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and reduced operator work loads with underwater work systems . Computers can

4 I be use d a t v a r i ous l e v e l s  of co nt rol , rang ing from control augmentation where
the computer performs difficult coordinate tran sformations which simplif y
operator control requirements throug h complete autonomy in which the computer
performs all of the required activities with no intervention by the opera tor
However , with the introduction of computer -based control techni ques, the
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communicat ion between the operator and the underwater device becomes an
• important determinant of work system performa nce. Rather than controlling

directly every action of the manipulator , the functions of the operator of
a computer-controlled manipulator are to plan the tasks, comman d goal-
direc ted actions , moni to r  task performance , and i ntervene when app ropriate
This paper describes the initial results of a researc h program directed

• toward the investigation and optimization of man -machine communication in
computer-aided remote manipu lation .4~~

A la boratory study was performed with a number of operators who used a six
degree—of- freedom manipulator to perform a variety of tasks which are
representative of underwater maintenance tasks . The computer -aided manipulator
system incorporated several computer-assistance functions , including transfor-
mation of control coordinates (Resolved Motion Control ) and automatic
man ipulator movements . The operators performed the series of tasks in an
integrated , sequential order , us i n g the f u l l  ran ge of ava i la ble  con trol
capabilities.

The results of the experimental investigation indicated that computer aiding
can sig n i f ica ntl y decrease task performance times for a num ber of remote

• manipulation tasks. The results also indicated that if high er-level
computer aiding schemes are to be effective in terms of improving man-machine
performance , the design of the communications language and interface must
be carefull y desi gned to achieve a man-machine interaction which is natural ,
simp le , an d understandable. Further experimental work will focus on the
elemen ts of the command lan gua ge an d con troller in terface whi ch an operator
should have to use a computer-aided remote manipulator system effectively.
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1. INTRODUCTION

Althou gh remote manipulators have been in regular use for over 30

years , relatively little research has been done to address the question
• of real-time communication between the human operator and the manipulator.

As a result , si gnificant advances have been demonstrated in the construction ,

4 
capabilities and reliabili ty of manipulators , wh i l e few chan ges have occurred
in the methods of controlling them . This paper describes the initial results

of a program to develop and evaluate improved methods of communicating with

and controll ing a computer aided remote manipulator.

1.1 Manual Control

Remote man ip ulators are general pur pose , dexterous , cyber net i c
machines (Corliss and Johnson , 1967) whic h allow mar to extend the functions

of the human arm and han d into hostile environmen ts where he himself cannot
function . Unlike other comp lex m a ch in es  which  are preprogrammed to do
specific tasks , remo te man ip ula tors , also cal l ed teleo perators , are able to
perform a variety of tasks in changing environments. This versatility is

possible both because of the multiple and complex actions which the
mani pula tors can make an d because the human operator maintains close
supervision and control . Historically, two basic mani pulator control

techni ques have been used , (1) direct position or rate controllers , and
(2) master-slave controllers. In the former case , the operator controls
each of the five , or more degrees of freedom individually via switches ,

poten ti ome ters , joysticks , or other such actuators (Corliss and Johnson ,

1967). In most systems , the operator ’ s direct view of the work area is

used as the feedback channel . Wi th such a control mechanism , the operator
must produce smooth and coordinated analog signals, a task at which he i s
at best slow and inexact , and getting worse as the number of signals
i ncreases.

1—1
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Master-slave control arrangements were developed as early as the

late 1940s to overcome the limitations of dir€~ct controllers (Goertz ,
1952). Master-slaves are bilateral teleoperators in which forces and
torques at the master control , located out of the hostile area , are
proportionally reproduced at the slave station and vice versa for force
feedback. This control arrangement replaces the conscious control of
several independent manipulator joints with the natural human capability

to control the arm and hand. Operation of the master-slaves is natural ,

and the operator easily projects himself into the work area. Master-slave

systems are among the most common teleoperators in operational use,

mainly in radioactive material handling laboratories.

Direct rate or position controllers and master-slave controllers

require different conuiand inputs from the operator. However, both techni ques
require continuous control in puts from the operator and direct visual or

force feedback from the working environment. Therein lie the limitations.

Both control methods are extremely slow in comparison to direct human

capabilities (Pesch, Hill , and Kiepser , 1970); thus , human control not only
consumes valuable time but also severely taxes an operator ’s attention.

Attention is demanded particularly in those cases where the operator has to

overcome built -in system deficiencies such as time delays , no forc e
feedback , high or unnatural inertial forces, etc. Ferrell (1965) has shown

experimentally that time delays beyond a fraction of a second substantiall y

disrupt the control process for a simple manipulator with only visual
feedback. Subjects avoid the slow and erratic movements that delays tend

to induce by consistently adopting the move -and—wait strategy , resulting

in very high task completion times.

For underwater manipulation , the limitations of manually controlled

manipulators are compounded by the problems of visibility . Control of

present day underwater manipulators depends almost entirely on visual

feedback. Experience in laboratory studies and field work has shown that

1-2
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such dev ices are virtually impossible to use when vision is degraded by

turb i d water , by poor angle of view , by l i g h t f a i l u r e , etc. These

conditions occur frequently in deep sea operations , pa rticularly during

bottom work. Expedient completion of underwater tasks , for  other than
the most simple and most amenable to ma nipulator accomplishment , is an
acknowledged shortcoming of present systems ( Rechnitzer and Sutter , 1973 ).
For examp le , Pesc h, Hill and Allen (1971) investigated the performance
ca pabi lit ies of underw a ter man ipulator systems an d concluded that “the

tasks which were successfu lly performed were more the result of the
ingenuity of the operator uti l izing the exist ing ha rdware , than the result
of the ha rdware augmenting the operator ’ s basic abi l i t ies to perform the
task. ”

1.2 Computer Aided Contro l

One method to improve the slow and often error prone performance
of remote mani pula tors  is to augment or automate most of the operator ’ s
control res ponsib i l i t ies . Th i s a pp roach al locates func ti ons to the human
opera tor and to a com puter . Such an al locat i on reta i ns the favora b le
attributes of human intelligence and foresight , an d comb i nes these
attribut’~ with the advantages of automatic , computer controlled operation .

Computers can be used at various levels of contro l, ranging from
control augmentation through complete autonomy . In the totally automatic

mode , the mach i ne performs all of the required ac t iv i ties w ith no
intervent ion or control by the operator. The most common method of

controlling a fully autonomous manipulator is to utilize a computer-like

language which is used to program sequences of act ions.  Manipulator
motions are broken into primitives , and complex traj ectories are achieved
using con trol structures similar to those in other real time programming
languages. The system described by Wang (1976) is a good example of this

1—3
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approach with the langua ge ALPHA designed for manipulator control (Nevin ,

Sheridan , Wh itney , and Woodin , 1973). Nevin et al (1973) and Nevin and

Whitney (1978) describe another successful system which is programed by
“showing ” the manipulator through the detailed motions of a task. Then ,

using a specially des i gned , passively compliant gripper , the computer
controlled manipulator can assemble a small production electric pump,

made of 17 parts , in less than two minutes. However , all the parts must

arrive through speciall y designed feeding stations. Preprogrammed control

is the method most coninonly adopted for industrial robots and , i n number ,
far exceeds all other ap proaches to manipulator control. For industrial

use , where the environment can be controlled and the reprogramming time is

considered short , the reprogrammed manipulator provides a cost-effective

alternative when compared with specially designed and built machinery .

The artificial intelligence community has tr ied , with li mi ted
success , to overcom e the problems of preprogrammed con trol and con trolled
environments. Various systems, including LAMA by Lozamo-Perez and Winston

(1977), AL by Finkel , Taylor , Bolles , Paul , and Fel dman (1974), and Fi kes
and Nilsson ’s (1971) STRIPS have achieved vary ing degrees of success in

automatically controllin g manipulators and robots in semi-structured

environments. Althou gh these examples and others are promising, the state
of the art in artificial intelligence is not yet capable of devising a

fully autonomous control system for a robot or a manipulator. The problem s

lie in (1) recognition of realistic three-dimensional objects , (2) problem

solvin g in an incompletely known environment , (3) planning, and (4)

execution with proper recovery from errors , blunders or chan ges of the

environment. Until these problems are solved , it is unlikely that
intelligent , fully automatic mani pulators will displace the human operator

completely within the foreseeable future.
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The “midd le ground” between the manually-operated and the fully-
autonomous manipulator includes various techniques of computer—assistance
to augment the human operator. Encompassing many techniques , this middle
ground has been termed “supervisory control” (Ferrell and Sheridan , 1967 )

• because the operator “supervises ” the operation of a manipulator , select ing
automat ic functions where ava i lab le  and expedient , or assuming direct

manual con trol when required . Two basic computer-assistance functions can

be identified within superv i sory control : (1) augmented control , and

(2) automatic control .

Au gmen ted con trol i nclu des those tec hniq ues i n wh i ch the opera tor
rema ins in control of the manipulator; however , the com pu ter pe rforms some
function to facilitate the operator ’ s perform ance. Reso lve d motion con trol
(RMC), fi rst described by Whitney (1969), is a form of augmented control

designed to obtain coordinated end-point movement. The objective of RMC

is to relieve the operator of part of the contro l responsibility . For

exam p le , most of the current control systems in use by the Navy are joint-

by-joint rate controllers (Rechnitzer and Sutter , 1973). Rate controlled

man ip ula tors usually hav e one motor to power each jo i nt. Power to each
motor is usually con trolled by a se para te button or sw it ch . Severa l motors
must be operated simultaneousl y and at different rates to produce end-
point movement along a natura l coordinate (e.g.. “move to the left”).

In resolve d motion control , the opera tor spec ifi es di rec tion and s peed of
the end-point along some natura l coordinate axis. The computer calculates

the joint angles require d to move the man ip ula tor alon g the commande d

coor di nate sys tem. The opera tor i s thus reli eved of the ted ious and time-
consumin g task of controlling severa l joint motors ~iriII ltaneously (Mullen ,

1973).

The secon d form of computer-assistance is automatic control , in
wh ic h the com puter assumes comman d res pons i bi lity for one or mo re sub tasks .

1-5
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• I The computer executes the subtask with little or no intervention requi red
by the operator and returns control to the operator when the subtask has
been completed or when the computer encounters difficul ty that it cannot
overcome. Such automatic subtasks can be preprogrammed or the computer can

• learn the task from the operator (Freedy , Hul l, Lucaccini , and Lyman , 1971).
The automatic functions can proceed “bl ind” once they are initiated or
they can be equipped to respond to sensory feedback , including force

feedback (Groome , 1973; and Woodin , Whitney , and Nevins , 1973), tactile
sensing (Goto , 1972), force grip feedback (Ueda and Iwata , 1973) , and
proximity sensing (Bejczy , 1974).

As we extend shared control of a manipulation system to the full
range of capabilities afforded by the computer element , the question of
man-machine comunication becomes of primary importance. In any
manipulation task the operator must observe the actions of the manipulator ,
make judgments of the comands necessary to perform the task , and carry out
those judgments in terms of manipulator control. However , the involvement

• of the operator in performing these tasks is strongly affected by the degree
of assistance provided by the computer. When using unaided manual control ,

the question of communicati on between the operator and the machine is
relatively straightforwa rd, involving continuous operator control and

observation of every machine action. Introduction of supervisory control
-( techniques changes the character of the relationship between the operator

4 and manipulator. In supervisory control the operator not only provides

direct analog control of the manipulator ’s movements , but he also (1)
sel ects any of a number of computer-assistance functions , (2) monitors the

progress of automated routines , (3) is able to resume manual control , and
(4) knows what control mode is currently operating. A wide range of

coninunication modes , encompassing more than simple analog control , is

required when augmented remote manipulators are used .

1-6 
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1.3 Command Language

The present program focused on the required structure and form of
the lan guage exchanged between an operator and remote system , i.e., a

computer plus manipulator. Ferrell (1973) has shown experimentally that

an artif ic i al , cons t ra ine d , and stan dar di zed lan guage faci li ta tes
performance in manipulative tasks better than a free format , En glish-like

language . Ferrell concluded that the advantage comes from the fact that ,

althou gh entire manipulation task goals are readil y and perha ps most eas i ly
descri bed by a person us i ng ord inary Eng l ish , the comp lex geome tr i cal an d

tempora l configurations of objects and motions are not readily formulated

in such a langua ge format . A s tructured but flex ib le , task—oriented ,

artificial language can enable the operator to work more efficiently as

well as simplify the process of machine translation.

Verplank (1967) compared two classes of commands for a manipulator ,

(1) symbolic commands , given through an alphanumeric keyboard , and (2)

analogic commands , given through joysticks. The results suggested that

to indicate direction , magnitude and time-related motions , analo g ic command s
are much faster , easier , and more natural for the human operator. Abstract

conce p ts , however , such as goals or tasks , are more eas i ly spec ifi ed us i n g
symbolic commands. The problem , then , is to provi de a communication

lan guage which combines both the analogic and symbolic commands into one

structured , task-oriented format.

A useful way to conceive of such a structured language is first to

define a model of the tasks which are performed by remote manipulators .

For our purposes , a hiera rchical model of tasks , base d on the conce pt s of
procedura l nets (Sacerdoti , 1973 and 1975) , is appropriate. In this model ,
an overall manipulation task is seen as a tree—l ike structure , wi th
in dividual manipulator motions combined into subtasks , wh i ch are then

1-7
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combined into one overall task. Each node of the tree structure consists
of (1) a goal statement - what must be accomplished by the task , (2) an
object on which the action is performed , and (3) an ac ti on - the sequence

of subtasks , expressed as lower “b ranches ” of the tree structure. This
information is represented as a planning procedure in each node of the tree.
The planning process is activated when a global task request is made at the
node in question. The activation initiates the procedures within the net
node which first e:aluate the current state of the environment and then
generate an appropr’~te sequence of subtasks which , when accomplished one
after the other, will •. ~‘tisfy the goal . These subtasks are, in turn , a l so

- 

. activated and the procedu~~ within each respective nodes develop the plan H
to finer l evels of detail. At ~.. inal stage, the top nodes at the . 4

bottom of the tree are connected by sequencing links . These linked nodes
represent the sequence of detailed subtasks which will accomplish the overall
task. If the process is carried down to the level where each tip node is a
manipulator-executable primitive action , the linked sequence of tip nodes
in the tree represents the time sequence of manipulator actions which will
accompli sh the tas k.

Figure 1-1 illustrates the procedural net model of the task “Shut
Valve. ” At the top level, the task descri ption is independent of valve type
and valve location so it can be used in many ways as a step in more general
plans. The parameter that is needed at this l evel is an indication of which
valve is to be closed . One level lower in the task, “bring gri pper to valve ” ,
the valve location is needed. At the level underneath it , a specific
manipulator configuration must be decided upon. At the most primitive
level , individual motor actions must be specified . As the plan is
developed from the top down , more concrete facts about the environment and
the configuration of the manipulator in relation to it must be incorporated 7
into the developed plan.

1-8 L
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The procedural net model can represent not only the hierarchy of
tasks but also the hierarchy of commands within the communication language
itself. Figure 1-2 illustrates a procedural net as a model of man-machine
communication.

The operator conceives the task at a high level of abstraction and
develops it to some intermediate level . Here, the task is represented as
a chain of subtasks. The operator has to comunicate each of these
subtasks, in turn , indicating the sequencing relations between them. The
subtasks are now represented internally in the computer, shown as the
nodes at the top level of the machine -developed part of the net. Each node
is actually a task descri ption complete with termination conditions ,
poss ibl e error reports , and links to the tasks to be performed before and
after it. The computer can , using the procedures in these nodes , develop
the plan autonomously to the machine level . The arrows connecting the
tips of the procedural net are the sequencing links between the manipulator
executable primitive tasks.

The procedural net model suggests a basic structure for the
language . It is a task-oriented language with provisions to define tasks
as sequences of subtasks. Together with a set of primitive actions defined
directly as manipulator motions , such a recursive organization provides the
user with the capability to define tasks at arbitrary levels of complexity .
The user is doing the high—level planning, and the computer handles the
details.

1-10 



.~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Huma n

• Man /Iiachine
Commun i cat i on

Mac hi ne
Plann i ng

FIGURE 1-2. PROCEDURAL NET MODEL OF
MAN/MACHINE COMMUNICATION

1— 11



F. - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

2. A COMMAND LANGUAGE FOR SUPERVISORY CONTROL

Based on the results of the previous year ’ s experiment (Berson ,
Crooks , Shaket , and Weitman , l977) ,and analysis of the hiera rchical task
model , a manipulator comand langua ge was developed which would permit an

operator to specify manipulator movement in global , whole- task terms . This
• command lan guage was designed not only to include the capability for

symbolic and analo gic control as used in the previous experiment , but also
to permit the operator to define a sequence of actions and to then call

this sequence with a single command string. Moreover , the new ly develope d

command language was designed to sim plify the sequence of actions required

to def i ne or execu te a command.

The command language consiste d of two major elements , symbolic and

ana log i c command , which , at first glance , appear to be mutually exclusive.

In the first class , symbolic commands are executed by discrete pushbutton
actions , resulting in discre te and defined arm motions. Such a command

would include ROTATE~~ DO wh i ch would cause the mani pula tor wrist join t to
rotate clockwise l8O~. In the second class , analo gic command s are execu ted
by continuous movement of joysticks , resultin g in analogous man ip ula tor
movements . However , the language also inclu ded the capability to “define ”

manipulator configurations , calle d ‘ points ” , and trajectories , called

“paths ” . This “define ” function permitted the operator to fi rst move the

arm usin g the analog joysticks , and then to repea t the same mot i on , or
move back to the same place in the work space by using symbolic commands.

Thus , the distinction between analogic and symbolic commands refers
p rimar i ly to the method of controllin g the man ip ula tor movements , ra ther
than to the resulting sequence of movements .

W ithin the class of symbolic commands , the newly developed comand
• lan guage consisted of two categories of commands : primitive and variable.
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The Primiti ve commands are f i xed in the sense that they produce unvarying
manipulator motions whenever they are used . They are system-defi ned
rather than user-defined. These commands include the conceptual unitary

motions which are useful and necessary for performing a variety of tasks.

Primitives are the lowes t level in the symbol ic command hierarchy
and provide the basic elements for higher level commands . For the tasks
used in the present experiment , the following primi tive commands were

used :

(1) FORWARD - moves the manipulator forward along the current
ax i s of the effector (gri pper) for a di stance equa l to the
length of the gri pper.

(2) BACKWARD - reverse motion of “FORWARD” .

(3) GRASP - closes the gripper.

(4) RELEASE - opens the gripper.

(5) ROTATE ~~‘ 
- rotates the gripper clockwise.

(6) ROTATE - 
- rotates the gripper counterclockwise.

(7) MANUAL - stops automatic arm motions and waits for operator
commands (symbolic or analog ic).

The Variable category of commands are the user-defined comands
wh ich provide the capability to construct task specific commands. This
feature of the command language Is especially important in uncontrol led
environmen ts where the requi red programing Is not known in advance.
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Variable comands allow the user to record complex combinations of

manipulator actions and link space positions , which can be subsequently
activate d by a single command. Therefore , when employing a variable

command , the user conceives of the task at a hi gh level of abstraction and

the computer implements the lower level details of the pre-recorded

mani pulations . These variable commands include:

(1) POINT - moves the manipulator to a previously recorded

position .

(2) PATH - moves the manipulator along a previously recorded

trajectory .

(3) REVERSE PATH - moves the manipulator along a path from end

to beginnin g.

(4) CHAIN - moves the manipulator according to a recorded sequence

of Pr imitive and Variable commands .

Under the GO TO POINT command , the computer calculates the jo i nt
motions necessary to produce a straight-line motion between the current

position to the recorded position . Under GO TO PATH command , the computer
• first calculates the motions necessary to move from the current posit ion

to the starting position of the recorded traj ectory , then moves the arm
alon g tha t trajectory . Thus , a PATH or REVERSE PATH can be an i rregular ,

curving motion which can be used , for exam p le , to avoi d an obstacle. The

CHAIN command is a user-defined sequence of Primitive and Variable

(including other chains) commands which is defined , la belled , and used as
a sin gle unit. The chain command permits the operator to aggregate several

unitary manipulator motions together into a single comp lex motion , thus,

commanding tasks which are higher in the hierarchy of tasks . For examp le ,

the following sequence of unitary actions are necessary to close a va lve:

2-3 
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Unitary Actions Commands
CHAIN 1

1. Open gripper RELEASE
2. Rotate gripper counterclockwise ROTATE
3. Move forward w ith gripper over valve FORWARD
4. Close gripper GRASP
5. Rotate valve clockwise 1800 ROTATE

6. Open gripper RELEASE

7. Move backward away from valve BACKWARD

The primitive commands necessary to execute this sequence are listed in the
right hand column . As shown , this sequence has been label led CHAIN 1 ,

and these seven valve—turning steps will be executed whenever CHAIN 1
is commanded. A second , more comprehensive chain could then be defined to
close the va lve located at point 6 as follows :

- 

CHAIN 2

GO TO POINT 6
GO TO CHAIN 1
GO TO CHAIN 1

This chain would cause the manipulator to move to point 6, which has
previously been recorded in front of the valve , and to open the valve one
complete revolution (360°).

Given these two categories of symbolic commands , the command
language was designed to have a general verb-noun-parameter—terninator
syntax. While not all comand strings use all four syntax elements , the

sequence order is the same for all commands . This syntax was preserved
and facilitated by the keyboard which was designed to implement the comand
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langua ges . As shown in Figure 2-1 , the command wor d classes , i.e.,

verbs , nouns , parameters , and terminators , were grouped together in color-

coded columns (indicated by various shadings in the f igure). The flow of
han d movement in using the verb-noun -parameter-terminator syntax was

consis tently from left to rig ht.

The Varia ble category of commands require the leading verb to

i ndi ca te the nature of ac tion to be taken . The ve rb phrase ‘GO TO” is

used to execute any of the four commands POINT , PATH , REVERSE or CHAIN.

The DEFINE command is used to record the analog motion of the POINT and

PATH comman ds and to record the sequence of primitive commands with the

CHAIN command. The DELETE comman d is used to erase any previously recorded

comman d while the END command is used to terminate recording either Paths

or C h a i n s .

The resultan t actions of the noun commands have been described
previousl y. As shown in Figure 2-1 , the Primitive nouns (FORWARD , BACKWARD ,

GRASP , RELEASE , MANUAL , an d ROTATE) are grouped separately from the

Variable commands , since the syntax of former commands does not require a

l eading verb. The third class of words , the parameters , are grou ped
together in the form of a 1-2-3 keypad. The manipulator controller was

des igned to accommodate a number of Variable commands. In the system used

for the p resen t ex periment , each of ten Poin ts , Pa ths and Chains coul d be
recorded . The operator assigned a number to each recor ded act ion while
def ining the  action. Tha t number could then be used as the uni que

iden tif ier  to refer  to the recor ded ac tion .

Finally, the command langua ge syntax requires a command termina tor .
This procedure allows the operator to select one of several methods of

command execution. In the typical sequence , the c ommand s tri ng would be
termina ted by DO which would cause the command to be executed as soon as
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previously requested commands have been completed . If the operator

selected the DO NOW terminator , the just entered command was star ted
immediately, prior to the completion of any previously commanded action.

If the operator chose not to impl ement a command string that had just

been entered , or if he discovered a pushbutton error , he woul d use the
CANCEL termina tor. The CONTINUE terminator was used to restart a Chain

in which a MANUAL comman d had been inserted. For examp le , th e f o l l o w i n g

cha in includes a MANUAL command to allow the operator to use the joysticks

to make any necessar y fine alignments at the end of path 5 before

proceeding with a valve turning action. The automatic motion followi ng

the MANUAL command is initiated when the operato r selects CONTINUE.

CHAIN 3

GO TO PATH 5

MANUAL
GO TO CHAIN 1
GO TO C H A I N  1

GO TO REVERSE PATH 5

A f ina l  command pushbut ton , the STOP command , required no other
ver b , noun , parameters , or terminator .  Indee d , as shown in Figure 2-1

the button itself was located apart from the main keyboard in a conspicuous

location above the rig hthand joystick. The STOP command immediately

hal ts  a l l  mani pulator  motion , thus givin g the operator an emergency over-

ri de capability . By pushing the CONTINUE key , the opera tor coul d cause
the computer to resume any ongoing automatic motions.

Whenever the symbolic commands were used to con trol the manipu lator

motion , the computer f i rs t stored the commands i n a queue , and then
executed each command on a First-In- First-Out basis. As soon as a command
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appeared in the queue , that is , as soon as the operator entered a legal
verb-noun-parameter-te rmi nator string of commands , the commanded
manipulator motion was initiated . Manipulator movement continued , taking

each comand in turn , until the queue was depleted . The operator could

enter commands at any time, with the latest entry added to the end of the
queue. The operator need not wait unti l a previously-commanded motion
was completed before entering subsequent commands . As noted prev iously ,

the DO NOW terminator was used to insert the just-entered command at the

head of the queue. In addition , the operator could use the SKIP command
to move beyond the next-scheduled command in the queue , thus eliminatin g

that comanded motion. The CLEAR command was used to remove any

remaining commands in the queu e. This CLEA~- command coul d be used , for J
example, following a STOP command when the operator decides to change or
eliminate the previously selected sequence of automat ic motions.

When using the analog joystick , the operator could select one of —

the two control modes , SPATIAL- or JOINT control . For example , to select

the spatial ( RMC ) mode , the operator would use these pushbuttons :

I SPATIAL ] rDo i
In addition to the mode controls , the operator could select one of four
rates of motion . For example , to select the slowest rate the operator

would push the following buttons:

L 
RATE 1 ~ 1] [ D o]

The selected rate controlled the rate of motion for all manipulator

movements , whether commanded via the symbolic pushbuttons or the analog
j oysticks . The operator could use the analog j oystick either alone or
in combination with the symbolic pushbutton comman ds. That is , the
operator could control a manipulator motion solely by using the joyst i cks

J



or he could initiate an automatic manipula tor motion via the pushbutton
- key boar d and then use the joyst i cks to mo d if y or adjust the automatic

motion during the actual manipulator movement. In this case , the

resulting motion was a vector si.tn of the symbolical ly-commanded motio ns

- and the joystick-commanded motions.
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3. APPARATUS

3.1 Control Station

Figure 3-1 shows a drawin g of the manipulator control s tat ion
consisted of the previously described keyboard wi th the dedicate d

pushbuttons and two three-degrees-of-freedom , ra te con trol , self-
center ing joysti cks . The control s tat ion also ha d a 9 ” CRT d is p lay
which was used to provide printed information concerning the condition of

the system , to respond to keyboard inputs , and to display commands in the

execution queue . In the fi rst category , the upper right hand portion of

the dis play screen showed the control mode and rate conditions in the

fo l lowing  manner.

CONTROL : SPATIAL
RATE : 2

Keyboard in puts were shown in  the lower por tion of the screen , just

above the keyboard. If any keyboard entry errors were made , an “ILLEGAL

ENTRY ” message also appears on the l ower portion of the screen. As soon

as the DO or DO NOW terminator was entered , the command was en tere d i n
the queue , which was d i sp l ayed i n the lef t  center port i on of the screen .

As the commands were executed , the displayed queue list was moved up,
such tha t the comman d curren tly in execu tion was always l i sted at the
top of the queue. When the operator selected DEFINE CHAIN , the right
center port ion of the screen s howed the commands wh i ch ha d been selected
for that chain. These various display f i e lds  are i l lu s t r a t ed  i n
Fi gure 3-2 . In this example , the man ipu la to r  would move a t the fastest
rate ( RATE : 4) and if the joystick s were being used , they would contro l
the manipulator joints directly (CONTROL ; JOINT). Chain 4 had been in

execution and came to a MANUAL command . During the momentary pause in

the motion , the operator has begun to define Chain 5. In the course

3-1
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CHAI N 4 CONTROL : JOI NT
RATE : 4

MANUAL

GO TO CHAIN 2
FORWARD
RELEASE CHAIN 5

GO TO POINT 1

ROTATE LEFT

RELEASE
FORWARD

GRASP
BACKWARD

GO TO PATH DO ILLE GAL EN T RY

FIGURE 3-2. DISPLAY DURING EXECUTION OF CHAIN 5
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of defining this chain , he has entered the comman d GO TO PATH DO wh i ch
has been identified as an Ille gal Entry since the path number was not

listed .

3.2 Manipulator Facility

The Servo arm manipulator , il lustrated in Figure 3-3 , was used as
the testbed for the present experiment. This manipulator , described
previously by Berson , et al (1977) is electronically-controlled and

hydraulically-powered . The manipulator has six rotating joints (each
with a full 1800 movement range ) plus gripper closure . The arm motions
and joint numbers are (in anthropomorphic notation):

(1) Shoulder rotation

(2) Shoulder elevation
(3) Elbow flexion
(4) Forearm rotation

(5) Wrist flex ion

(6) Gripper rotation

These motions provide the six degrees of freedom necessary to position

; and orient an obj ect in the work space. The first three j oints position
the  g r ipper , w hile Joints 4 , 5 , and 6 orient the gripper with respect to
the gri pper axes .

The manipulator has a work envelope slightly larger than that of a
stationary person. The extended manipu lator arm length is about 40
inches from shoulder to gripper tip. When using the analog joysticks ,

the operator had two control modes available. Joint Control and Spatial

Control . Joint control gave the operator direct manual control of each

manipulator j oint angle. Each degree-of-freedom of the j oystick

3-4
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controllers was associated with a specific manipulator join t. Tha t is ,

each movement of a joystick along a single axis produced a radial
movement of the manipulator about the control l ed manipulator joint. To
produce end—effector movement along a straight line , coordinated control
of two or more manipulator joints was required . Thus , the opera tor must
activate two or more joystick axes simultaneously.

Spatial Control , or Resolved Motion Control (RMC ) allowed the
operator to move the wrist along task or worl d coordinates . Each degree
of freedom of the joystick is associated with movement of the manipulator
end-effector along a specific X , Y , or Z ax i s of the work space . Under
Spatial Control , the computer assumed the responsibility for performing
complex coordinate transformations. The operator specifi ed the speed and
direction of motion of the manipulator wrist , and the computer calculated
the requi red angle of each joint and output these as commands to the
individual joints of the manipulator. Spatial freed the operator from the

responsib ility of determining the combination of speed and motions to
produce the required trajectory . Figure 3-4 i l lustrates the difference in
manipulator motions , given similar joystick inputs.

3-6
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4 . METHOD

4.1 Subj ects

Six subjects participated in the experiments. They were students

at California State University at Northridge; three were male and three
were female. Their ages ranged from 20 to 28 yea rs , with a mean of 24.5
years . They had a mean of 14 years of education . None had previousl y

operated a remote manipulator or any similar dev ices requiring joystick

controllers . All subjects were paid for participating in the experiment.

Since normal visual acuity and depth perception appea r to be
necessary in per form i n g cer tain  man ip ulator  tasks , suc h as fi ne ali gnment ,
all subjects were screened using the Keystone Visual Survey . All six

su bjec ts were wi th in  the normal ran ges for the eig h t sub tes ts i n the
Keystone test battery . These include tests for visual acuity , stereo ps i s ,
simul taneous perce ption , fus i on , and depth perception.

4.2 Procedure

The experiment was divided into training and experimental phases .

In the tra ining phase , the test subjects were introduced to the various

mani pulator control functions and they then practiced using these

• functions to acquire controller skills on several basic manipulator tasks .

In the experimental phase , the subjects applied these skills acquired

during training to perform a simulated complex maintenance task. The

ma i ntenance task integra ted the elementary tra ining subtasks i nto a
single task which simulated realistic remote manipulator operations. Data

were recorded separately for each phase.
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4.2.1 Training Phase. Training was divided into two segments . In the

first segment , the participants received a lecture and demonstration of
the structure , function , and capabilit ies of the manipulator system . The
objective was to introduce the partici pants to the manipulator in genera l ,
and to the specifi c procedures for controlling the manipulator. In the
second segment , the participants practice basic manipulation tasks in
preparation for the experimental phase. The participants received equal
amounts of practice using the analog joystick controls , the Fixed and
Recorded symbolic commands , and the Chain command. Total training time
was approximately 10 hours for each participant , conducted in six sessions
ranging from 1-1/2 to 2 hours each .

Training Tasks. During the first hour of training, the
participants became familiar with manipulator control characteristics
by moving the manipulator in unstructured tasks. After this initial
familiarization , all training was conducted on the following structured
tasks which had defined goals.

Valve Turning . The valve turning task required the participants
to turn a 2” gate valve a tota l of five one-half revolutions . The valve
turn task was used because it is amenable to preprogrammed movement.
Participants performed the valve turning task using the Basic language
condition or the Basic and Variable language condition. In the Basic
language condition , the participant could use only the analog joystick
controls plus any of the Primitive symbolic commands. With the Basic
and Variable language condition , the participants were also allowed to
use the Variable symbolic commands , including Points , Paths , and Cha i ns .

The following operations are required to perform the valve turning task:

(1) Al i gn the end-effector over the valve.
(2) Open the end-effector
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(3) Move end-effector forward .
(4) Close the end-effector to grasp the valve.

(5) Rotate the manipulator 1800.

(6) Open the end-effector to release the valve.

(7) Move end-effector backward .

(8) Rotate back around the va lve 1800 .
(9) Repeat steps 3 to 8 for each 1/2 turn.

The participants performed the valve -turning task once under each
condition in each of the last f ive training sessions.

R ing-Placement Task. In the Ring-Placement task , the participants

picked up metal rings (2” hole diameter) and placed them on horizontal and

vertical posts (.75” diameter). The ring-placement task was used because

it involved a vari ety of basic manipulation elements ( i .e. , gross movement ,
fine alignment , grasping and carrying objects , etc.). Also , the
repetitive nature of this task provided the opportunity for the

participants to appreciate the advantage of the Chain command w ith suc h

tasks .

In the final three training sessions , the ring -placement task was
conducted as an experimental study . During these sessions , the

participants performed two consecutive trials of ring-placement under one

of two con trol modes . Dur ing  each tr i al , the participant would operate

the ma nip ula tor so as to pick u p each of s i x r in gs i n success i on , placin g

the first three rings on either the vertical or horizontal post and the

fina l three rings on the other post. W it h in  one such sess i on , the

part ic ipant might f i rst  perform two tr ials under the Basic language
condition and then two tria ls under the Basic and Var iable language
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conditions. The order of the two conditions was counterbalanced . When
using the Basic and Variable language condition , the participants were
allowed to use chains constructed durin g the first trial when performing

the second trial . This procedure makes possible an independent

determination of the time to set up a chain and the time to execute a
chain. Furthermore , this experimental design provides an assessment of
any differences in learning rate that may occur under the two control
modes.

4.2.2 Experimental Phase

Experimental Task. During the experiTlient , the test par ti ci pan ts
used the various control modes to operate the manipulator in performing

a simulated maintenance task. T he task included typical underwater
manipulations such as tool usage valve activations and part insertions.

The tasks were complex and took more than 15 minutes to com p lete . L i ke
the task used in the previous year ’s experiment (Berson , et al , 1977),

this maintenance ta~~ was based on a pipe structure located within the
man ip ulator ’ s work space. Whereas the task used in the previous

experiment emphasized gross travel , contour-foll owing, end-effector

orientati on , etc ., the current task emphasized tool usage in addition to

the previous task elements. As shown in Figure 4-1 , the task struc ture

inc l uded two gate valves with squa re handles , severa l interchangea ble

“ca ps ” which were loosened (or tightened) with a screwdriver-like tool

after which the manipulator could pick up the “cap ” , and a remova b le  pip e
section which could be removed or replaced by the manipulator. To the

l eft of the pipe s t ructure  was a p la t form w i t h  receptacles for the
screwdriver tools and extra “caps ” . To the right of the pipe structure

was a sim ilar platform with a receptacle for the removable pipe section.

These side platform s were used as workboxes for storing tools and parts.
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FIGURE 4-1 . SIMULATED MAINTENANCE TASK
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During the experiment , the participant was instructed to perform

the sequence of steps shown in Table 4-1 . Together , these steps
cons tituted a simulated maintenance task of adding a section of pipe to

the pipe structure . The list of steps was posted to one side of the

control conso le and the participant was instructed to feel free to refer
to i t at any time dur ing  the task .

4 .3 Ex perimental  Design

A 3 x 2 x 2 , repeated measures design was used to examine three
task condi t ions , with two levels of the langua ge , over two tr i a l s . The
thr ee task condi t ions  were Base l ine , Increased Variability , an d Increas ed

Com plexity . The list shown in Table specified the tasks which constituted

the Baseline condition . The Increased Complexity condition (more repetitive

subtasks ) was created by increasing the number of steps in the task

sequence. Specifically, this was achieved by requiring the operator to

d isassem ble a portion of the pipe s tructure befo re begi nn i ng the s te p s in
the Basel ine condition . The Increased Variability condition (more subtasks

but with no repetition among them) was created by (1) using two distinct

ca ps , each of which could be adjusted by only one of two differen t

screwdrivers and which were located at additional receptacles in the lefthand

workbox , and (2) by altering the portion of the pipe structure components.

This Increased Variability condition was designed to illustrate the

potential advantages or disadvantages of higher level command language

capab ilities in tasks requir ing movements to work-space locations which

vary over time or movement to a number of different locations.

As in the training phase , the Basic and the Basic + Variable

condit ions were used for the two levels of language structure . In t ’~r’~s
of the hierarchical task model, the basic lan gua ge con dition al lowed th e
partici pants to con trol the task operat i ons only a t the lowes t ,
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TABLE 4- 1
SIMULATED MAINTENANCE TASK STEPS

I. Go from STOW position to top valve and rotate it five (5) times

cl ockwise.
• D e f i n e  path which goes from STOW position to valve.

Ii. Transport to side valve and rotate it five (5) times clockwise.

III . Transport to crossbar and put into position (in the structure , bar

is released .

IV. Transport to 1st cap and put into position (in crossbar).

V. Transport to tool and tighten cap (completed turn , cap in place).

V I. Return tool to position (in tool box).

VI I . Transport to 2nd cap and put into position (in crossbar).

V III. Transport to tool and tighten cap (completed turn , cap in place).

IX . Return tool to position (in tool box).

X. Transport to side valve and rotate it five (5) times counterclockwise.

X I .  Transport to top valve and rotate it f ive (5)  times counterc lockwise.

XII .  Return to STOW posit ion.

4-7
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elementary motion levels , whereas the Basic + Variable language condit ion

permitted them to control the operations with commands more closely

pa ralleling whole tasks.

The six conditions created by the two level s of language and
three task conditions were conducted in six consecutive test sessions -

on successive days . The order of the conditions was counterbalanced to
control for learning effects. Within a session , participants completed

the scheduled experimenta l task twice in succession. During the secon d ~1

trial of each session , the partici pants were allowed to use any points , 1 .
paths , or chains which had been defined during the f irst trial.

I
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p 5. RESULTS

5.1 Training Resu lts

Fi gur~ 5-1 illustrates the performance times required to complete

the ri ng p lac ement task , show n as functions of the traininq session and

langua ge conditions. An analysis of variance , summarized in T~ - , 5- 1
confirmed the signi f icant improvement in successive sessions. This

result reflected the expected improvement with increased practice. The

Trials and Control Mode -by-Trials (A x B) interaction effects shows that

the pa rticipants were significantly faster (p< .Ol) in performing the

second trial , particularly when the Variable language commands (i.e..

Points , Paths , and Chains) were used . When the points and chains have

already been defined , as in the second trial of the Basic + Variab ~o

condition , the overall task performance tii”e was improved by 39 . However .

the cost of defining the paths or chains was to increase the overall ,

first-trial performance times by llV . Th i s resul t i l lus tra tes the
potential benef it to be realized by recor ’ing repetitive motions with

Variable commands for tasks requiring a number of repeated actions. T~o

significant Trials-by Session (B x C) interactions demonstrates the

greater practice improve ment when using the Variable commands. This

result suggests that with extended practice , the time cos t of defining the
‘variable commands may be reduced considerably.

In summa ry, these training data demonstrate the si oT~ificant

improvement in perfo rmance time to be gained when pre -establis hed Vdri abl e

commands are available to use with repetitive mani p ulation task

Furthermore , these data indicate not onl y that the use of chain s and

points significantly improves the performance during the initial

introduction to the manipulator system but also that ~~ benefit of th~
operator-defined Variable commands increases with practice.
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TABLE 5-1 . ANALYSIS OF VARIANCE SUMMARY TABLE FOR

PERFORMANCE T I M E  IN R I N G  PLACEMENT

Source df MS F

Con trol Mode (A) 1 64,440.50 3.81

Trials (B) 1 703,298.00 289.94*

Session (C) 2 240,637.79 11.05*

Subjects (S) 5 98,975.57

A x B 1 377,870.22 1U 4.9 1*

A x C  2 807.55 .04

A x S 5 16 ,923.57

B x C 2 25,469.05 17.36*

B x 5 5 2,425.67

C x S 10 21 ,779.76

A x B x C 2 11 ,696.69 3.59

A x B x S 5 2,043.49

A x C x S 10 18 ,664.51

B x C x S 10 1 ,467.41

A x B x C x S 10 3,253.65

TOTAL 71

*
p< .0l

5-3



5.2 Test Results

The experimental results in T ’ y ~~~, of mean time to completi ~;n as

a function of task , control mode , and trial are ~ho~.’ i n  Figure 5-2

The anal ysis of variance , su roi - ~. od in Table o_ 2 , showEd that sh.

effects of task and trial number were signi~ ican t (P<O.Ol). T’5 time

relations between the fi rst and second trial dein w-str~te (again as i n

the training phase) the definite advan~~qe of t~o~ chairing capabilit y ,

but the percentage imç:act is much smaller ~h~~r before in the simple

repetitive task. This is repros entat ivo f effects observed ir dc t~ al

undersea systems where advanced features of toe language c-n the syster-

get partially buri ed ir the varied actions toai toe operator does during

a long and complex task , of whic h lang oan e ~se is only a small part

(i.e., he sits and thinks about wb~i~ to dc nc~ L).

As could be expected , the tasks with increased var~abi ii ty and
inc reased complexity coch take ‘:~e~ than toe base li n e task. The ta -~
with increased variability takes 1~ nger because there are a O r’ -~~~ nUt hOc

of dif ler ent subtasks in it. The i gh cor’plexis’1 task is ~c,rcer s t il ~
because it has more subtask~ al to q ether , ind ucing r eprLi t iv ~ ness.

In addition to recording performance ti- c , contact errors

committed during tho pr~rfo~nian c.e of tho mai n~ ecir ce tasks w f r t a lsn

• recorded. The number of contact- errors for ca ch task under L -~th cn’~t r o~

modes is shown ir Figur E 5— 3. T h a roi lv si s of v a r i a nc e , suru~anized in

Table 5-3 , yielded a sinri  ficari t Control Mo~: -by- Fi sk (~~~ 
x B

interaction. This result i1l ustr a t.~’, thdt -~~r~ -dot ned V a riable

commands are most useful in redu cing ~nnt t . r” rs in routine ~.asks or

di~~ cult tasks , but tha t they are not as effective in reducing error -
in hig hl .y variable tasks in ~~~~ tb - mar ipu la~ -n must be mo ved to a

number of positions which charge durin g the cour;e of the t~ sk.

c -a
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TABLE 5—2 . ANALYSIS OF VARIANCE SUMMARY TABLE FOR

PERFORMANCE TIME IN EXPERIMENTAL TASK

Source df MS F

Control Mode (A ) 1 2 ,837.56 .08

Experimental Task (B) 2 906,716.10 13.16*

Trial (C) 1 4,572,~~8.OO 91 .89*

Subjects (5) 5 426,007.30

A x B 2 2,312.72 .09

A x C 1 9~ ,449.39 22.43*

A x S 5 33,925.02

B x C 2 23,133.50 3.26

B x S 1 0 68 ,879.54
C x S 5 49,729.27
A x B x C  2 980. U9 .07

A x B x S 10 26 ,9l 7 . l~
A x C x S  5 4 ,076.46
B x C x S 10 7 ,098.92
A x B x C x S 1 0 lS ,OIU .21

TOTAL 71

*
p< .Ol
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TABLE 5-3. ANALYSIS OF VARIANCE SUMMARY TABLE FOR 
-•

CONTACT ERRORS IN EXPERIMENTAL TASK 1•

Source df MS F

Control Mode (A) 1 15.13 1.46

tx perimental Task (B) 2 15.50 1.67

Trial (C) 1 .68 .14

Subjects (S) 5 16.29

A x B 2 26.00 5~Q7*

A x C  1 1 .1 3 .32
A x S  5 10.36
B x C  2 .05 .05

B x S  10 9.27

C x S  5 4.98

A x B x C  2 6.50 4.15
A x B x S  10 5 .13
A x C x S  5 3.49
B x C x S  10 1.16
A x B x C x S 10 1 .57

TOTAL 71

*
p< .05
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In a more ref i ne d eva lua t i on of the task per forman ce time , the

pe rformance of the va lve  turn i n g pos iti ons of the main tenance task were
inalyzed. This subtask is characterized by its highly repetitive nature .

i~lso , when usin g the app ropri ate chain , an opera tor i s a b le to per form
this rather complex operation by using a single synibolic command , thus
. rovid ing a c lass ic  example of a c ommand which is matched to the task

ame , rather than to the elementary task motions. As shown in Figure

~-4 and Table 5-4 , the performance of the valve-turning subtask closely

paral lels the overal l  task perfo rmance time. However , in this subtask ,
the operators were able to define the points and chains during the fi rst

trial with essentially no time penalty . This subtask was particularly

sensitive to variations in the work space locations. Greatly increased

performance time was required in the Higher Variability condition which

required the operator to move the manipulator to several different valve —

ocati ons.

S.3 Ojrnrator_Interview

After completion of the training and test phases , the participants

answered specific and open-ended questions concerning their experience

~vith the two control modes they used . All participants stated that they

,jreferred a combination of analog (RMC) and symbolic (primitive and

chained commands) contro l over analog control alone. Most experienced

less fatigue with the chaining capability and claimed it made their task

m ore ~interesting ” . Finally, severa l operators reported that the

procedures required to complete a task were easier to remember when some

l evel of symbolic contro l was used. This last finding suggests that one

unction of symbolic control is to ‘ chun k ” a task into discrete units

~i h ich can be more easily verbalized and recalled .

5-9 —
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TABLE 5-4. ANALYSIS OF VARIANCE SUMMARY TABLE FOR

PERFORMANCE TIME IN VALVE TURNING

Source df MS F

Control Mo de (A) 1 15 ,138.00 3.45

Ex perimental Task (B) 2 144,405.50 12.50*

Trial (C) 1 831 ,190.20 72.96*

Subjec ts (S) 5 40,090.12

A x B 2 264.04 .06

A x C 1 10,320.06 12.6l**

A x S 5 4 ,382.00
B x C 2 23,640.10 4~43**

B x S 10 11 ,553.71

C x S 5 11 ,392.62

A x B x C  2 847.68 .26

A x B x S 10 4,510.34

A x C x S  5 818.66

B x C x S 10 5 ,336.60
A x B x C x S  10 3 ,200 .28

TOTAL 71

*
p< .Ol

**p< .05

5-11

_ _ _  -.~~~~~~ ~~—-- - -~~~~~~—. --- -- --—-~~~



6. DISCUSSION

The resul ts of the training and experimental phases demonstrate

the poten t ia l  benefi ts to be ga i ned in man ip ula tor con trol by hav i n g
symbolic commands which are user-defined . Specifically, when performing

tasks whic h must be repeated one or more times , a user -d e f i n e d  command

(particularly a chain command) will significantly improve perf ormance

t ime , and in most cases w i l l  reduce the num ber of movemen t errors .

Moreover , the training data demonstrate that performance is s igni f icant ly
faster during the initial introduction to the system when the user—

• define d commands are available. Finally, the training data also sug~jest

that any initial time cost arising from the period required to define the

commands will decrease with extended practice.

Based on the theo ret ical dev elo pmen t of the hiera rc hi cal task
model , upon the rela ted wo rk of other researchers , and upon the resul ts
of the experimental results of this year and last (Berson , et al , 1977),

a prel im i nary se t of guidel i nes can be formulated for the design of

man-computer-manipulator communication languages .

(1) Use Task- and Concept-Oriented _ Commands. The huma n operato r

thinks in terms of tasks and complete concepts and these
are the basic units in his natura l language. Organizing

the command language around such units provides a natura l
mental framework for the user , allowing him to think

ib nut the task a t hand ra ther than the mechan i cs of
expressing his intentions in manipulator-ori ented terms.
The principle is related to the idea of . - t - ~~~ -~

as di - cu ssed by Foley a nd W a l l a c e (1 974) . “An action

language is . ! ‘ n• n 1~~
-
~ if , within a given phase

or subdomain of discourse , each complete user thought can

be expressed in a continuous sequence of input device

6-1 
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opera tor to work more eff i c i en tly as wel l as s im p l ify the
process of machine translation.

(4) Provide for Tactile , Visual , and Conte xtual Continuity . Foley

and Wallace (1974) ,emphasize the importance of continuity

in the operator sensory and conceptual interaction with the

system . Tactile continuity refers to natura l grouping and

flow of motion required for the tactile input devices such

as keyboar d s , joysticks , etc. Visual continuity refers to

the arran gement of info rmati on , so that within a given

sentence ( i .e . ,  one conceptual command ) , the eye should
focus on a single area on the contro l panel or move in a

continuous manner throughout the expression of the sentence.

Contextua l continuity refers to providing immediatel y

perceivable responses to reinforce the effect of every step

in the action sequence and giving standard feedback

information in dedicated , fixed positions in the visual

field.

(5) Provide Feedback on System State. In dealing with man-

machine display i nt erfaces , Eng le and Granada (1975)

emphasize the importance of providing continuous feedback

to the user about the state of the comp u ter sys tem he is
dealing with. The information a l lev ia tes  the frustration
generated in the operator when dealing with a complex black

box .

(6) Use a Consistent Structure of La u~ge and Feedback.

Consistent structure reduces training time , error ‘- -ate . and
user memory requ i rements and thus i s a bas i c fea ture of a
comman d language. It is related to the Foley and Wallace

(1975) idea of sentence structure .
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(7) Provide Mechanisms to Undo Army Errors . Human operators ,

~ especially under time pressure are erro r-prone. A syste m
-
- acceptin g operator corrinands must have easy “error recovery

capability ” . Engel and Granada (1975) see this as an

important feature of any computer comand language.
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1 . INTRODUCTION

1. 1 0i~ Funct ional  Overview

The ONR - l976 Computer--Aided Manipulator Fac i l i t y  includes a hydraulic
servo  m a n i p u l a t o r , 3-dimensional d isplay , man- mia ch ine interface and a
minicomputer.

The operator control led the manipulator through jovst i  ~nd

pushbuttons on the control -console and observed the manipulator ’ s a c t i v i t i e s
through direct viewing or via 3-0 display .

The ope ra to r ’ s input was processed by the minicomputer which , in
t u r n , control led the manipulator ’ s servo e lec t ron ics .

Con t ro l_ Modes - three control modes were ava i lab le

( 1)  Direct Control - which enabled direct manual control of each
joint.

(2) Resolve d Motion Control - RMC enabled manipulat ion of the anni
i n a car tes i an s pace .

(3) Autmoatic Motion Control - AMC gives comp le te cont rol to the
computer. It enabled the operator to record seven different

confi qur a tions (pol m~ s)  ~~ ri m o v e  rh1 arc ¶ 0 n ~ ~~l ev i  O t i S ]  y

redorded point under complete computer control .

~Joy stick — Jo y sti cks were inoper able under AMC mode . Speed

adjustment allowed the operator to selec t 4 differe nt rates f arm ti er .

1— 1
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The 3-dime nsional display enabled the operator to generate a

“stick-figure ” ima ge of the arm .

1.2 New Sys tem Functional Overv i ew

A whole new array of functional requirements were introduced in the
ONR-1977 R&D activity pl an. An additional degree of freedom to enable wrist

f le > : ion , a set of new primit ive and non-pr imi t ive com mands , and a cont inuous.
control-feedback visual sys too were just a part of the new s-is t~ r m reuui rel me i t s .

Consequently, a new hardwa re/software system~ was designed and devel o ned .

Hardware changes included reconstruction of the mani ou lator ,
development of a new dedicated oritro l key boar d an i a new CRT for i is ~~s
control f eedback . The new keyboard a i  CRT rep laced the old ioto q rat ed

control-console.

Required software modi f icat ions and addi t ions were so - l r - ms t i c  tn at

an overall redesign and development were neces sary .

Modulari ty and an hierarchical softwar s - s t rucL , -c were the guide
l ines in the process of new system design. Current and future ,-eouire r L n T s
were analyzed as to enable desi gn of an easy modif iable and e~oandahI ,-

software system .
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2. NEW SYSTEM FUNCTIONAL D E S C R I P T I O N

2.1 Command Language Desi gn

2.1 .1 Overview . The manipulator command language was desi gne d , based on

the p roce dural net model anal ysis of command language requirements and the

principles identified by the analysis and by review of related work.

This language consists of a set of primitive commands and “cha i ns ” or

sequences of commands.

The primitive comman ds are the conce ptual un it tas ks use ful i n
manipu lations which were automated and can be called by one user command.

Primit ive cal l ing commands have the syntex of ~ :~i- . m : - ::~ 7m0 :Jm- : ~~
- : z t

but not all the syntactic elements are present in all the commands as we

wi l l  see. Chains are user defined sequences of primit ives and /or chains
which provide the facility to define new commands higher in the hierarch y

of tasks. Figure 2-1 shows the complete keyboard arrangement used in

implementing the language. The different command word types such as verbs

and nouns are grouped together by colors ind icated by d i f ferent  shading in
the figure . The flow of hand movemen t using the verb-noun-parameter-terminator —

is consistent from left to ri ght.

2 . 1 .2  Points. Named points correspond to points in link space , (i .e . ,

specific configurations of the manipulator). The points can be defined

by bring ing the manipulator to the required position . They can be exec uted
an d th en erase d or rena m e d. The snytax of these comma nd s is :

D E F I N E  POINT 7 DO

GOTO POINT 7 DO

DELETE POINT 7 DO

2- 1
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The verb-noun structure is evident where each square is a single

keystroke on the dedication keyboard . “DO” is the standard terminator of

each command. If the user notices an error whi le entering a command he
can abor t the current comman d by pressing CANCEL instead of DO. We used

num bers as point names instead of alphanumeric names and onl y sing le-digit

names are allo wed . A point name can be assigned to a new manipulator

position by redefining it.

2.1.3 Paths. Complete paths in link space can be defined , t r a v e r s e d

forwa rd or backward and deleted , using a similar set of commands . The
syntax of these comman d s are as fol lows :

D E F I N E  PATH 3 DO

END PATH DO

GOTO PATH 3 DO
GOTO R E V E R S E  PATH 3 DO
DELETE PATH 3 DO

A path is defined as a sequence of points from the initiation command

to the END command . All mo tions of the manipulator are stored , both those

con trolle d manuall y or those control led by t he com puter w hi le executi n g a
previously defined chain. The provis ion of running both forward or backward

on a path is useful to move from one area of the workspace to another and
back.

2 . 1. 4  Other Primit ives. Other primit ives are provided to c~o ROTATion of

the wrist , GRASP and RELEASE and short movement in the direction of the

gripper; FORWARD and BACKWARD.

2.1.5 Chains . C hains are name d se quences of speci f ic  primit ive commands

w hich were defined and labeled as a unit. For example , the fo l lowing i s

a complete chain which closes a va lue located at the end of path 4 . 
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CHAIN 9

GO TO PATH 4

MANUAL

GRASP

GO TO C H A I N  2

GO TO CHAIN 2

R E L E A S E

GO TO R E V E R S E  PATH 4

“CHAIN 9” is the name of the chain. PATH 4 is traversed forward at th~-
beginning and backward at the end of CHA IN 9. “MANUAL ” is a special  command
by which the computer temporarily gives control back to the user so he can
f ine-adjust the manipulator gripper in front of the va lve  to be c lo5ed .
A f t e r  the  GRASP , CHAIN 2 is cal led twice to perform the rotation of the
va lve .  This is an examp le of using a chian wi th in  a chain . When such
recursion is al lowed by any level , a hierarch y of chains , ( i . e . ,  task u n i t s )
can be defined by the user. RELE ASE opens the grinpe’- and the last command
brings the manipulator to the initial posi t ion . A PATH is used in t his
example to bring the manipu lator to and from the valve , rather than a
GO TO POINT , making the manipulator go around obstac les wh ich  it m a y  col l id e
wi th if moved by a GO TO POiNT.

Chains are defined by going into a special EDIT mode in which no

execution of commands takes place . The chain name is specified and th~ n

the sequence of primitives that make up the chain is g i v e n . The user then
goes out of edit mode into the regular execution mode and he can ca l l  up

the chain for execution by givin o a command of the following type :

GOTO CHAIN 9 DO
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2.2 Controller Interface

The operator  c o n t r o l s  the computer-aided manipulator through a

specia l ly -designed keyboard ind joyst icks.  A dedicated keyboard , shown

i n Figure 2-1 , al lows the opera tor to select any of the comma nd lan gua ge
primitives and to change from manual operation (via the joysticks) to

automatic operation (via the keyboard) and vice versa. Feedback information

genera ted  by the computer is displayed on a CRT screen.

The system was desi gned to provide as much feedback information as
possible.  The keys provide tact i le and v isual  feedback throug h a s o f t

“c l i c k ” and a monentary lights that are ac t iva ted  when each key is depressed •
An additional v isual  feedback is q iven  on the screen when the completely
spelled-out command is shown immediately for user verification. Extensive

additional information about the system state and the processes going on is

shown on the display using a consistent format.

2•3 Software Requirements

2 . 3 . 1  General. The requ irements for the revised softwa re include :

(1) Additional Primitive Command - like “GOTO PATH ,’ “MOVE

FORWARD ,” “ROTATE LEFT ,” “GRASP ,” etc .

(2) Chain Execution - sequential execution of primitives in chain.

(3 ) Commands Queuing — which should be performed asynchronously
w ith any other ongo i ng p rocess .

(4) Continuous Visual Feedback - should reflect the actual state

of the system . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



‘

~~~~~

. 

~~~~~~~~~~~~~~~~~~~~~~~~~ 

- --.. _______

(5) Chain Definition Mode — which should halt any execution

act i vi ty  an d ena b le operator to def i ne ne w seq uence of
commands.

(6) Additional Link - seventh degree of freedom in the manipulator

wh i ch w i l l  ena b le wr i st rotat ion .

The new software was designed and developed under strict adherence

to princ ip les of modularity and hierarchical des i gn . Detailed monitoring

of present an d fu ture  requirements  ena b le d t he des i gn of a flexible and

expandable modular system. Ut i l izat ion of the look-ahead approach into
the present system design makes many future requirements and modi f icat ion
su itable for easy and rapid implementation.

2.3.2 Primitive Commands. Ten different primitive tasks can be exec~ited

as a res ponse to the opera tor ’s comman d. These include:

(1) “GOTO POINT” is the only primitive which was used on the old

system .

(2) “GOTO PATH” - manipulator traverses along a predefined and

stored trajectory .

(3) “GOTO REVERSE PATH” - traverse a path from end to be ginnin g.

(4 ) “ FORWARD ” moves manipulator small d is tance forward along the
ax is  of the gripper in constant orientation .

(5) “BACKWARD ” - moves manipulator backward in constant ori en t eti on .

( 6 ) “GRASP ” - closes gripper.

2-6
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(7) “RELEASE” - opens gripper.

(8)  “ ROTATE LEFT”  - rotates the gripper counterc lockwise.

(9) “ROTATE RIGHT ” - rotates the gripper c lockwise .

(10) “MANUAL” - stops execution and wa i ts for operator ’ s response.

These primit ives can be executed in a sequence such that a new
command is invoked after a previous command is finished. They can also be

keyed in while execution of previous primitives is going on. The new

primitives are pushed into a pending -commands queue and as execut ion of the
c urrent comman d end s , the next command in the queue is executed. This

process is repeated until the queue is empty .

2 .3.3 Cha ined Command. “GOTO CHAIN X” comma nd i s a h i gher level command

whose operand is a sequence of primitives described in the previous section.

A chain of primitive commands can be defined in a special editing mode and

later use d as an operan d. Each chain can have up to ten primitives.

Chains can be queued l ike any other primitive.

2.3.4 Definition _Commands. Some of the pr imit ives can not be executed
unless the i r opera nds have been def i ned. The proper definition commands are :

( I ) D E F I N E  POINT X - records present position of the arm .

(2 )  DE F I N E  P A T H  X - records an entire trajectory traversed by

manipulator until the “END PATH” command is g iven.

(3)  D E F I N E  C H A I N  X - records all the subsequent primitives into

cha i n  X . “END CHAIN” command stops chain definition . 
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The operator can define ten different points , five paths and five
chains .

2.3.5 System States. The operator can utilize various control options

include d in the software system . These options are invoked by State Coni’nand

which include the following:

( 1 )  Spatial Control - enables/disables the cartesian control mode

of the arm .

(2) Joint Control - enables/disables the joint—by-joint control
mode of the arm .

(3) Wrist Invar - enables/disables wrist i nvariance function.

The initial orientation of the wrist is maintained while

the arm is maneuvered by p r i m i t i v e s , joysticks , or both.

(4 ) Rate X - changes the rate of motion of the arm. Three
different rates are available.

The states described above can be viewed functionally as hi gher
level functions which are prevailing in the system while some l ower level

functions (primitives , non-primitives) are started , execute d , and finished .

For example , joystick manipulation in spatial or joint state can be performed

while some primitive execution is going on. The invariance can be invoked
too , and then  the orientation of the gripper remains constant.

2.3.6 System Visual Feedback. Visual console feedback serves three

different functions.

(a) Continuous display of operational control information. 
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(b ) Editing mode feedback which displays chains
definition and modification.

(c) Instant feedback to keys pressed by the operator on the
de d icate d keyboard .

(1) System Control Feedback

(a) Sensor , Wr i s t Inva r i ance , 3-D Path -Definition are

indicated by on and of f .  Joyst icks control is indicated
by spatial  or joint control and Rate shows the current
rate of motion.

( b )  The Current command in exec ution is sOown on

top of a queue which is popped up every time a new command

enters execution. i~ a chain is an epnrncl i rig (em ~I mmO nc1 . it is

shown like another primitive. When it enters execution ,

a special header indicates “CHAIN IN EXECUTION” and chains

primit ives are passed so that the operator w i l l  see what
comes nex t i nto execu ti on . A max imum of 10 commands can
be shown at a time .

(c) When execution stops a STOP is disp layed at the center

of the console. The same message is generated when the
operator s tops the sys tem .

When MANUAL command is executed , a ‘YOUR TURN” message is
displayed

2-9 
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(2) Editing Mode Feedback

The Edit Mode is involve d by the Define Chain X Command .

If the chain exists already , chain primitives are displayed.

The opera tor can modify or generate a new c h a i n  by typi ng
v a l i d  p r im iti ve comman ds wh i ch are di splayed under the chains

name .

( 3 ) Key boar d Fee db ack

W h e n e v e r  a key is pressed , its name is displayed on the
console . This enables the operator to verify that he

generates a va l id  sequence and to correct errors . Whenever
a typ ing error occurs , an “Invalid Command” message is

displayed .

2.3 .7  System Special Features. To enable smooth operation of the system
three options were defined as follows

(1) Ski p - skips on the current command in execut ion .

It ena bles the operator to stop any pri mitive in the

mi dd le of its execution and p rocee d w i t h nex t comma n d

in  queue .

( 2 ) Clea r  — s k i p s  on the current command in execution and clears

the stack and the queue of all the comman ds .

(3) In itialize - clears all commands and deletes all the defined
points , chains , and paths. It also erases the screen and

displays current system states.

2-10 
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3. HARDWARE

3.1 Hardware_Configuration

Hardware com ponen ts of the system are shown in Fi gure 3-1 . A
detailed explanation of each one of them is g iven in the following sections.

3 .1 . 1 Control Processor . The supportin g processor for the mani pulator

system is an Interdata Model 70 minicomputer. This machine , which is

microprogrammed to accept an imitat ion of the IBM system 360 assembly

l a n g u a g e  set , has  a memory cycle time of 1 ~5 and basic instruct ion
execution times averaging between 1 and 3 us. As presently confi gured ,

the processor system includes 48 kilo bytes of core memory , a high speed

paper tape reader/punch , a l i n e  pr i nter , a CR T al phanumeric terminal , a

selec tor channel , a disk memory and re-settab le precision interval

clock.  The disk drive , CRT , and other preip hera ls are used to support
prog ram develo pmen t work and are not part of the real time manipulator
con trol system .

3.1.2 ÷1/0_Interface . Da ta transfer between the computer and ranipul ator

servo -electronics and between the computer and the control console is
performed by a Perceptronics +1/0 Programmable Interface. Besides prov idin q

all analo g-to-di gita l (AID), digita l- to-analog (0/ A) ,  and digita l- to -d i q ita ]

(DID) conv ersions among the system components , this interface allows the

outputs of all controlled devices to be treated by the processor as if they

were the product of only one device , thus s impl i fy ing the software arran gements
at the processor .

The +1/0 Interface contains a number of funct ional modules arranged
along a transfer buss by which commands , data and status signals are

communicated . These modules perform such individua l functions as

standardizing communication wi th the processor , sequencin g data transfers
acruss the buss , and performing D/A conversion and output.

3-1
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In addition to an interface module between the processor and
interface , the +1/0 includes an A/D module that is used to interface w i th
the servo position potentiometers and control console joysticks. Thirty -

two individually addressable input channels are provided . An ei ght-channel

0/A module is used for convert ing and sending posi t ion commands (vo l tages)
to the control inputs of the servos . Finally, a D/D module is used to

provide the 16 input and output channels for the button and lamp arrays
of the control console.

3 .1 .3  Servo_Electronics. The e lec t ron ic  posi t ion -- feedback servo ampli f ier
generates a control vol tage to the valves according to the difference

between an input command voltage and the output vol tage of the posi t ion
sensing potenti ometers attached to the actuators; thus , the motion of the
servo manipulator is control led by the D.C . input vol tage to each actuator
servo ampli f i er . T he comma nd vol ta ges to t he servo am p lifiers are output

from the computer via digita l to analog converters.

3.1.4 Servo Mani pulator. The manipulator shown in Figure 3-2 is
electronical l y  control led and hydraul ical ly  powered. It has s ix  rotat ing
joints and the seventh is gripper closure . The arm motions and joint number

are: -

(1) Shoulder Rotation

( 2 ) Shoul der E l e v a t i o n
(3) Elbow Flexion

(4 ) Forearm Rotation
(5) Wrist Flexion

(6) Gripper Rotation

(7) Gripper Closure

The l inks are moved by activators. Each activator has a pair of

p is tons an d cy linders controlled by a sing le servo valu e. The se rvo values
are con tr o l l e d by elec tron i c , position-feedback servo amplifiers.

3-3
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FIGURE 3-2. SERVO MANIPULATOR WITH MOTIONS
OF THE SIX ROTARY JOINTS
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3.1 .5  Control  U n i t .  I t has a panel of pushdown buttons and two joysticks .

Operator ’s control comman ds are generatcd by pushing valid sequences of

buttons. Every button generates a different ASCII code. The codes are

transm it ted to the con trol p rocessor , which performs the required functions .

The joyst icks are used to manually control the arm . Each joys t ick  has three
degrees of freedom which corresponds to certain joints in the aro . The

seven th li nk , the gripper , is controlled by an additiona l switch on the

keyboard . The analog signals generated by the joysticks are transmitted

to the A/ D converter in the +1/0 interface which then sends digital values
to the control processor.

3.1.6 Control Visual  Feedback U n i t - C R T .  The console disp lays
characters sent to it by the contro l processor. Two types of information

are displayed

(1)  immediate v isual  feedback to keys pushed by the operator .
(2) control information - which is funct ional feedback of the system.

3 .1 .7  3 -Dimensional Disp la~y.~ This device produces a three-dimensional
image. Designed spec i f ica l l y for use as a computer output termina l, the

display permits direct user i nteraction with the 3-0 image .

During operation with the mani pulator , the computer ca lcu la tes
the image coordina tes of the arm and generates a “st ick figure ” image  of

the arm on the 3-0 display. As the arm moves wi th in the wor k space , the

displayed arm figure moves in a corresponding manner within the 3-D image

volume . W ith a force sensor attached to the mani pulator wrist , an ima ge
of objects in the work space can be created by recording and d isplay ing
those points in space where the end-effector touched the object.

3-5
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3.2 System Data Flow

3.2. 1 Manipulator. A continuous flow of information to and from the
manipulator is performed. Every 4 ms. “read manipulators current position ”

and “wri te to man ip ula tor required pos iti on ” are performed . If the

difference between two va lues  of any of the seven links i s greater t han
the “hardware sensitivity thresh old” the servos are activated and links

are move d towar d the required posit i on .

The “read” act iv i ty transmi ts seven analog values measured by the

potentiometers of each link to the A/ D converter in the +1/0 which then
sends di gi tal values  to the control processor . The “write ” activity

sends di gita l values from control processor to the D/A converter in the

+1/0. Analog values are sent then to the servo “control electron i cs ”

which generates required activation signals to the manipulator servos .

The read and wr i te  a c t i v i t ies are invoke d by clock i nterru pt s genera ted
every- 4 ms . When control is given to such an interrupt it calls the “read”

and “write ” routines which takes about I ms and then control is returned
to the interrupted pro gram .

3.2.2 Control Unit (Keyboard and Joysticks) . There are two different

routes of data at the contro l unit. Every pushbutton touch genera tes a
special keyboard-interrupt which diverts control to programs which read

and analyze the code generated at the keyboard. The rate of keyboard-

interrupts is a function of the key -pressing rate . The joyst icks generate
analog si gnals which are sent to the control processor through the +1/0.

The +1/0 converts the analog si gnals and the dig i t a l  data i s “read ” i nto
the control processor every 4 ms together wi th the manipulators ’ seven

links da ta.

3.2.3 CRT - Visu al Feedback Control. Information displayed on the CRT

is generated by the Main Control Process and the Teletype (read-keyboard)

process. The first generates the current state of system information

. 1 -- - - -- -
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- and updates the CRT with every functional event in the system . The latter

generates visual pushbutton feedback and error messages in case of lexical

or syntactical errors .

Same clock i nterrupts which are invok ing the +1/U “ read” and “write ”

routines invoke the CRT feedback routine which sends characters from output
- 

I buffers to the CRT. One sing le character is sent every time this routine

is invoked and so 250 characters can be displayed on the CRT every second.

• 3-7

L- ‘• 

~~-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



- ~~~~ -- ~~~~~~ - .-~ ~~~~~~~ -—-—.. - - -~~~ ~~~~~~~~~~~~~~~~~~~ -— —
~~~~~~~~~~~~~~~~~~~~~~~ -,~~~~~~

-- _-—-- _---- -—-,---

4. SOFTWARE

4. 1 Software Modular Structure

The software system combines three main modules shown in Figure 4-1.

Module 1 is the main control process. It contains the main centra l loop

which  executes mos t of the sof tware funct i ons . All the programs of primitive

and non-primitive functions , joystick control and state command programs

are included in this module. Module 2 is the teletype process module.

It conta ins the programs which read the keyboard codes analyzes and

interprets them Module 3 is the I/O process module. It contains programs
which “ rea d ” and “wri te ” an d send characters to the CRT .

4.2 Software Hierarchical Structure

In Figures 4 -2 , 4-3 , and 4-4 programs organizat ion of each
module is shown . The diagrams depi ct the hierarchical structure organization

and not the functional f low of control. Some of the commonly shared routines
are not shown but will appear later in the flowchart diagrams .

4.3 Real Time System Processes.

One of the basic system requirements was to nenerate and
pro duce smooth mo ti ons of the arm wh i ch can be correcte d an d mo difi ed
wh ile performing automatic tasks. Another requirement was to assure an

immeidate reflex response to any obstacle the arm may bump into . A

continuous con trol of the sys tem throu gh the ded icate d keyboard must be

ava i la b le to a l l o w  i mme d ia te i n terven ti on by the operator. These
requirements dictated a real -time system design which consists of three

paral lel  processes .
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(1) Main Contro l Process

This process performs most of the system functions. It executes

primitives and chains taken out of the queue. If joysticks

are opera ted , it adjusts the arm position accordingly. If

i nvar iance is enables , it keeps the wrist orientation constant.

Since spatial control and wrist  invariance require complicated
com puta tions the ma i n con trol process ca l l s  the a pp ro p r ia te
routines to perform this job before sending required data to

the mani pula tor .

(2) Teletype Process

This process is invoked whenever a key is pressed . It records
the code generated by the key and when a terminal key is

pressed it sends the command (sequence of codes) to the

inter preter. The interpreter recognizes commands and

interprets them into codes of action. When a pri m itive -~

command is received , i t is transformed into a code of two

dig i t s  and the code is pushed into the queue. State commands

are transformed into specific fla gs which indicate to the

ma in process what control function to perform . The modular

struc ture of the in te rpre t in g p rograms is f l e x ib le to a l l o w
additional changes and extensions of the system user language.

(3) I/O Process

Continuous data flow is required between the computer and the

mani pulator to enable continuous and accurate control of the .1
mani pulator position. The I/O process reads current values

of the seven links and writes new require d values. This

activity is repeated about 100 times per second which ensures

smooth control of the arm .
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4 .4 Real Time System Constraints

In the real time environment 1 operat i ons of the three processes
in ter leave i n t i me so they are concurren t. The processes i n terac t amon g

themselves by using same data structures. In our system these are buffers

which are filled by one process and emptied by another. The queue is filled

by the TTY process and emptied by the main con trol process an d fla gs
are set and reset in the same way. The shared resources must not be

accessed simultaneously by two processes and some provisions must be made

to assure mutual exclusion . The access -restr icted code sections are
calle d critical sections (or protected sequence). Whenever cr i t ical
section execution starts , it must not be interrupted until it is finished .

The execution of cri tical sections must be synchronized by a mechanism

w h ich w i l l  enable to com p lete execu ti on of one p rocess at  a ti me .

In Figure 4—5 the three concurrent processes are ;hown . Each process

corresponds to the module shown on Fi gure 4-1.

Avera ge execution of the main control loop takes about 60 m s.

an d the loo p i s execu ted ever y 100 ms. This specification was devised to

satisfy the constraint of smooth arm motion described in Section 4.3.

The clock interrupts are generated every 4 ms and CPU control i s
transferred to T RAP1 unti l execution of the I/O module is finished and

control is returned to the main module. Execution of an I/O interrupt takes

a bout 1 ms .

The I/O module is regarded as a cr i t ical  sect ion so that any other

interru pts are disabled.

~~~~~~~~~~~ ~~~~~~~~~
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The TTY module is invoked by the keyboard genera ted interrupts .

Control is transferred to TRAP2 and the TTY module is executed while any

other interru pts are disabled. An average execution time takes about

1 ms . In or der to res pon d to comin g in terru p ts w ith mi n imal cela y t he ma i n
process mus t not disable C-PU interrupts for long periods of time . This

requires an even distribution of critical sections along the main process

con trol flow so that an 1/0 or TTY interrupt wi l l  not get lost.

We can v isual ize the concurrent processes in the system in the
followin g way . There is a basic cycle every 100 ms. For about 60 ms. the

CPU works on main control loop. Clock interrupts are coming ever y 4 ms.
so that control is di ver ted to the I /O process. One TTY i n t e r r u p t  can
occur during the cycle and its time consumption is neg l igable .  Overal l  in
abou t 85-90 ms. of 100 ms. cycle the CPU is really busy.

4.5 Software Funct i ona l Structure

Th i s sec ti on w i l l  i nclude the f lowc har ts , and functional explanations

of the system programs . Any add i t iona l deta i le d documenta ti on can be foun d

in program source listings.

4.6 Documentation Methodo1q~~

In our fu r the r  h i e r a rch i ca l  documen tat i on we ’l l use the following

documentation methodology (reference 1).

“The  ANSI t echnique  used for denot in g h i erarch i c flo wchart  ex pans i on
is strip in g the box to be ex pan ded , as shown in Fi gure 4-6. The striped
modu le is given a procedura l name , NAME , a cross —reference identifier , x ,
and a number , n, on its current f lowchart .  I sha ll augment that method as
fo l lows . If the current  f lowchar t  i den ti f i e r  is m , then the box can be
uni quely identified as the Dewey-decima l number m .n , and this number

can be used for cross-referencing as long as no ambiguity arises. In such

a case x need not appear at the point of striping.

I
4-9
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FIGURE 4-6. HIERARCHIC EXPANSION OF STRIPED
FLOWCHART SYMBOL
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Stri ped symbols can refer to h i erarch i c ex pans i on i n one of th ree
ways : (a) subprograms , which can ei ther be segments of in-line code or

procedures that , on norma l termination , continue execu t ion alwa ys at the
same poin t  in the program ; (b) internal subroutines , w hi ch are se gmen ts
of code invoke d a t several p laces i n the program , wh i ch alwa ys return ,

upon completion , to the po i nt of ca l l , and which are part of the body of

the program; and (c) external subroutines , which are subroutines

(returning to the point of call) whose designs are external to the program

(e.g., li brary subroutines) and not described in this set of documentation .

I have previously referred such program segments as striped or named

modules. Notations for these three cases are i l lustrated in Figure 4-7.

The hierarchic p lace that a module occupies in a design is denoted
by its Dewey-decimal cross-reference. For example , suppose that on a

f lowchar t num bere d m , a box nunibered n refers to a procedure (not subrouti ne)

to be expanded later in the design process. Then the flowchart for tha t

la ter expansion is made Chart No. m .n. One reading the flowchart wishing

to trace out how the function in box n of flowchart m is achieved , merel y
has to loca te Chart No. m.n to proceed .

More spec i f i ca l l y, suppose a stripped module appears on Chart 1.2.6 ,

-‘ an d has the number 5 . Then one can state that box number 2 on Chart 1 was
expanded as Chart 1.2; on that chart , box 6 was expanded as Chart 1.2.6;

and module number 5 may a ppear ex pan ded la ter as Chart  1. 2.6.5.

The reference to a f lowchar t , howeve r , canno t always be cross-

referenced this way because subroutines , wh i ch can be ca l l e d from man y
p laces , would no t then possess a un i que chart number . Ther efore , each
subroutine is assigned its own unique level-one chart number. One

convenient way of dist inguishing procedures from subroutines is by assigning
an alphanumer i c chart number for subrout i nes~ for example , 56 refers to

4-11
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FIGURE 4-7. STRIPED SYMBOLS: n is the module
number on this chart ; A is a numeric or alphanumeric
chart number where the hierarchic expansion of that
subroutine begins ; and B is a designation that
indicates where inter face informati on can be found.
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Su brout ine  6, T4 to Irap routine 4 , etc. The choice of an alphanumeric
designator can be used to group subroutines with common properties together

in documentation. Expansions wi thin subroutine flowcharts follow the norma l

num ber in g : for exam p le , S6.4.2 refers to the box numbered 2 on Chart 56.4.”

4 .7 Main  Control Process Func ti onal  Struc tu re

MNIP77 —

It is the highest level program of the system - see chart 1 . It

invokes a sequence of routines which are initializing the system . It then
senses (see SSW routine) the switches of the computer ’ s panel and if all of

them are reset then system cal ibrat ing program is invoked fol lowed by
termina ti on . If at least  one of the sw it ches is se t the EXPER p ro g ram i s
invoke d and an experimental session can be conducted. When the experiment

is conclu ded a summar y p ro gram i s invoke d an d the data w hi ch was mon itore d

during the session is processed and printed as a report. The CALIB an d

SUMMARY programs are not written yet and are resolved as dummy routines .

EXPER —

This is the central program of the system - see chart 2 - by which

mos t of other programs are invoked . Basically the program is a one

“DO WHILE ” loop executed every 100 ms. The whi le con d i ti on is the same as
i n MNIP77 . Whenever a l l  the sw itch es are reset progr am term i na tes , otherwise

i t loops on.

The ma in cycle is a long sequence of programs which are i nvoked

in certain contin gencies . Generally each program has a flag which indicates

whethe r it should be invoked or not. A short description of the program .

according to their sequence in chart 2, is given below .

4-13 
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INITAB - Initializes screen and core where points chains and paths

are stored .

TDACC - Three dimensional display activation routine . It should be

only invoked when the 3-D is hooked on. The program is not written yet.

The 3-0 display will be incorporated into the system in further stages of

the development. The next is synchronization “W hile Do ” loo p wh i ch star ts
the main cycle every 100 ms. All the next programs are invoked onl y by the

main cycle .

SCALE - Scales input integer val u es which are read from the +1/0

into radious floating values.

COPY — Copies input floating values into output floating values .

INTTRN & UOATTR & CARTSN - Transformation routines which are

transforming values in link space into cartes ian space.

SNSCVV - Sensors conversion routine.

CRITER - Sensors stress and torque criteria routine which protects

the mani pula tor  from damage .

IDMON - 3-0 monitoring routine .

DEFPNT - Define point routine - see chart 3.

DEFTRA - Defi ne trajectory routi ne . It is invoked whenever the

trajectory flag is on and specific synchornization conditions are prevailing .

See Char t 4 .

4-14 
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MONITOR CURRENT PRIMITIVE - In Chart 5 explicit flowchart is shown .

It is the automatic commands monitoring program. When a primitive command

code is in execution area it invokes the PRIMM - see chart q - which monitors

primitives execution. If primitive execution is finished INTRP - see chart

8 - is invoked and it fetches a new primitive into the execution area. The

right hand branch of floowchart 5 is similar except that it starts when

no primitive node is residing in the execution area.

Now , continuing down the main cycle loop, we see :

DIRECT - Joysticks direct control program which changes manipulator

links according to values received from joysticks.

RMC - Joysticks resolved motion control program which enables

manipulation in cartesiarn space.

INVAR - Grippers constant orientation perserving routine - see

chart 6.

FEEDM - CRT feedback generating routine - see chart 7.

UNSCALE - Curren t floa t in g po i n t va lues  are unsca l e d in to i nte ger
values which are written into the I/O.

SSW - Sense switches routine .

BRANCH - This routine is invoked by the PRIMM to transfer control

to the required primit ive routines - se e chart 10.

ROTATE - Performs end gripper rotation - see chart 11 .

I
I
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GRIP - Closes and opens the gripper - see chart 12.

FORBKW - Moves the gripper forward or backward preserving constant
orientation - see chart 13.

GOTO - Performs goto point - see chart 14. A special feature is
added to the “goto point ” function. Whenever “goto point” executes and the
operator manipulates the joysticks in the same time , in order to change the
fina l manipulator ’s position , the final goa l point is adjusted accordingly
and the function terminates when manipulator reaches the adjusted goal point.

EXCTRA - Executes trajectory forward and backward - see chart 15.

MANUAL - stops primitives execution to enable manual intervention
with joysticks - see chart 16.

4.8 TTY Process Functional Structure

TTYIN - It handles the codes generated at the keyboard - see chart 17.

4 XFER - Transfer codes to low priority buffer.

GETCHR - Reads codes from keyboard and sticks them into comand buffer

ANLIZR - Interprets commands read by GETCHR - see chart 18.

RECGNZ - Recognizes valid sequences of codes using finite state

recognizer described in chart 19. The LL1 grammer from which the finite

state recognizer was constructed is shown in Appendix A.

CHAGEN - Generates chain under the edit mode - see chart 20.

________ 

11
CODGEN - Genera tes codes and sets flags when valid commands are

recognized - see chart 21.

. . . . . _ _ _  . .



4.9 I/O Process Functional Structure

I/ODVR - It is the Main program of the I/O process shown in chart 22.

READ - Read manipulators link values into core .

COMPAR - Emergency compare provided to stop the arm whenever the
difference between the input and output values exceeds certain threshold.

WRITE - Writes new values into the m anipulator.

TTVOUT - Outputs characters to CRT from high and low priority
buffers.

b
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CHART 1
MNIP77

PS WS El

Disab les PSW
priv ileged bit

2
INITTY

In i t ial ize
Keyboard

3
INIT E R

4 In i t ia li ze
+1 /0 and CRT

4
SSw

Sense
Swi tche s

5
is it
Z ero

CALIB E XPER

Manipulator
Cal ibrat ion Run

Rout ine Exper iment

SU~*~A RV

Generate
Suma ry
Report

END
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1.7

A

PNT FLG

CHART 3 15
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IRTIIiE
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TSR AT E

i~ I~T 4 20

DEFT RA
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CHART 2 (CONTINUED)
1 . 7

2R
ADJ FL C

0 0

0 0

26

DIRECT

4.
27

RMCFLG
0 0

28

RMC

INVFLG
0 0

CHART 6 30
IN VAR

CNDFLG 1

0 0

C HART 7 32

F EE~~

33
UNSCA L E

SSW 14
SSw

Mo 0 0

RE T~R N
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CHART 3
2.15

~~~
DEFPNT

~~D

SAVE REG S.

COMPUTE TABLE
ENTRY I

DEFINE POINT ACT = ~ 

2 
DELETE POINT

3

for i = 0,7 [
PNTAB( I+ i)=TETAI( i ) PNTAB (I ) = -1

5

[~
ESTORE REGS

1

( 
RETURN
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CHART 6
2 .32

INVAR

do i = 1 

2 

ORIENT

TIN(i) = ORVEC(i) (TIN ,TOUT ,IFLAG)
endo __________________________

I
.

________________ 
5

d o l  = 1 ,3
TETAO (i+3) = TOUT(i)

endo

6
4

E~~
ETURN

~~~
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CHART 7

2 .32

[ DISMA N

[ Reset

~ 
b i t 0

r Y0RTR]~~~~~

F Reset
I bi~ 1

CLTH~IT~ 2

~E~C0M4 3

CL RC HX 5 4

CLRCOM 6 5

NE~ISTA
7 6

CLRSTP
8 7

C LC II f lF P.

D ISC HA
10 

9

CkN~ PR 11 10

DI ST O P 1’ 13

R ETURN )
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CHART 10

H 
~~~~~ ANCH )

ROTATE GR IP J FGRBKW 1.TO E~ CT RA MANUAL

Rotate Left Grasp Forward Execute path D isaH e
Rotate Pi qht Release Backward Goto Po~ nt nrw ard-b ac kw. 7ri r ri t i vex

~ 
RETUR N~~
)
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CHART 11

(~~
ROTATE 

D

[SAVE REGS
LsET IND

FIRST PASS SFLAG = 1 
2 FURTHER PASSES

ROTATE LEFT ROTATE RIGHT LAST PASS 

11
RATE RATRO 1 RATE = -RATRO THETAO(6)=THETAI (6)1 [xN = XN - 1
LIMIT = MAX6 I LIMIT MIN6 + RATE .XN THETAO(6)=THETA I (6
DIF LIMIT DIF=THETAI (6) INPROG = 0 

~~J + RATE
_THETAI(6)] - LIMIT

FIRST AND LAST 
~~~~~~~~~TR 

8

I THETAO(6) = 1 HETA0(6)=THETA~~~31
~ 

LIMIT ] + RATE
N=DIF/RATR 0
N X N —

N P R O G = 1

4

12

(
~~ STORE

~~7ETURN 
)
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CHART 12

10. 7

GRIP

SAVE REG .
SET IND.

F IRST PASS SFLAG 1 
1 r URTHET

3 9
RELEASE DIREC = 0 

LA ST PASS

4 5 10 11

ATE = RATGR RATE = -RATGR T~ ETA0(7) T~~TM7 XN - I

LIMIT = MAX 7 LIMIT = MIN 7 ÷ XN RATE THET~C~ 7~=TH[T A1( 7)

IF = LIMIT - DIF = TETA ( 7 )  INPROG = 0

TETA(7) - LIMIT

FIRST AND LAST IF < RATGR 
6

7 8

• THETAO (7 ) = THETA I ( 7 )
HETAO(7)=LIM I + RATE

XN = DIF/RATGR
XN=X N-l
INPROG 1

12

RESTORE REGS.

RETURN
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CHART 13

10.4
FORBKW )

FIRST CALL SFLAG 1 FUR T,~ER CALLS

A DAA NC : ~~~~~~~~~~~~ RETRACT 

I 

• 

~~~~~~~~~~~~~~~~~~~~ 

~ 
12

AC IE C = ADYAN A CVE C = RETRPI f o r  I • 1 , 3 ZN ZN - 1

* TRACK • T RACK T E IA O( I • TE TAI I’ T(TAO ( ) • TE T MI  I
______________ ______________ + I N a  ~9. • 9

repe at
___________________ I N A X O G • 0

1 5  
_ _ _ _ _  _ _ _ _ _CALL 0SPTS

( AC AE C • C HA VEC )

6

C RAT8 KF

8 9
for i~~~ 1 . 3 f o r i - 1 , 3

~~~~ 
RATB KF

I T E T A O ( i )

• !~pe~.t 
1

ZN MAG/RA TB KF

1NPR0G~~~1

13

RETURN
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CHART 14

10. 5

( 

GOTO

~~~~~~~~~~~~~~~~~~~~~~ 

F IRST PASS LAST PA SS ~~~~~~~~~~~~~ 
6 FURT HER PASSES

F 1 MESCOD - 0 for  i=1 ,7
MESCOD = 1 

] MAG o ¶ii~T A O ( i ) T H E T A ( i )  T NETA0 (f l :TH ETA I ( i)
!2! i = 1 ,7 XN DI (i ) + D I F ( i )
DIF(i) = GOAL ( i ) re~eat 

-
- THETA ( i ) IN ROG - 

________ __________________

MAG=MAG+D IF( 1)2
repeat 

_____

MAG =

SINGLEt AG RATGO

for i = 1 ,7 1 for  I = ~~ R
T HETAO( i )  = I
GOAL (I) I THETAO(i )  =

repeat I THETAI(i) +DIF(i)
_______________ 

repeat
XN”MAG/RATGO
XN =XN — 1
INPROG

c::II 
RETURN )
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CHART 15

10

h OST CALL FUOTACO C~LL

E~~~~
MAME*OOOO 1 19001

_ _  _ _  
L4:T :AL 

0

13 

or

p
;P;

~~~~~~
A F L S T

~~~~
R ( T Z

)1
A P 1 ~T A V )  PIP A I IVVPAIU ’
• T O  • — I TVU

fl5 • IDA •- ? Z

PT ’ LPTR

I I

_ _ _ _ _  

I
is

~~ 
RZTUP .4

~ I~
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• 10.7

I c M ANUAL
~~D

H 

i
~~~~~~~~~

4 0

1

[ INPROG = 0 ] [~~DFL r
• [X’4001 

_______

Ii
~~~~RETU RN 

~
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TTY I N
Save PSW

X F~ R
Rewri te
Comma nd

3

GETCHR
Rea d next

Code

1
XFER

Trans fer
COde low

5

END
COMMAND

Chart 18 6

A N L I ZR
Recoq nize +

Code G nera te

I 

‘I,
RETURN

Restore PSW
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CHART 18

17.6 
___________

(~~
ANL I ZR D

Char t 19

[ RECGNZ 1
~ Recognize

I Valid Seq~~j

CHA- 2

Char t 2 O ~~~~~~~~~~~~ Cha~ t 2 l  1
E CHAGEN CODGEN

Chain I Co de
Generator 

~~
j Generator

: 1
RETURN

I
1
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CHART 2O

~~ff ~~AGEN )

- 
_  _

r
~~~~~~~~

her 2

r
~~~~~~~~~

i
7

_I~~~ ’~r~~1 J~. pt [c~ FLG o ] [ Gen~ r ate~~~~~
]

[ chains a

• 1 ’ ~zZ~~~~
. 

firsthand

[
CHAFLG oj

I-
• 1. Storm MW prim.

in chain
2. DI splay new

prim.

RETURN
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18 .4

( CODGEN

STATE Type 
1 

COOK

____________ ____________ 

6 8 
____________ ____________ 

• 1 2

II - SENSON [ AM K 1 — EDIT 1 8 - GOTO 2 - FO#~ARD

Ji - SPATIAL 1 .2,3 j 6 - AUTO I 9 - DEFINE 13 - e.sce~aao - 9 - C~~TI*~
I? - JOINT 1 7 - NAJ4UAL J ID . DELETE 14 - GRASP

P INYAN 5 1 1  - END IS - R ILE ASI

~ 

SETRA T~~~~ 
_______________ 

1
PUSH 3

PUSH
PusH c o,m~and
Into queoe

( RET U RN ~~~~

_ _ _ _ _ _ _ _ _ _



CHART 22

~~~~ER-I/0 ~~
1 1

I SAVE OLD
L P5w

1 2

L TCOUN T =

TCOUNT * 1

1
READ

Read M a r ip .
[ Values

[ COMPAR
Co l l i s i on

L Check

1 6

L 
WRITE

Man i p.
Values

T TYO (J T
Output rhar.
from b u f f e r s

9

I Re sto re

L OLD PSW

I
(~~~~

ENO
j

I
I
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5. ADDITIONS AND CHANGES

5.1 Hardware

The only hardware missing component is the end-gripper force and

torque sensor . This sensor should prevent the arm from moving in directions

where excessive forces are exerted~ The software to handle the data is

wri t t en  bu t the developmen t of the com ponen t i s not com p le ted yet.

5.2 Software

Development of many programs was postponed for the next phase. The

calibration program - CALIB as well as the summary generating program -
SUMMARY are not written yet.

I

TCACC - 3-D activation routine and TDMOM - 3-0 monitoring routine

are not wr i tten either.

5-1
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APPENDIX A

The LL1 grammer of the System Control lan guage .

1 . <COMMAND> stop

2. <COMMAND> continue

3. <COMMAND> sensor <END-COM>

4. <COMMAND> R .M.C. <END-COM >

5. <COMMAND> direct <END-COM>

6 .  <COMMAND> invar <END-COM>

7. <COMMAND> rate <NUMBER3>

8.  < COMMAND> sk ip <END-COM>

9. <COMMAND> clear <END-COM>

10. <COMMAND> ini tialize <END-COM>

11. <COMMAND> goto <NOUN-GO >

12. <COMMAND> define <NOUN- DEF>

13. <COMMAND> delete <NOUN-DEF >

14. <COMMAND> end <NOUN=END >

15. <COMMAND> forward <END-COM>

16. <COMMAND> backward <END-COM>

17. <COMMAND> grasp <END-COM>

18. < COMMAND> release <END-COM>

19. <COMMAND> manual <END-COM>

20. <COMMAND> rotate <DIREC>

21. <NOUN-GO> point <NUMBER 10>

A-l 
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I
22 . < N O U N -G O>  chain NUMBER 5

23. <NOUN-GO> path < N U M B E R  5 >

24. <NOUN-GO> reverse path < NUMBER 5 >

25. <NOUN—DEF > point < NUMBER 10

26. <N O U N - D E E>  path < NUMBER 5 >

27. < N O U N— D E E >  chain < NUMBER 5>

28. <NOUN-END> end < END-COM >

29. < D I R E C>  left < END-COM

30. <DIREC > righ t - END-COM

31. <NUMBER 3> {l , 2, 3} -
~ END-CaM > 

}
32. <NUMBER 5> fO ,l ,2,3,4} < END-COM >

33. <NUMBER 10- fO ,1 ,2 ,3 ,4,5 ,6,7 ,8,9~ END-COM >

34. <END-COM> do

35. <END-COM > do now

36. <END-COM> cancel •1

_
_ _  ~.. .1___. .~

___
~

__
~

_ 
-- .-~~~~~~~~~~-.
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