never dropped a tool, and therefore, none of these

errors is noted in the figure!. This figure can be used to gi ve

a rough indication of the number of errors which can be expected

from experienced operators  For the unexperienced subject's errors

see Appendix G!. Generally as the control complexity increased
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 i.e., from master/slave to switch rate! the error rate increased,

Note that the errors for two views are consistently higher than one

view. It is suspected that this phenomenon is a result of the

shared attention and internal orientation readjustment required

of the operator when switching fram one view to the other. The

orle-view task completion times were al so lower than the two-view,

although the statistical significance of this was not demonstrated

 i.e., significance tests were not performed!.

By comparing the results between manuaI and computer

control for each control mode and viewing condition it will be

noted that supervisory control can improve the time required for

tool retrieval for al l but, one of the control modes � master/slave

with force feedback. Al so, the expected er rors for master/sl ave

manipulation are only slightly higher than those under supervisory

control and probably are not statistically supportabl e.

 b! Tool-Return Task

For the second task the subject started from a specifi ed

position  next to the task hub nut! wi th the tool in hand, and then

on the experimenter's signal, the subject moved to the rack, re-

placed the tool insuring that it was properly seated, and returned

to the initial posi tion. To properly seat the tool on the rack re-

quired that both of the rack pins  see Figure 5-12 below and Figure

5-5! were engaged in the handle and that the tool was completely

pushed onto the pins.
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Figure 5-12: Tool Being Replaced on Rack

The average tool-return times as a function of control

mode and viewing condition for both manual and computer control

are sIiown in Figure 5-13  see Appendix G for individual subject

means and standard deviations!. Again, the lines to the right

of the manual control mode bars give the range over which the

two trained subjects performed the task. Since tool-return

is an absolute task, the absence of manual location time under

computer control is not a surprise. These experiments were per-

formed in conjunction with the tool-retrieval experiments  i.e.,
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the tool was retrieved and then replaced!, and hence, many of the ex-

erimental conditions were the same. For example, the same subjects

were used for both tasks. The untrained subject's mean is again seen

to be greater than the highest maximum time for any of the trained

subjects.

The errors which the subjects could make during the ex-

periments were the same as those for the tool-retrieval task  col'lision,

dropping, and seating errors!. The operators were told that the

success or failure of the task was determined by whether or not the

tool was properly replaced on the rack. Figure 5-14 shows the ex-

pected number of errors for the tool-return task. Generally, as

the control mode complexity increased the number of collisions in-

creased, but note the significant drop in collisions for switch

variable rate control  SVRC!. Also, tool/rack seating problems

were not as significant as the hand/tool seating problems of the

previous task. Interestingly enough, the errors for one view were

higher than those for two views, the exact opposite of the result

obtained for the tool-retrieval task. Also, the mono-view was

slower than the two-view condition which might not be expected.

Since the tool rack is stationary and the viewing conditions were

not changed between experiments, the only explanation for these

reversals is that the subjects were making more efficient use of the

two views in the return task than in the retrieval task. To clarify,

note that for the return task the subjects were required to locate
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two 1/8 inch pins and holes, whereas, for the retrieval task the

subjects were required to locate a � x � inch tool handle with the7 3

8 4

end effector docking plate. Clearly, a second close-up view of

the small pins would be more useful than a global mono view, where-

as, a second view of the large handle is probably not needed as much

by an experienced operator.

Even without time delay or frame rate limits the results

indicate that supervisory control can improve the expected error rate

and time required for tool retrieval for all of the control modes,

except master/slave with force feedback.

 c! Nut-Removal Task

This experiment required the subject to position the end

effector over the valve on the task hub, and then on the experimenter's

signal, the subject moved the end effector from the valve to the nut,

oriented the hand, and removed the nut. The general procedure used

by the subjects and computer was to turn 180', pull back to test if

the nut was off, and then either reverse 180 and continue, or remove

the nut.

The average times to remove the nut as a function of con-

trol mode and viewing condition for both manual and computer con-

trol are shown in Figure 5-15  see Appendix G for the individual

subject means and standard deviations!. Each of the bars in Figure

5-15 is the result of the average of two trained subjects wi th five
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trials each. For comparison, the average time over five trials for

an inexperienced subject is included. The untrained subject for this

task exhibited the same characteristics as the untrained subject

used for the tool retrieval and return task, that is, he consistently

averaged higher than the maximum time for any of the trained subjects.

Since nut removal is a relative task  i.e., the location

of the nut in space is not known prior to execution!, the computer

time is a combination of the manual location time  g ! and the
B

computer execution time  f !. To reduce some of the required ex-
c

periments, two distinct times and error rates were recorded when

the subjects performed the task manually: �! the time to locate

the nut; and �! the time to take the nut off. Then, through the

use of equation 5-2, the time to perform the task by supervisory con-

tro1 was calcu'lated for each control mode. As seen from the figure,

under computer control the proportion ot time spent locating the task

to the time spent executing the task increased wi th increasing con-

trol complexity.

There were two errors that a subject could make while per-

forming this task � collision and loss of nut. Prior to the task,

the operators were told that the task would be considered to be

successfully completed if the nut could be removed without losing it.

Figure 5-16 plots the mean number of errors averaged over two sub-

jects. This figure gives an indication of the errors which can be

expected from a trained operator   For the unexperienced subject' s
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errors see Appendix G!. Generally as the control complexity in-

creased, the frequency of errors increased, a1though a sharp drop

is noted for switch rate control  SVRC!. The initialization col-

lisions shown in the figure are the errors recorded during the

manual location of the task. These errors indicate the number of

col'Iisions which would be expected to occur under supervisory

control  remember that under supervisory castro] the task is

manually 'located prior to execution!.

Comparing the resul ts for both viewing conditions clearly

shows the advantage of the two-view system under any control mode

for this task. With respect to task completion times, rester/slave

control with force feedback is the only control mode which did not

benefit from a supervisory system. But, supervisory control im-

proved the expected errors in al 1 control modes.

 d!

The fourth task required the subject to pick-up thirteen

randomly placed samp'les  b1ocks! and put them in one of two buckets

according to their size  see figures in Section 4.7!. This task

simulated many of the common storage tasks encountered in the ocean

environment  e.g., research sampling, saving a nut recently removed,

etc. ! .

Figure 5-17 shows the average time ta place one sample

in a bucket as a function of the control mode and viewing condition
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for both manual and computer control  See Appendix 6 for the individual

subject means and standard deviations!. Each of the bars in the figure

is the result of the average of three trained subjects with five runs

each. The capped line to the 'Ieft of each time-bar, gives the range

of the data recorded for that manual control mode  i.e., minimum and

maximum va1ues!.

Sampling is a combined relative and absolute task, and hence,

the overall location time is a combination of the sample  relative!

and bucket  absolute! location times. Under manual control the

proportion of the total 1 ocation time which occurs during sample

grabbing or bucket location is not easily determined. Therefore,

the methods used by the relative tasks to reduce the number of ex-

periments could not be applied here and independent experiments for

both manual and supervisory control had to be performed. 8ut once

the times for supervisory control had been determined and the time

to execute the samp1ing routine was known, the relative grasping

subtask time could be obtained by subtracting the two times  Figure

5-2!. The location time given in Figure 5-17 was determined by

this method, and hence, it is the manual grasping time.

There were four errors that could be made when performing

this task � collisions, missed buckets, lost samples, and pressing

the wrong button. The subjects were told that their success or

failure to complete the task would be measured by how many samp'1es

were successfully placed in the proper buckets. Figure 5-18 plots
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each of these errors as a function of control mode and viewing

condition. The sampling task demonstrated the same error trends

as the previous tasks  i.e., the errors generally increased as

the control complexity increased, but the most complex contro'I

mode, SVRC, shows a drop from the joystick control mode, JVRC!.

The errors noted in the supervisory control column are the average

errors over all control modes. Since the subjects were required

to pick-up 13 samples in rapid succession, an interesting error

appeared when using supervisory control on occasion the subjects

pressed the wrong button, sending the sample to the wrong bucket.

It would appear from the results that both one and two-

view conditions are equally suited for this task. The task comple-

tionn times indi cate both forms of master/slave manipulation  with

and without force feedback! can perform sampling task faster than

supervisory control. Obviously, force feedback is not required for

this task. The expected errors under supervisory control are less

than manual control.

 e! O en/Close Valve Task

This experiment requi red the subject to position the end

effector over the nut on the task hub, and then, on the experi-

menter's signal, the subject moved to the valve, oriented the

hand, and openedor closed the valve as required  opening and closing

tasks were switched after each experiment!. Since this is a relative



task, the location time and the task performance time were recorded

separately, when the subject performed the task manually, ta reduce

the number of required experiments.

The average time to open or close the valve as a function

of control mode and viewing condition for both manual and computer

control is shown in Figure 5-19. Each of the bars in the figure

represents the average of five experimental runs using one subject.

The lines to the left of the manual task times give the minimum and

maximum completion times under manual control.

The only error the subject could make was to allow the

slave arm to collide with its environment. Task "success or failure"

was not measured since the subject was required to continue until

the task was finished. Figure 5-20 shows the mean number of col-

lisions averaged over each of the five experiments. The initiliza-

tion errors shown in the figure are the errors recorded during the

manual 'location of the task. As mentioned for the nut-off task,

these errors indicate the number of collisions which would be ex-

pected to occur under supervisory control. The decrease in manual

collision errors for joystick and switch rate control, compared to

master/slave without force feedback, can be explained by the fact

that the rotational degrees of freedom  u,g, and y! under rate

control are independent of the translational degrees of freedom

 x, y, and z!. Therefore, once the valve was properly located

under rate control, the translational degrees of freedom could be
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frozen and the operator was only required to focus his attention on

the remaining rotationa1 degrees of freedom. This is clearly in-

dicated by the fact that there are no manual location errors under

master/slave without force feedback, and hence, all the collisions

must have occurred during the turning portion of the task. The

reduced errors for the switch mode over the joystick mode can a1so

be explained by the same reasoning, since the switch mode locks

all of the degrees of freedom except the one in use, which in this

case happens to correspond to the rotational axis of the valve.

As would be expected, the two-view condition is faster

and shows fewer errors than the mono-view. Supervisory control

was faster than any manual control mode under mono viewing .condi-

tions, but is seen to benefit only the more comp'lex control modes

under two-view conditions. The error rates of the supervisory

control modes show significant reductions over those of the purely

manual control modes.

The final task required the subject to remove a speci-

fied amount of soil from a box by filling a bucket with a shovel

 Figure S-21!. This task is a combination of two relative subtasks

and one absolute subtask: �! the shovel is placed in position to

remove the soi l in a relative manner, �! the shovel is pushed into

the soil and lifted out in a relative manner, and �! the movement



to the bucket and dropping of the soil is absolutely defined in space.

Under supervisory control, the positioning of the shovel is clearly a

Figure 5-21: Shovel Scooping-Up the Plastic l3eads
Used to Simulate fiarine Soil

manual task  i.e., the operator decides where and when to dig!,but the

relative scooping actions and absolute dropping actions are easily

executed by the computer.

Figure 5-22 shows the average time to place one shovel

load of soil in the bucket for various control modes and viewing con-

ditions  see Appendix G for subject means, standard deviations and error

counts!. Each of' the manual control bars in the figure is the result

of five experimental runs which required approximately nine
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shove'l loads to fill the bucket. The mean supervisory control time

for each control mode was obtained by one experimental run which re-

quired nine automatic scoops to fil'I the bucket. The manual posi-

tioning of the shovel is seen to be a small fraction of the total

task under computer control, and hence, the variation of these times

were considered small enough to warrant only one run through the

task  remember, the computer execution time is constant for all prac-

tical purposes!.

Collision with the environment was the on'ly error which

occurred during this experiment. Task "success or failure" was not

measured in this task as the subject was required to continue until

the bucket was full. Figure S-23 plots these errors as a function

of control mode and viewing condition. The digging task demonstrated

the same error pattern as the previous tasks, that is, the number of

collisions increased with increasing control complexity. None of

the supervisory control runs showed any errors.

The results of this task can be directly compared to those

obtained for the sampling task. For example, both one and two-view

conditions proved to be equally suited for the task. 8oth tasks

also demonstrated that master/s1ave with and without force feedback

can perform faster than supervisory controls These similarities

are hardly surprising, as the digging task is really nothing more

than an involved sampling procedure  i.e., dig-in instead of grab!.

The expected errors for supervisory control were less than those for
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manual control except master/slave.

5.5 Suwaar of Resul ts

Both the task completion time and the number of errors in-

creased with control complexity for all of the tasks. Viewing con-

ditions  mono and two-view! appeared to affect tasks which required

precision movements  e.g., return tool, nut-off, and open/close

valve!, but had little or no affect on the less precise tasks  e.g.,

sampling and digger!. For many of the tasks a sharp decrease in

errors was noticed between joystick and switch rate control. This

effect is attributable to the increased attention and care each op-

erator exhibited during switch rate control modes  To move from

point A to point 8 requires considerable thought and effort with

switch rate control, but under joystick rate control the desired

movement only requires a push on the stick!. In some tasks the

reduction in errors from joystick to switch rate control can be

attributed to the coincidental matching of the task degrees of

freedom and control degrees of freedom  e.g., valve and nut-off!.

Table 5-1 qives the ratios of task completion times for

each control mode with respect to the "best" control case, master/

slave with force feedback. The ratios are given for each subject,

task and viewing condition. The untrained subjects are denoted by

Ul and U2, the trained subjects are denoted by Tl, T2, T3 and T4,

and the experienced subject is denoted by El. The table shows

a number of interesting trends: �! the ratios increase with in-
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creasing control complexity, �! the ratios are approximately con-

stant across subjects  both trained and untrained! within a given

task and viewing condition, and �! the ratios are not constant

across tasks  The tasks have been arranged in the table so that the

ratio increases as the page is read from top to bottom!. A number
I 8,51.52]

of other investigators have found similar trends.

It is interesting to examine each task in terms of its

major functions. For example, the only movement required to open

or close a valve after the task has been located is a turning motion. The

nut-off task, on the other hand, not only requires a turning motion,

it also requires a pull to see if the nut has come off. The valve

task could be classified as a one degree-of-freedom task once the

valve has been located, whereas the nut-off task could be classified

as a two degree-of-freedom task once the nut has been found. Simi-

larly, the sampling task requires three degrees-of-freedom to both

locate the task and drop it in the bucket. The tools were designed

so that all six degrees-of-freedom are required to remove or re-

place a tool  if any of the arm joints are fixed, the tool cannot

be obtained unless by coincidence the degree of freedom was fixed

in the prope~ position!.

Hence, from these observations it is seen that the degrees of freedom

required to perform the major functions of the task indicate the

task difficulty  i.e., the relative position in Table 5-1!. Con-

versely, the position of a task on the chart  i.e., task difficulty!
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indicates the degrees of freedom used to perform the task. The

ratios given in Table 5-l have been plotted in Figures 5-24 and

5-25 as a function of control complexity.

It is important, at this point, to note that the task

difficulty is not the same as task complexity. It is not the task

degrees-of-freedom which determine the task difficulty, but the

actual degrees-of-freedom required by the operator to complete the

task. For example, imagine a task which requires an operator to

make a complicated six degree-of-freedom motion in space, and by

coincidence that same motion can be performed by moving only one

joint. Are both tasks equally difficult and complex? As far as

the operator is concerned the latter task is easier than the former,

but from the point of view of task complexity the task has not

changed.

Unfortunately, defining difficul ty only in terms of the

degrees-of-freedom used to perform the task is too simplistic.

For example, in both figures the index of difficulty for the sampling

task � DOF! is seen to be greater than the nut-off task � DOF! for

the rate control modes, but less for the nut-off task � DQF! under

master/slave control without force feedback. Clearly, the index of

difficulty is a function of more than just the spatial degrees of

freedom. The explanation for this is simple picking up blacks

does not require force feedback, and hence, the ratio reflects this.

Since task difficulty is a relative ratio of task completion times,
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any factor which consistently affects one task but not the other

will change the relative ordering of the indexes.

Table 5-2 gives the ratios of the task completion times

under manual control to the times under supervisory control. The

ratios are given for each subject, task and viewing condition. The

ratios relative to computer control  Table 5-2! do not show the

same trends as those relative to master/slave control  Table 5-1! .

It is interesting to note that in contrast to the consistent ratios

of Table 5-1, the computer control ratios of the untrained subjects

are significantly higher than the trained subjects  i.e., untrained

subjects gain more from supervisory control than trained subjects!.

Gains from supervisory control for any manual mode are seen to be

most significant for absolute tasks  retrieval and return tool!.

The control mode columns clearly indicate the results of the ex-

periments: �! master/slave wi th force feedback rarely benefits

from supervisory control, �! master/slave without force feedback

can profit from supervisory control in tasks which require force

feedback, and �! both forms of rate control can be aided by

supervisory routines regardless of the task.

As stated previously, the tasks were designed for appli-

cability to the marine environment and not generalized tests of task

complexity. Therefore, it is impossible to define a quantitative

measure of the complexity of each task. Clearly the tasks could be

ordered as shown for the ratios of difficulty; but this index is
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not a true measure of task complexity. Therefore, the relationship

between direct manual control and supervisory control described in

Section 5.1 will have to be obtained through an indirect method.

One method of obtaining a graph such as Figure 5-1 is to

assume a slope for the direct manual control line and assign an ar-

bitrary scale of time to the vertical axis. Then,to find the com-

plexity of the task, determine the position of each task completion

time on the assumed line and descend vertically to the horizontal

task complexity axis. Now plot the computer control time for the

same task along this vertical line  remember, task complexity,

being a function of the task only, does not change from one control

form to another!.

Using this procedure, graphs of task completion time as a

function af task complexity  Figure 5-26! were obtained for each of

the experimental tasks under joystick and switch rate control with

mono viewing conditions  the remaining control modes and viewing

conditions have similar graphs!. The nonlinearity of the computer

control curve could possibly be due to normal variations of the human

subjects. But, since task complexity does not change from one con-

trol mode to another, the complete reversal of some of the tasks  e.g.,

nut-off and valve! on the horizontal complexity axis cannot be explained

as easily. The only explanation that can be offered is that either

the relationship between direct control and supervisory control is
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not 1inear, as might be suggested by the qualitative plot of Sheridan

and Verplank, or the horizontal axis is not task complexity but some

other variable or combination of variables. The results neither verify

nor negate the hypothesis, but only say that the relationship is

more complicated than the plot suggested by Sheridan and Verplank.
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CHAPEE R V I

CONCLUSIONS AND RECONMENDATIONS FOR FUTURE WORK

6.1 Conclusions

This thesis has considered the need for supervisory control

af remote teleoperator systems, and has shown that supervisory systems

can increase the effectiveness of remote manipulation. A mathematical

foundation has been developed for performing four major classes of

tasks:  l! absolute, �! relative, �! fixed, and �! moving.

The theoretical aspects of supervisory manipulation were covered ta

give the designer an overview of:  l ! manipulator and processor

selection factors, �! interface design considerations, �! language

attributes and implementation factors, and �! control philosophies.

Based on the mathematical and theoretical foundations described in this

thesis a supervisory system was developed and demonstrated.

The major conclusion of this study is that under the "ideal"

conditions af master/slave manipulation with force feedback and

real-time, undegraded, continuous viewing conditions, supervisory

control offers little or no benefit. But once control complexity

is increased or viewing conditions are degraded, supervisory control

offers real advantages and can increase a system's capabilities.

Even under the "best" control conditions  i.e., no time delays, no

frame rate problems, high visability, etc.! supervisory control has

been demonstrated to improve system performance for all forms of
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manual control except master/slave with force feedback.

6.2 Recommendations

Design reconmendations have been considered in Chapters

II and III, and therefore, will not be considered here. The following

is a list of additional recommendations.

1. To date, moving manipulation  Chapter I!! has not
been investigated to determine the applicability
of this form of shared control to the ocean environ-
ment. It is suggested that a simple implementation
of manual control using an orientation manipulator
would be warranted.*

2. It was noted that traded control between manual con-
trol modes can increase an operator's ability to per-
form certain tasks. For example, when performing a task
that requires accurate positioning, it is best to
"grossly" move the manipulator to the task by master/
slave and then change to switch rate for precise move-
ments. These forms of traded control warrant further
investigation .

3. During the two-view experiments subjects occasional'ly
had to pan and tilt the moveable camera for a better
view. It would be expected that automatic slaving of
the camera to the end effector position would decrease
errors and completion times for two-view conditions,
and therefore, this form of computer aid should be
studied further  Derivations for a slaved camera
are included in Appendix E!.

*Remember that the orientation manipulator gives the orientation of
the task with respect to the moving vehicle. Though the use of the
orientation manipulator and the moving transformation equations,
the hand position with respect to the task can be frozen while the
computer continuously corrects the joint actuators to adapt to the
changing positions between the task and vehicle only manual com-
mands from the operator change the hand position  see Chapter II!.
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4. Whenever a number of tasks can be strung together,
the only manual location time involved would be the
initial set-up. Hence, the task would not be limited
by the human operator's location and performance times
for each of the individual subtasks and it might be
expected that supervisory control would have an ad-
vantage over even the "ideal" case of master/slave
with force feedback.

S. Tasks which require long periods of time to complete
should be investigated to determine if operator fatigue
could be reduced by supervisory control.

6. Force/torque wrist sensors shouldbe used in lieu of
sensing the joint torques and transforming to equiva-
lent end effector forces and torques. Use of these
sensors will require considerable thought to insure
reliability in the hostile ocean environment.

7. Experiments to determine the effects of frame rate
and resolution on task completion time and the ex-
pected number of errors should be per formed under
both manual and supervisory control.
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APPENDIX A

INCOMPATIBILITY INDEX

Cross coupling is a phenomenon which occurs when the human

operator's internal model of an anticipated mot1on does not coincide

with the observed motion. As defined here, cross coupling will be

specified in terms of the expected versus the observed end effector

motion  i.e., the hand coord1nates of the end effector, not the in-

dividual joint rotations of the arm!. Some invest1gators have ca'lied

this stimulus-response mismatch and orientation-display 1ncompati-

bility. Although both of these terms are appropriate, the term

cross coupling implies a relationship between the degrees of freedom,

and hence, is felt to relay more information  remember that the ap-

pl 1cable degrees of freedom are not the individual joint rotations

but the coordinates of the hand fram!.

There are three forms of cross coupl ing which have been

identified mechanical, geometrical, and observational . Figure

A-1 shows how these forms of cross coupling occur.

In Figure A-la, the operator desires to move the end ef-

fector to the left. But due to mechan1cal cross coupling of the de-

grees of freedom in the control stick, the operator's command drives

the end effector 1n a direction which is skewed with respect to the

commanded motion  i.e., the actual motion and the commanded motion

are not the same!. The operator expects the end effector to move

horizonta11y across the screen  see figure in operators head!, but
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the observed motion is in an unexpected direction. Hence, the ob-

served end effector motion is cross coupled with the operator's

internal model of the expected motion.

In Figure A-lb, the operator desires to move the end ef-

fector to the left, but due to a geometrical difference between the

master and the slave arm, the operator's command drives the slave

end effector in a vertical direction. The operator expects the end

effector to move horizontally across the screen  see .figure in oper-

ator's head!, but the observed motion is vertically upward. Again,

it is seen that the observed end effector motion is cross coupled

with the operator's internal model  i.e., the expected motion!.

In Figure A-lc, the operator desires to move the end ef-

fector to the left, but due to the positioning of the camera the

observed motion is contrary to what the operator expects. Hence,

the observed end effector motion is cross coupled with the operator's

internal model of the expected motion.

Occasionally, the expected motion is phys~cally identi-

fiable with the controller. At other times the expected motion is

only an abstraction in the human operator's mind. As an example

of these possibilities, consider master/slave control  Figure A-2a!

versus resolved motion rate control  Figure A-2b!. Under master/

slave control  Figure A-2a!, the conmanded motion, the actual motion,

the observed motion, and the expected motion coincide. Al'1 of the
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 a!

ACTUAL
OBSERVED

C'ONNAhÃ! EDEXPECTED

Master/slave manipulator with end effector rotated 90' from conven-
tional  Z axis is norma'Ily vertical!. This arbitrary change makes
no difference in operator's ability to control, since the expected
motion i s physical ly identifiable with the comnanded motion.

 b!

ACTUAL
OBSERVED

COMMANDEDEXPECTED

Figure A-2: Physically Identifiable and Abstract Expected Motions
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Resolved motion rate control with end effector rotated 90 . Although
the joystick is not physically rotated in space, as was the master
hand in  a! above, the operator imagines the joystick is rotated,
and hence, cross coupling does not occur.



motions coincide because the slave end effector orientation is phy-

sically identifiable with the master contro1ler orientation  i.e.,

the master XZ frame has the same orientation as the observed s1ave

XZ frame!. But under resol ved motion rate contro1  Figure A-2b!,the

observed and actual motions will be different from the commanded

direction of motion  The joystick's fixed in space and cannot be

physical'ly rotated to make the XZ frame coincide with the slave

end effector NZ frame!. But the observed motion is exactly what the

human operator expected, since the operator imagines that the joystick

is riding on the slave hand coordinate system. Clear'ly, the expected

motion is only an abstraction in the operator's mind. But as long

as the operator can maintain this abstracti on, cross coupling will

not occur. As another example, consider cross coupling due to a

geometrical difference between the master and slave. If the human

operator is aware of the geometric difference, he might. be able to

anticipate the required commands which wou1d result in the desired

motion, and hence, the expected motion and observed motion would be

the same  i.e., there would be no cross coupling even though the

arms are not geometrically similar!.

At this point a simple Formula which indicates the degree

of cross coupling or simulus-response incompatibility will be pre-

sented without proof.

IC I
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whe re
dr ~ dr

o e

Incompatib il ity IndexIC I =

the cosine of the abso'tute angle between the
observed motion vector and the e~xected motion
vector.

ca

the observed motion vector

the expected motion vector

dr
0

dr
e

ICI = 0 cross coupling weal not occur

0 ICI< 4 cross coupling will occur but the operator
can compensate for the effects

ICI 1 4cross coupling will cause the operator's
performance to go unstable

This rule was observed during the takeover experiments in

Appendix 8, but experimental verification was not done due to time

considerations. An indication of the va'lidity of this rule has been

found in the literature: "Vertut showed that if the master end of a

The incompatibility index was given this form so that the entire range
from 0 to 180 would result in a singular function which continually
increases to a maximum of one �! as the cross coupling approaches
180' phase difference.

The comments in brackets are mine .
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the slave  and all other correspondences left undisturbed! the operator



could compensate, but as the disparity went beyond 45' [ICI > � ]*
performance deteriorated badly." Vertut's example used one joint

degree-of-freedom and only accounted for geometric cross coupling,

whereas the incompatibility index advanced here is in terms of spatial

coordinates and is hypothetically valid for al'I forms of cross

coupling  mechanical, geometric and observational! and analog stimu-

lus-response incompatibility. For example, the analog bar graph

display mentioned in Section 3.3a which decreases with increasing

force level would have an incompatibility index of one  ICI = 1!

as long as the operator expects the display to increase with in-

creasing force  i.e., the expect motion is an increase but the ob-

served motion is a decrease!. But. as soon as the operator adjusts

to the graph and expects the graph to decrease with an increase in

force, the incompatibility index drops to zero  ICI = 0!.
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APPENDIX 8

TAKEOVER EXPERINENTS

To investigate the mismatch, cross coupling, and transient

problems discussed in the Takeover section  Section 4.6!, a number of

simple experiments were performed. Due to time constraints only two

of the available control modes were used for these experiments � joy-

stick rate and master/slave  These control modes are representative

of the two major classes of manual control � rate and position!. This

study consisted of three parts; �! a qualitative determination of

the offset rate of decrease; �! a quantitative test of speed and ac-

curacy under a simulated emergency conditions, and �! a qualitative

measurement of accuracy and stability of each control mode. The first

part of the experiment consisted of determining the rate of mismatch

decrease. This was done by varying the offset rate and allowing the two

experimental subjects to comment on the decrease rate compared to pre-

vious trials  Due to a time constraint, quantitative offset rate ex-

periments and their effects on operator performance were not done!.

For the second half of the experiment the gain on the z axis was turned

almost completely off and a weight was hung from the arm to hold a pen

against a sheet of paper. The operator could control all six degrees

of freedom, although the z axis was severely limited by the low gain.

Each operator was allowed fifteen minutes of practice time in each

mode before the experiment to become famil i arized wi th the equi pment ~

Then each subject was required to observe the slave manipulator traverse

a random path with the instructions to take control by pulling on the
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master if the slave crossed into circle one  Figure B-l!. After

taking control the subject was required to follow an optimal path

around an imaginary wall as accurately and quickly as possible  It

was assumed that the weights the subjects would put on accuracy and

time for one mode would be the same for the other control mode!.

At the end of the path the subject was required ta pass as closely

as passible to the center of circle three, at which time the clock

would stop. After passing through circle three, the operator moved

the slave to circle four and attempted to hold the pen there for ten

seconds. Each subject performed the above procedure three times for

each control mode. A quantitative analysis of the mean distance from

the optimal path, time to traverse the path, and final positioning

accuracy, as well as qualitative evidence for accuracy and stability

when attempting to hold a pen in a stationary position can be found

on the following pages.

H.l Offset Decrease Rate Ex eriments

It has been stated in previous arguments that it is

desirable to remove the mismatch so that the operator is in a com-

plete master-slave mode as soon as possible  Section 4.6!. The

determination of this parameter was largely subjective, being set

by conInents like, ' this feels better than the last offset rate."

Through this method of parameter adjustment it was found that the

offset rate becomes transparent to the operator if the offsets are

zeroed at a rate of 1/3 volt per second  This offset rate corresponds
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to different angular rates for each degree of freedom since each de-

gree of freedom has a different total angular displacement!. Future

quantitative experiments with independently adjustable angular rates

are clearly needed, but for the purpose of this experiment, both op-

erators felt at ease with the subjectively determined values  Clearly,

the offset decrease rates are dependent on the manipulator geometry,

and therefore, are manipulator specific!.

8.2 Emer enc Path Ex riments

Figures 8-2 and 8-3 show the mean distance from the optima't

path in a scaled drawing of the actual experiment for both the rate

and easter/slave control modes Plots of the mean distance from the

optimal path and the standard deviation of the actual paths for both

experimental subjects can be found in Figures 8-10 through 8-14

at the end of this appendix!. For both subjects, whether rate or

position control, it is irmediately apparent that any abrupt change

in trajectory not only increases the subjects distance trom the

optimal path, but also their variability between experiments  i.e.,

the standard deviation shows increases at exactly the same positions

along the curve that the mean path shows increases!. For example,

note that the second subject's mean distance from the optimal path

in rate control  Figure 8-12! has a very large initial spike after

takeover and after turning the corner. The same effects can be noted

in the standard deviations  Figure 8-13!. These effects cannot be

attributed to an electronic or mechanical transient as the 7.2 inches

noted for subject two or the 3.5 inches for subject one are too large
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to be due to these sources, and therefore, the increases must be par-

tially due to the subjects reaction time.

As mentioned previously, the purpose of the experiment was

to simulate emergency takeover, and hence, it is necessary to have

time and accuracy constraints if the simulation is to represent real

conditions. These constraints were represented by the experimenter's

stopwatch and the optimum path, but the relative weights of these con-

straints were generally left unfixed  i.e., the subjects were only told

to get to the end as fast and as accurately as possible!. It is in-

teresting to note that the average time for rate control for each sub-

ject is two seconds more than the average time for the offset master/

slave mode  see Figures B-2 and 8-3!. Figure 8-4 shows the time

recorded for the individual experimental runs. For both subjects the

time to complete the path with rate control is greater than that with

an offset master/slave  note the exception for random path ¹4 by sub-

ject ¹2!.

The final posi tioning error for the individual runs gen-

erally showed the same pattern as the mean distance from the optimal

path and the average time did, i.e., the offset master-slave mode

has better terminal accuracy compared to the rate mode  Figure B-5!.

It should be kept in mind that thi s experiment does not

attempt to determine which of the two, rate or master/slave, is more

accurate than the other. Given enough time either one of these modes

could follow the optimal path without deviation. What the experiment
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does say is that under emergency conditions, when time and accuracy

could be decisive factors, roaster/slave manipulation will be faster

and more accurate than rate  It should be obvious that a switch con-

trolled rate manipulator would be even less effective than the joy-

stick controlled rate manipulator used for this experiment!.

B.3

Figures B-6 through 8-9 show the actual recorded position

of the pen for the stationary task. The results indicate that the

offset master/slave for this particular experiment was more stable

and accurate for both subjects  It should be noted that due to the results

of this experiment, a dead zone has been added to the rate control

with the result that some of the instability in Figures B-6 and

B-8 has dissappeared!.

B.4 Takeover Ex riment Conclusions

In conclusion, a number of important findings resulted from

these experiments:

1! Operators generally prefer the positional control over

the rate for "accurate takeover and ease of use".

2! Operators feel that both modes should be available for

use at the operator's discretion. There should also be

the ability to change from one mode to another inmediately,

so that a combination of the two modes can be used. This

combinational mode would work well for instances when

there was a large disparity between the master and slave,
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and hence, the affects of cross coupling would be

noticed most. When this situation arises the possi-

bility of cross coupling could be circumvented by

using rate control until the orientation of the two

arms were sufficiently similar that position control

could be used.

3! Rate control should have a variable scale and the

joystick should have a deadzone to prevent drift.

The original experiment only allowed the subject to

vary the slave's rate through the joystick, so that

the rate was continuously variable from 0 to 20 inches

per second for a movement of 0 to 5 inches of the joy-

stick. From this experiment it was discovered that

a variable rate-scale setting, which allows the maxi-

mum rate for 5 inches of joystick travel to be set

independently of the joystick, will increase the ac-

curacy at a small expense in rate. This allows the

operator to move toward a target at rates up to 20

inches per second, but as the target approaches, the

operator can adjust the rate-scale so that the sensi-

tivity of the joystick is greater but at the cost of

the maximum rate.

4! The question of offset decrease rate is still un-

answered, but subjective results appear to be adequate
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for preliminary studies. Further investiqation would

seem to be warranted.

The built in capability for the human operator to take

control directly and immediately from the computer appears to enhance

the total system and is felt to be justified for any computer con-

trolled manipulator.
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FIGURE B-6: TEN SECOND STATIONARY TASK FOR SUBJECT ¹I WITH RATE CONTROL
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FIGURE B-7: TEN SECOND STATIONARY TASK FOR
SUBJECT 41 WITH POSITION CONTROL
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FIGURE B-8: TEN SECOND STATI9'lARY TAS
FOR SUBJECT P2 WITH RATE
CONTROL
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FIGURE 8-9: TEN SECOND STATIONARY TASK F
SUBJECT e2 WITH POSITION CON
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APPENDIX C

TRANSFORMATION MATRICES FOR THE E2-MANIPULATOR

The E2-manipulators at the Man-Machine Systems Laboratory

have six degrees of freedom, excluding the gripping action. The

assignment of coordinate systems to each of' the degrees of freedom

is shown in Figure C-1. Frame 0 is defined at the manipulator base

and is fixed to the vehicle. Each joint of the arm is assigned a

coordinate system, starting with frame 1 at the base out to the hand

which is designated as frame 6. The joint angles 9 signify the ro-

tation of the kth frame with respect to the previous frame  k-1!. Mith

the notation of Figure C-1 and the general transformation matrix of

Section 2. 2, the required transformati ons between congruent frames

have been obtained and are tabulated in Table C-1.  The sinok and

the cose are represented symbolically as Sk and Ck, respectively!.

The transformation from the hand frame to the vehicle frame,

as stated in Section 2.3, is given as

0 0 1 2 3 4 5
~A = Al ~A A3 ~A ~A ~A

and the transformation from the vehicle to the hand coordinate system

is given by

6 6 5 4 3 2 1
~A = ~A A~ A3 ~A Al A~

Substituting the congruent frame transformations of Table C-1 into

the above equations, the transformation from vehicle to hand, and
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vice versa, have been obtained and are given in Tables C-2 and C-3

 a,. and a! . represent elements in matrices A and ~A respectively!.6 0

iJ ~3
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Tab1e C-1: Fracas Transformations
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Table C-2: EZ. Transformation from Vehicle to Hand

12 13 14

22 23 24
6a

0

32 33 3431
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13

l4
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'23
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'32

'33
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 CZC4+525354!C6 +  S2S3C4S5-C2S4S5-52C3C5!S6
{ClC3C4-SlCZS3C4-SlS2S4!S5S6 +  ClS3+S1C2C3!C5S6
+ ClC3-SlCZS3!S4C6+S1S2C4C6

 ClS2S4+51C3C4+C1C2S3C4!S5S6 +  SlS3-ClC2C3!C5S6
+ ClC253+51C3
4C6 - C152C4C6

-18 C354C6+C3C455S6+S3C5S6! -40 C5S6-1.39 5556

 S2S3C4-C2S4!C5 + 52C355
 ClC3C4-515254-51C253C4!C5 -  C153+51CZC3
5
 CISZS4+51C3C4+ClC253C4!C5 +  ClC2C3-S1S3!S5
18�355-C3C4C5!-1.39 C5 + 4GS5

 CZ5455-S253C4S5+52C3C5!C6 +  C2C4 + S2S3S4!S6
�15254-C1C3C4+51C253C4
5C6 �  C153+51CZC3!C5C6
+ C1C3-SlC2S3!S4S6 + 51S2C456
- C15254+51C3C4 + ClC253C4!S5C6 + �1C3+ClC2S3!S4S6
+{ClC2C3-SlS3!C5C6 - ClS2C4S6

40 C5C6 + 18 C3C4S5C6-C3S4S6 + 53C5C6! + l.39 S5C6



Table C-3: E2 Transformation form Hand to Vehicle

%3

'22
I
21 24

6 I
31 '32 34

11 'll

a12 = '21

13 3'I

a14 = 1.39 S253C4-C2S4!-40 S2C3!

a21 = '12

'22

'32 '23

33 33

a~ = 1.39 S1C3C4+C1C2S3C4+C'lS2S4!%0 S1S3-C1C2C3!+18S1
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APPENDIX D

MANIPULATOR MODIFI CAT IONS

As mentioned in Chapter IV, to achieve better performance

of the overall system the manipulator was modified. The modifications

to the arm consisted of mechanical and electronic alterations which

were the direct resul t of a change from syncro/resol vers to potentio-

meters for position feedback. The mechanical modifications primarily

involved changes in gearing to limit potentiometer rotation to less

than 360 degrees  some of the syncrho/resolvers moved through three

revolutions for 90 degrees of' joint movement!. The remainder of this

appendix will deal with the design of the servo control circuits and

electronic modifications, The following description of the ANL E2

manipulators has been taken from IIIIulIen  Nullen's original ex-[51]

planation has been changed by the author to account for the manipu-

lator modifications!.

The ANL E2 arm used in this project is a master/slave

devi ce with all electrical connecti ons between master and slave.

Master and sIave arms are identical except that the master has a grip

which fits the human hand. The slave has a gripper similar to a pair

of tongs. On both master and slave there are six rotating joints

 see Figure C-1 in Appendix C!. The lower three turn joints  e<,e ,e !
in Figure C-l are connected to their motors by means of small cables

and pulleys. The upper three turn joints  e ,e2,e ! are connected to
their motors by means of gears. The arm is well-balanced and
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mechanically stabe. The motors used to drive the joints are 10 watt,

115 volt,, 60 cycle A.C. motors. The input from the master, which is

controlled by the human operator, is a mechanica1 ang'le o for each

axis on the manipulator. This mechanical angle is converted to an

electrical signa1 by a potentiometer and line driving amplifier.

On the slave end of the device is an identical potentiometer circuit

whose output is the slave joint angle. These two signa1s are com-

pared to produce a difference signal. The difference signal is then

modulated and used to drive the motors on the master and slave.

By driving both master and slave, the unit is made bilateral, giving

the device force feedback. The amount of force feedback can be al-

tered by varying the strength of the signal to the motors on the

master. To improve stability, two other Ioops are present, a

tachometer feed-forward and a tachometer feedback ioop. I 51 ]

Figure 0-1 is a generalized block diagram for one joint of

the E2 system in the master/slave mode. The solid lines in the

figure are electrical connections and the dashed lines are mechanical

connections. The AC signal sense is indicated by the small graphs of

alternating current on the solid lines. The feeling of force feed-

back is obtained through the reversed signal on the master which

causes a torque in the opposite direction of the torque exerted by

the slave. To prevent the operator from feeling a torque when the

slave is moving with a velocity, a tach feedforward loop from the

slave cancels the master driving signal so that a reverse torque is
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not felt at the master. Through e, the computer can input a signal
c

to maintain a mismatch between the two arms  see Section 4.6!.

Figure D-2 is a generalized block diagram of the E2

system under computer control. The computer or operator can switch

between the master/slave and computer configuration through the use

of relays which are c1osed by the digital output ports or manual

override switches on the servo rack. Each relay is independently

closed so that any combination of computer and master/slave control

can be used. Under computer control the feedforward loop is dis-

connected,and position signals are input directly from the computer

 e ! into the individual comparator circuits. All manua'I control
c

signals, except master/slave, are generated through the computer

 e.g., under switch rate the computer reads the switches and generates

the output signals!.

Figures D-3 through D-8 are schematics of the servo elec-

tronic circuits. The comparator circuit shown in Figure D-5 is a pro-

portional controller with an averaging filter which attenuates fre-

quencies higher than 35 Wz. Proportional control was chosen so that

the difference in commanded position and the actual position would

represent the equivalent joint torque. If an integral controller had

been used in the local servo loop, the system would continue to

increase the joint torque until the actual and commanded positions

where equal. Hence, if proprioceptive feedback  joint rotation! is
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used to determine the end effector force the local servo control loop

cannot be integrated. Integral control must be done by the control

algorithm when desired.
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APPENDIX E

CAMERA SLAYED TO END EFFECTOR POSITION

Assume it is desired to slave the video camera to the end

effector so that the human operator will not have to continuously

adjust the camera position. This can be easily achieved through the

use of the transformation matrices and an analytic solution for the

two degree of freedom pan and tilt mechanism. The procedure is as

f ol 1 ows.

Assign coordinate frames to the camera and manipulator

bases as shown in Figure E-1. The vector x is given by the trans-

formation from the end effector to the manipul ator base  Equation 2-4!;

G 0 l 2 3 4 5 6
~XE = Al ~A A3 ~A ~A ~A ~XE

The vector from the camera base to the end effector ~XE is then

given by,

c c 0 6
~X E AO ~A ~XE

where,

A> - is the transformation from the manipulator base
to the camera base.

0'~A � is the transformation from the end effector to
the manipulator base.

Now that the position of the end effector is known in the

camera base coordinates it will be necessary to obtain the solution
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Figure E-1: Coordinate Frame Assignments for
Camera and Manipul ator
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the actual mechanism!. The vector ~XE points from the camera basec

to the end effector � the exact direction that it is desired for the

camera to point.

Assume a coordinate frame p is fixed to the camera with the

Y axis pointing out of the camera through the lens and that frame p

has been panned through the angle e as in Figure E-2.

Y
c

X

X
c

Figure E-2: Camera Panned Through Angle e

The transformation from coordinate frame p  pan! to coordinate frame

c  camera! is

sine 0 0cose

0 0

1 0

0 1

-sine cose
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of the camera joint space  i.e., the pan and tilt rotations required

to point the camera at the end effector!. The tilting rotation will be
denotedbyy and the panning rotation will be denoted by e. It will be

assumed that the camera pans first and then tilts  This assumption

is only a mathematical simplification and places no restrictions on



Now that the camera has been panned through 8 degrees. imagine that an-

other coordinate frame t is fixed to the camera with the Y axis

pointing out of the camera through the lens. Also, assume that the

coordinate frame p is now fixed and that the camera tilts through the

angle y as shown in Figure E-3.

Z,Z

X Xtp t

X
c

Figure E-3: Camera Tilted Through Angle g

The transformation from coordinate frame t  tilt! to coordinate frame

p  pan! is simply

0 0 0

0 cosg -sing 0

0 sinf cosQ 0

0 0 0 0

P ~A

By Equation 2-3 the transformation from the tilt frame t to the

camera frame c is given by,
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cos8

-sine

sing cosf

Now since the Y axis points in the direction of the end effector, the

vector ~XE is defined in the tilt frame by

~Y is the unit vector in the Yt direction

c 2 i 2 + z2 1/2c c c~ �he magnitude of the vector
from the camera base frame to the end effector!.

Performing the matrix mul tip'lications gives three equations in two

unknowns,
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cosysine

cosgcose

Combining equations E-5 and E-6, gives

c c t c d
X E MA MXE At

0

x = dcos|Isine
c

y = dcosycose
c

-sinqsine

-sinqcose



z dsiny

which gives,

z

sing
d

X

tane
~c

the desired resul t.
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APPENDIX F

SUPERMAN TASK PROGRAM LISTINGS
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fmt-Too I Task

g ~eCI"T

T HRC".GH PATH
i Ig.EL VELOCITY � 1'X iMAX V
" I ~CP E L PATH
K I.'CFETZ ?A H
AZAFT A F. L Z Y
G= A'5> 'g ITi; FOR C v 1-9
TWFf'INATZ EIXEI: VELOCITY
T:-RCVGP. PATH
THRCUGH FATH
SPATE 'IC P:.UFK CCNTF '.I.
ENr

Return-Tool Task

A3cgI J
T <PO'.~QB PATH

F IXEE VELOCITY � 'la' i4'IXV
"I:-CRETE FATH
L' IFCF. T:" PATE
>.L'AFT A R I, Z Y

LEAP:"
TER J" INATT PI!i:»I' VFI.CCITY
T HRCU GH PATH
TH~CUGH PATH
"FA H 'IG ~ KT JF N CCNTROI
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Nut-Off Task
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7

1Q
11

12
1~~
14

1
1~

17
1 Q

Ic

RXXAT IVE
DISCRETE PATH
IAEZI

SP SITH FORCE 1c9
IHCPFTE PATH

INCRXI" ZN Y

IF Y-FORCE.GT. 35 EXECU'I
GC TC 2
GC TC 1

I.AEEI. 2
EIEA cP

I, 'IPCP.ETE PATH
GC .0
LAEEI 1
A ESGLU'IE

THRCUGH PATH
T."->C'>GH ~P TH

XI~CRETE PATH
T'ZLEA~E

THRCUQH FATH
DPATZ TO PETURN CCNTPC'L
XNZ

E NZXT COI'.Y.A NI',



Sampler Task

Digger Task
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1
C

4

7 C
1P

1

Z

4 6 7
e

18

ll

13

16

AESO?O'IE
GRhSF WITH FORCE 199
F 13:EZ VELOCITY � 987 MAR V
THRCUGH PATH
THROUGH PATH
RELEASE

THROUGH PATH
IlFATH TO FETUR% CCNTPOL
z vL'

~EJATIVK
GRASP WITH FORCE 197
F IXXI' V EI GC ITY -188K YAXV
DISCRETE PATH
TRRCUGH PATH
F IREE VELOCITY - C64 HAXV
THRCUGH PATH
AESCZUTX

THRCUGH FATH
THROUGH PATH
F IXKL' VXIOCITY -188% MAXV
ZISCR$TE PATH
THRCUGH PATH
BPA78 ~O RETURN CONTROI
ENZ



Bolt-On Task

1

4 7 NEXT CO."fY, AN I,'
NEXT COYf'AN I.'

2 EXECUTE
2 EXECUTE

NEXT CO~RANI',

KEXT CQ. INANI:
NEXT COYf",ANI:
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c

1C'

11

l~

14

1=

lt
17

2P.

21

<c

24

P

2c

1

'I 4

%KYAT IVE
G"."ASP « ITH KO1? CZ 199
I' I SCP.EIK PATH
DISCRETE PATH

SCP KTE PATH
I: R-EOPCK.GT.
IK i-ECP.CZ.GT.
GO TC
INCHEl'KNT Z -968
IE 2-EORCK.GT. =0 EXECUTE
GC TC 1
GC TC 4
IAIKZ 1
P KIEASK
Z I SCF. ETE F ATH
G~ 0S.- 'a I TH ECHCE 199
Z ISCRETE PATH
IE H-%OP.CE.GT. 2 EXECUTE
IE Z-ECRCE.G . 2 EXECUTE
GO TC
GC TC
IAEKI

ESSA. E

AI,ERT
GC TC
?AREL 4

f'ES SAGE 2
AI RT
GC TO
IAKEI
HEI%ASK
IAZEI
I,'FATH TC BETUPN CCNTROI
END



'Italve Task
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1

2

4 C
18
11

12
1

1 1~

PFIA IItE

IAZKI 1
DISCRXTK PATH
QPASF tsITB FORCE 1c9
CISCBXVK PATH
IE R-XCRCK.GT.184 KXECU'TE k+XT COYPU.4NE

I-XCRCK.GT.164 XXXCUTK NXXT CON thkZ
GC TC 2

RKIEASY
GC TC 1
IA XXI 2

YKSSAGK 1
PKIKASK
BFATP TC RETURN CCkTRGI
ZÃL'



APPENDIX G

DATA
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APPENDIX H

SUPERMAN SOURCE PROGRAMS

AVAILABLE UPON REQUEST

FROM

MAN-MACHINE SYSTEMS LAB
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