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communication between the operator and the underwater device becomes an
important determinant of work system performance. Rather than controlling
directly every action of the manipulator, the functions of the operator of
a computer-controlled manipulator are to plan the tasks, command goal-
directed actions, monitor task performance, and intervene when appropriate.
This paper describes the initial results of a research program directed
toward the investigation and optimization of man-machine communication in
computer-aided remote manipulation. .

A laboratory 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
manipulator movements. The operators performed the series of tasks in an
integrated, sequential order, using the full range of available control
capabilities.

The results of the experimental investigation indicated that computer aiding
can significantly decrease task performance times for a number of remote
manipulation tasks. The results also indicated that if higher-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 carefully designed to achieve a man-machine interaction which is natural,
simple, and understandable. Further experimental work will focus on the
elements of the command language and controller interface which an operator
should have to use a computer-aided remote manipulator system effectively.
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1. INTRODUCTION

Although 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, significant advances have been demonstrated in the construction,
capabilities and reliability of manipulators, while few changes 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 controlling a computer aided remote manipulator.

1.1 Manual Control

Remote manipulators are general purpose, dexterous, cybernetic
machines (Corliss and Johnson, 1967) which allow man to extend the functions
of the human arm and hand into hostile environments where he himself cannot
function. Unlike other complex machines which are preprogrammed to do
specific tasks, remote manipulators, also called teleoperators, 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
manipulators can make and because the human operator maintains close
supervision and control. Historically, two basic manipulator control
techniques 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,
potentiometers, 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. With such a control mechanism, the operator
must produce smooth and coordinated analog signals, a task at which he is
at best slow and inexact, and getting worse as the number of signals
increases.

1-1




Master-slave control arrangements were developed as early as the
late 1940s to overcome the limitations of direct 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 command inputs from the operator. However, both techniques

require continuous control inputs from the cperator 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 Klepser, 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 force
feedback, high or unnatural inertial forces, etc. Ferrell (1965) has shown
experimentally that time delays beyond a fraction of a second substantially
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
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such devices are virtually impossible to use when vision is degraded by
turbid water, by poor angle of view, by light failure, etc. These
conditions occur frequently in deep sea operations, particularly during
bottom work. Expedient completion of underwater tasks, for other than
the most simple and most amenable to manipulator accomplishment, is an
acknowledged shortcoming of present systems (Rechnitzer and Sutter, 1973).
For example, Pesch, Hill and Allen (1971) investigated the performance
capabilities of underwater manipulator systems and concluded that "the
tasks which were successfully performed were more the result of the
ingenuity of the operator utilizing the existing hardware, than the result
of the hardware augmenting the operator's basic abilities to perform the
task."

52 Computer Aided Control

One method to improve the slow and often error prone performance
of remote manipulators is to augment or automate most of the operator's
control responsibilities. This approach allocates functions to the human
operator and to a computer. Such an allocation retains the favorable
attributes of human intelligence and foresight, and combines these
attribut < with the advantages of automatic, computer controlled operation.

‘ Computers can be used at various Tevels of control, ranging from

| control augmentation through complete autonomy. In the totally automatic
mode, the machine performs all of the required activities with no
intervention or control by the operator. The most common method of
controlling a fully autonomous manipulator is to utilize a computer-Tike
language which is used to program sequences of actions. Manipulator
motions are broken into primitives, and complex trajectories are achieved
using control structures similar to those in other real time programming
languages. The system described by Wang (1976) is a good example of this
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approach with the language ALPHA designed for manipulator control (Nevin,
Sheridan, Whitney, and Woodin, 1973). Nevin et al (1973) and Nevin and
Whitney (1978) describe another successful system which is programmed by
“showing" the manipulator through the detailed motions of a task. Then,
using a specially designed, 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 specially designed feeding stations. Preprogrammed control
is the method most commonly adopted for industrial robots and, in number,
far exceeds all other approaches 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 tried, with Timited
success, to overcome the problems of preprogrammed control and controlled
environments. Various systems, including LAMA by Lozamo-Perez and Winston
(1977), AL by Finkel, Taylor, Bolles, Paul, and Feldman (1974), and Fikes
and Nilsson's (1971) STRIPS have achieved varying degrees of success in
automatically controlling manipulators and robots in semi-structured
environments. Although 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 problems
lie in (1) recognition of realistic three-dimensional objects, (2) problem
solving in an incompletely known environment, (3) planning, and (4)
execution with proper recovery from errors, blunders or changes of the |
environment. Until these problems are solved, it is unlikely that
intelligent, fully automatic manipulators will displace the human operator
completely within the foreseeable future.
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The "middle 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, selecting
automatic functions where available and expedient, or assuming direct
manual control when required. Two basic computer-assistance functions can
be identified within supervisory control: (1) augmented control, and

(2) automatic control.

Augmented control includes those techniques in which the operator
remains in control of the manipulator; however, the computer performs some
function to facilitate the operator's performance. Resolved motion control
(RMC), first 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 control responsibility. For
example, most of the current control systems in use by the Navy are joint-
by-joint rate controllers (Rechnitzer and Sutter, 1973). Rate controlled
manipulators usually have one motor to power each joint. Power to each
motor is usually controlled by a separate button or switch. Several motors
must be operated simultaneously and at different rates to produce end-
point movement along a natural coordinate (e.g., "move to the left").

In resolved motion control, the operator specifies direction and speed of
the end-point along some natural coordinate axis. The computer calculates
the joint angles required to move the manipulator along the commanded
coordinate system. The operator is thus relieved of the tedious and time-
consuming task of controlling several joint motors simultaneously (Mullen,
1973).

The second form of computer-assistance is automatic control, in

which the computer assumes command responsibility for one or more subtasks.

T




The computer executes the subtask with little or no intervention required
by the operator and returns control to the operator when the subtask has
been completed or when the computer encounters difficulty that it cannot
overcome. Such automatic subtasks can be preprogrammed or the computer can
learn the task from the operator (Freedy, Hull, Lucaccini, and Lyman, 1971).
The automatic functions can proceed "blind" 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 communication becomes of primary importance. In any
manipulation task the operator must observe the actions of the manipulator,
make judgments of the commands 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 communication between the operator and the machine is
relatively straightforward, involving continuous operator control and
observation of every machine action. Introduction of supervisory control
techniques changes the character of the relationship between the operator
and manipulator. In supervisory control the operator not only provides
direct analog control of the manipulator's movements, but he also (1)
selects 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
communication modes, encompassing more than simple analog control, is
required when augmented remote manipulators are used.
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13 Command Language

The present program focused on the required structure and form of
the Tlanguage exchanged between an operator and remote system, i.e., a
computer plus manipulator. Ferrell (1973) has shown experimentally that
an artificial, constrained, and standardized 1angua§e facilitates
performance in manipulative tasks better than a free format, English-Tike
language. Ferrell concluded that the advantage comes from the fact that,
although entire manipulation task goals are readily and perhaps most easily
described by a person using ordinary English, the complex geometrical and
temporal configurations of objects and motions are not readily formulated
in such a Tanguage format. A structured but flexible, 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, analogic commands
are much faster, easier, and more natural for the human operator. Abstract
concepts, however, such as goals or tasks, are more easily specified using
symbolic commands. The problem, then, is to provide a communication
language which combines both the analogic and symbolic commands into one 3
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 hierarchical model of tasks, based on the concepts of
procedural nets (Sacerdoti, 1973 and 1975), is appropriate. In this model,
an overall manipulation task is seen as a tree-like structure, with
individual manipulator motions combined into subtasks, which 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 action - the sequence
of subtasks, expressed as lower "branches" 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 evaluate the current state of the environment and then
generate an appropri:te sequence of subtasks which, when accomplished one
after the other, will .2tisfy the goal. These subtasks are, in turn, also
activated and the proceduics within each respective nodes develop the plan
to finer levels of detail. At t:= Tinal stage, the top nodes at the

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
accomplish the task.

Figure 1-1 illustrates the procedural net model of the task "Shut
Valve." At the top level, the task description 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 level is an indication of which
valve is to be closed. One level lower in the task, "bring gripper 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
into the developed plan.

1-8
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FIGURE 1-1. PROCEDURAL NET FOR "SHUT VALVE" TASK
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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 communicate 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 description complete with termination conditions,
possible 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.




<

Man/Machine
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Planning

)
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/

\/

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

O —=O

1-1




2. A COMMAND LANGUAGE FOR SUPERVISORY CONTROL

Based on the results of the previous year's experiment (Berson,
Crooks, Shaket, and Weltman, 1977),and analysis of the hierarchical task
model, a manipulator command language was developed which would permit an
operator to specify manipulator movement in global, whole-task terms. This
command Tanguage was designed not only to include the capability for
symbolic and analogic 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 newly developed
command Tanguage was designed to simplify the sequence of actions required
to define or execute a command.

The command language consisted of two major elements, symbolic and
analogic command, which, at first glance, appear to be mutually exclusive.
In the first class, symbolic commands are executed by discrete pushbutton
actions, resulting in discrete and defined arm motions. Such a command
would include ROTATE== DO which would cause the manipulator wrist joint to
rotate clockwise 180°. In the second class, analogic commands are executed
by continuous movement of joysticks, resulting in analogous manipulator
movements. However, the language also included the capability to "define"
manipulator configurations, called "points", and trajectories. called
"paths". This "define" function permitted the operator to first move the
arm using the analog joysticks, and then to repeat the same motion, or
move back to the same place in the work space by using symbolic commands.
Thus, the distinction between analogic and symbolic commands refers
primarily to the method of controlling the manipulator movements, rather
than to the resulting sequence of movements.

Within the class of symbolic commands, the newly developed command
language consisted of two categories of commands: primitive and variable.
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The Primitive commands are fixed in the sense that they produce unvarying
manipulator motions whenever they are used. They are system-defined

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 lowest level in the symbolic command hierarchy
and provide the basic elements for higher level commands. For the tasks
used in the present experiment, the following primitive commands were
used:

(1) FORWARD - moves the manipulator forward along the current
axis of the effector (gripper) for a distance equal to the
lTength of the gripper.

(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 analogic).

The Variable category of commands are the user-defined commands
which provide the capability to construct task specific commands. This
feature of the command language is especially important in uncontrolled
environments where the required programming is not known in advance.

2-2




Variable commands allow the user to record complex combinations of
manipulator actions and 1ink space positions, which can be subsequently
activated by a single command. Therefore, when employing a variable
command, the user conceives of the task at a high level of abstraction and
the computer implements the lower level details of the pre-recorded
manipulations. 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 beginning.

(4) CHAIN - moves the manipulator according to a recorded sequence
of Primitive and Variable commands.

Under the GO TO POINT command, the computer calculates the joint
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 position
to the starting position of the recorded trajectory, then moves the arm
along that trajectory. Thus, a PATH or REVERSE PATH can be an irregular,
curving motion which can be used, for example, to avoid an obstacle. The
CHAIN command is a user-defined sequence of Primitive and Variable
(including other chains) commands which is defined, labelled, and used as
a single unit. The chain command permits the operator to aggregate several
unitary manipulator motions together into a single complex motion, thus,
commanding tasks which are higher in the hierarchy of tasks. For example,
the following sequence of unitary actions are necessary to close a valve:
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Unitary Actions Commands

CHAIN 1

1. Open gripper RELEASE
2. Rotate gripper counterclockwise ROTATE “~
3. Move forward with gripper over valve FORWARD
4. Close gripper GRASP

5. Rotate valve clockwise 180° 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 labelled 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 valve 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-terminator
syntax. While not all command 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 command
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languages. As shown in Figure 2-1 , the command word classes, i.e.,
verbs, nouns, parameters, and terminators, were grouped together in color-
coded columns (indicated by various shadings in the figure). The flow of
hand movement in using the verb-noun-parameter-terminator syntax was
consistently from left to right.

The Variable category of commands require the leading verb to
indicate the nature of action to be taken. The verb 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 commands and to record the sequence of primitive commands with the
CHAIN command. The DELETE command is used to erase any previously recorded
command while the END command is used to terminate recording either Paths
or Chains.

The resultant actions of the noun commands have been described
previously. As shown in Figure 2-1, the Primitive nouns (FORWARD, BACKWARD,
GRASP, RELEASE, MANUAL, and ROTATE) are grouped separately from the
Variable commands, since the syntax of former commands does not require a
leading verb. The third class of words, the parameters, are grouped
together in the form of a 1-2-3 keypad. The manipulator controller was
designed to accommodate a number of Variable commands. In the system used
for the present experiment, each of ten Points, Paths and Chains could be
recorded. The operator assigned a number to each recorded action while
defining the action. That number could then be used as the unique
identifier to refer to the recorded action.

Finally, the command language syntax requires a command terminator.
This procedure allows the operator to select one of several methods of
command execution. In the typical sequence, the command string would be

terminated 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 started
immediately, prior to the completion of any previously commanded action.
If the operator chose not to implement a command string that had just

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

in which a MANUAL command had been inserted. For example, the following
chain includes a MANUAL command to allow the operator to use the joysticks
to make any necessary fine alignments at the end of path 5 before
proceeding with a valve turning action. The automatic motion following
the MANUAL command is initiated when the operator selects CONTINUE.

CHAIN 3

GO TO PATH 5
MANUAL
GO TO CHAIN 1
GO TO CHAIN 1
GO TO REVERSE PATH 5

A final command pushbutton, the STOP command, required no other
verb, noun, parameters, or terminator. Indeed, as shown in Figure 2-1 ,
the button itself was Tocated apart from the main keyboard in a conspicuous
location above the righthand joystick. The STOP command immediately
halts all manipulator motion, thus giving the operator an emergency over-
ride capability. By pushing the CONTINUE key, the operator could cause
the computer to resume any ongoing automatic motions.

Whenever the symbolic commands were used to control the manipulator
motion, the computer first stored the commands in 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 Tegal
verb-noun-parameter-terminator string of commands, the commanded
manipulator motion was initiated. Manipulator movement continued, taking
each command 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 until a previously-commanded motion
was completed before entering subsequent commands. As noted previously,
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 eliminating
that commanded motion. The CLEAR command was used to remove any
remaining commands in the queue. This CLEAK command could be used, for
example, following a STOP command when the operator decides to change or
eliminate the previously selected sequence of automatic 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:

(SPATIAL ]

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:

RATE 1 | | oo |

The selected rate controlled the rate of motion for all manipulator
movements, whether commanded via the symbolic pushbuttons or the analog
joysticks. The operator could use the analog joystick either alone or

in combination with the symbolic pushbutton commands. That is, the
operator could control a manipulator motion solely by using the joysticks
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or he could initiate an automatic manipulator motion via the pushbutton
keyboard and then use the joysticks to modify or adjust the automatic
motion during the actual manipulator movement. In this case, the
resulting motion was a vector sum of the symbolically-commanded motions
and the joystick-commanded motions.
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3. APPARATUS

3.1 Control Station

Figure 3-1 shows a drawing of the manipulator control station
consisted of the previously described keyboard with the dedicated
pushbuttons and two three-degrees-of-freedom, rate control, self-
centering joysticks. The control station also had a 9" CRT display
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 first category, the upper right hand portion of
the display screen showed the control mode and rate conditions in the
following manner.

CONTROL : SPATIAL
RATE 3 2

Keyboard inputs were shown in the Tower portion of the screen, just
above the keyboard. If any keyboard entry errors were made, an "ILLEGAL
ENTRY" message also appears on the lower portion of the screen. As soon
as the DO or DO NOW terminator was entered, the command was entered in
the queue, which was displayed in the Teft center portion of the screen.
As the commands were executed, the displayed queue 1ist was moved up,
such that the command currently in execution was always listed at the
top of the queue. When the operator selected DEFINE CHAIN, the right
center portion of the screen showed the commands which had been selected
for that chain. These various display fields are illustrated in

Figure 3-2 . In this example, the manipulator would move at the fastest
rate (RATE: 4) and if the joysticks were being used, they would control
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
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FIGURE 3-1.

MANIPULATOR CONTROL STATION
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CHAIN 4

MANUAL

GO TO CHAIN 2
FORWARD
RELEASE

GO TO PATH DO

CONTROL: JOINT
RATE : 4

CHAIN 5

GO TO POINT 1
ROTATE LEFT
RELEASE
FORWARD
GRASP
BACKWARD

ILLEGAL ENTRY

_J

FIGURE 3-2. DISPLAY DURING EXECUTION OF CHAIN 5
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of defining this chain, he has entered the command GO TO PATH DO which
has been identified as an I1legal Entry since the path number was not
listed.

3.2 Manipulator Facility

The Servo arm manipulator, jllustrated 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 180° 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 flexion

(6) Gripper rotation

These motions provide the six degrees of freedom necessary to position
and orient an object in the work space. The first three joints position
the gripper, while Joints 4, 5, and 6 orient the gripper with respect to
the gripper axes.

The manipulator has a work envelope slightly larger than that of a
stationary person. The extended manipulator arm lengath 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 joint angle. Each degree-of-freedom of the joystick
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controllers was associated with a specific manipulator joint. That is,
each movement of a joystick along a single axis produced a radial
movement of the manipulator about the controlled manipulator joint. To
produce end-effector movement along a straight line, coordinated control
of two or more manipulator joints was required. Thus, the operator 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 world coordinates. Each degree
of freedom of the joystick is associated with movement of the manipulator
end-effector along a specific X, Y, or Z axis of the work space. Under
Spatial Control, the computer assumed the responsibility for performing
complex coordinate transformations. The operator specified the speed and
direction of motion of the manipulator wrist, and the computer calculated
the required angle of each joint and output these as commands to the
individual joints of the manipulator. Spatial freed the operator from the
responsibility of determining the combination of speed and motions to
produce the required trajectory. Figure 3-4 illustrates the difference in
manipulator motions, given similar joystick inputs.
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JOYSTICK

JOINT CONTROL

JOYSTICK

SPATIAL CONTROL

FIGURE 3-4. JOYSTICK MOVEMENTS AND CORRESPONDING
MANIPULATOR MOVEMENTS
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4. METHOD

4.1 Subjects

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 years, with a mean of 24.5
years. They had a mean of 14 years of education. None had previously
operated a remote manipulator or any similar devices requiring joystick
controllers. ATl subjects were paid for participating in the experiment.

Since normal visual acuity and depth perception appear to be
necessary in performing certain manipulator tasks, such as fine alignment,
all subjects were screened using the Keystone Visual Survey. A1l six
subjects were within the normal ranges for the eight subtests in the
Keystone test battery. These include tests for visual acuity, stereopsis,
simultaneous perception, fusion, and depth perception.

4.2 Procedure

The experiment was divided into training and experimental phases.
In the training phase, the test subjects were introduced to the various
manipulator 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
maintenance task integrated the elementary training subtasks into 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 capabilities of the manipulator system. The
objective was to introduce the participants to the manipulator in general,
and to the specific 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 total 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 Chains.
The following operations are required to perform the valve turning task:

(1) Align the end-effector over the valve.
(2) Open the end-effector
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Move end-effector forward.

Close the end-effector to grasp the valve.
Rotate the manipulator 180°.

Open the end-effector to release the valve.

~N OO O BoWw
St At Mt (g i

Move end-effector backward.
Rotate back around the valve 180°.
9) Repeat steps 3 to 8 for each 1/2 turn.

(o¢]
~

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

Ring-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 varijety 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 with such
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 control modes. During each trial, the participant would operate
the manipulator so as to pick up each of six rings in succession, placing
the first three rings on either the vertical or horizontal post and the
final three rings on the other post. Within one such session, the
participant might first perform two trials under the Basic language
condition and then two trials under the Basic and Variable language




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 during 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 experiment, the test participants

used the various control modes to operate the manipulator in performing
a simulated maintenance task. The 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 complete. Like
the task used in the previous year's experiment (Berson, et al, 1977),
this maintenance task was based on a pipe structure located within the
manipulator's work space. Whereas the task used in the previous
experiment emphasized gross travel, contour-following, end-effector
orientation, etc., the current task emphasized tool usage in addition to
the previous task elements. As shown in Figure 4-1, the task structure
included two gate valves with square handles, several interchangeable
"caps" which were loosened (or tightened) with a screwdriver-like tool
after which the manipulator could pick up the "cap", and a removable pipe
section which could be removed or replaced by the manipulator. To the
left of the pipe structure was a platform with receptacles for the
screwdriver tools and extra "caps". To the right of the pipe structure
was a similar platform with a receptacle for the removable pipe section.
These side platforms were used as workboxes for storing tools and parts.
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FIGURE 4-1.

SIMULATED MAINTENANCE TASK




During the experiment, the participant was instructed to perform
the sequence of steps shown in Table 4-1 . Together, these steps
constituted 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 console and the participant was instructed to feel free to refer
to it at any time during the task.

4.3 Experimental Design

A 3 x 2 x 2, repeated measures design was used to examine three
task conditions, with two levels of the language, over two trials. The
three task conditions were Baseline, Increased Variability, and Increased
Complexity. 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
disassemble a portion of the pipe structure before beginning the steps in
the Baseline condition. The Increased Variability condition (more subtasks
but with no repetition among them) was created by (1) using two distinct
caps, each of which could be adjusted by only one of two different
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 Tevel command language
capabilities in tasks requiring 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
conditions were used for the two levels of language structure. In terms
of the hierarchical task model, the basic language condition allowed the
participants to control the task operations only at the lowest,
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TABLE 4-1
SIMULATED MAINTENANCE TASK STEPS

Go from STOW position to top valve and rotate it five (5) times
clockwise.
Define path which goes from STOW position to valve.

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

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

is released.

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

Transport to tool and tighten cap (completed turn, cap in place).
Return tool to position (in tool box).

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

Transport to tool and tighten cap (completed turn, cap in place).
Return tool to position (in tool box).

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

Return to STOW position.
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elementary motion levels, whereas the Basic + Variable language condition
permitted them to control the operations with commands more closely
paralleling whole tasks.

The six conditions created by the two Tevels 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 experimental task twice in succession. During the second
trial of each session, the participants were allowed to use any points}
paths, or chains which had been defined during the first trial.
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5. RESULTS

L Training Results

Figure 5-1 illustrates the performance times required to complete
the ring placement task, shown as functions of the training session and
language conditions. An analysis of variance, summarized in Te' i+ 5-1,
confirmed the significant 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 participants were significantly faster (p<.01) 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 + Variable
condition, the overall task performance time was improved by 39.. However,
the cost of defining the paths or chains was to increase the overall,
first-trial performance times by 11%. This result illustrates the
potential benefit to be realized by recording repetitive motions with
Variable commands for tasks requiring a number of repeated actions. The
significant Trials-by Session (B x C) interactions demonstrates the
greater practice improvement when using the Variable commands. This
result suggests that with extended practice, the time cost of defining the
Variable commands may be reduced considerably.

In summary, these training data demonstrate the significant
improvement in performance time to be gained when pre-established Variable
commands are available to use with repetitive manipulation tasks.
Furthermore, these data indicate not only that the use of chains and
points significantly improves the performance during the initial
introduction to the manipulator system but also that the benefit of the
operator-defined Variable commands increases with practice.
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FIGURE 5-1. PERFORMANCE TIME ON RING PLACEMENT TASK AS A
FUNCTION OF CONTROL MODE AND TRAINING SESSION
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TABLE 5-1. ANALYSIS OF VARIANCE SUMMARY TABLE FOR
PERFORMANCE TIME IN RING PLACEMENT

Source df MS F

l Control Mode (A) 1 64,440.50 3.81
Trials (B) 1 703,298.00 289.94*
Session (C) 2 240,637.79 1. 05%
Subjects (S) 5 98,975.57
AXxB 1 377.870.22 184.91*
AxC 2 807 .55 .04
A xS 5 16,923.57
B xC 2 25,469.05 11.36%
B %S 5 2,425.67
¢ xS 10 215779.76
AxBxC 2 11,696.69 3.59
AXxBxS 5 2,043.49

| AXCxS 10 18,664.51

J B ¢ 6 % S 10 1,467.41

" AXxBxCxS 10 3,253.65
TOTAL 7l
*p<.01
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5.2 Test Results

The experimental results in terms of mean time to completion as
a function of task, control mode, and trial are shown in Figure 5-2
The analysis of variance, summarized in Table 5-2, showed that the
effects of task and trial number were significant (P<0.01). The time
relations between the first and second trial demonstrate (again as in
the training phase) the definite advantage of the chaining capability,
but the percentage impact is much smaller than before in the simple
repetitive task. This is representative of effects observed in actual
undersea systems where advanced features of the language or the system
get partially buried in the varied actions that the operator does during
a long and complex task, of which language use is only a small part
(i.e., he sits and thinks about what to do next).

As could be expected, the tasks with increased variabiiity and
increased complexity each take longer than the base line task. The task
with increased variability takes longer because there are a greater number
of different subtasks in it. The high complexity task is longer still
because it has more subtasks altogether, including repetitiveness.

In addition to recording performance time, contact errors
committed during the performance of the maintenance tasks were also
recorded. The number of contact errors for each task under both control
modes is shown in Figure 5-3. The analysis of variance, summarized in
Table 5-3 , yielded a significant Control Mode-by-Task (A x B )
interaction. This result illustrates that operator-defined Variable
commands are most useful in reducing contact errors in routine tasks or
difficult tasks, but that they are not as effective in reducing errors
in highly variable tasks in which the manipulator must be moved to a

number of positions which change during the course of the task.
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TABLE 5-2. ANALYSIS OF VARIANCE SUMMARY TABLE FOR
PERFORMANCE TIME IN EXPERIMENTAL TASK

MS

Q.
-+

Source

Control Mode (A)
Experimental Task (B)
Trial (C)

Subjects (S)

A xB

A x

25837,
906,716.
4,572,288.
426,007.
25312
91,449.
33.925.
23033
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980.:
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FIGURE 5-3. CONTACT ERRORS ON EXPERIMENTAL TASK AS A
FUNCTION OF EXPERIMENTAL TASK, AND CONTROL MODE




TABLE 5-3. ANALYSIS OF VARIANCE SUMMARY TABLE FOR
CONTACT ERRORS IN EXPERIMENTAL TASK

Source df MS F
Control Mode (A) 1 15.13 1.46
tExperimental Task (B) 2 15.50 1.67
Trial (C) 1 .68 .14
Subjects (S) 5 16.29
A x B 2 26.00 SL0T=
A x€ 1 1.13 32
A xS 5 10.36
B xC 2 .05 .05
B xS 10 Yoz
G %'S 5 4.98
AxBxC 2 6.50 4.15
AxBxS 10 SRli3
AxCxS 5 3.49
Bx€ xS 10 1.16
AxBxCxS 10 W57
TOTAL 71
*p<.05




In a more refined evaluation of the task performance time, the
performance of the valve turning positions of the maintenance task were
analyzed. This subtask is characterized by its highly repetitive nature.
Also, when using the appropriate chain, an operator is able to perform
this rather complex operation by using a single symbolic command, thus
providing a classic example of a command which is matched to the task
name, rather than to the elementary task motions. As shown in Figure
5-4 and Table 5-4 , the performance of the valve-turning subtask closely
parallels the overall task performance time. However, in this subtask,
the operators were able to define the points and chains during the first
trial with essentially no time penalty. This subtask was particularly
censitive to variations in the work space Tocations. Greatly increased
performance time was required in the Higher Variability condition which
required the operator to move the manipulator to several different valve

locations.

553 Operator Interview

After completion of the training and test phases, the participants
answered specific and open-ended questions concerning their experience
with the two control modes they used. A1l participants stated that they
preferred a combination of analog (RMC) and symbolic (primitive and
chained commands) control over analog control alone. Most experienced
less fatigue with the chaining capability and claimed it made their task
more "interesting”. Finally, several operators reported that the
procedures required to complete a task were easier to remember when some
Tevel of symbolic control was used. This last finding suggests that one
function of symbolic control is to “chunk" a task into discrete units
«hich can be more easily verbalized and recalled.
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3 I TABLE 5-4. ANALYSIS OF VARIANCE SUMMARY TABLE FOR
; PERFORMANCE TIME IN VALVE TURNING

Source df MS F
i —‘ Control Mode (A) 1 15,138.00 3.45
R | Experimental Task (B) 2 144,405.50 12.50%
Trial (C) 1 831,190.20 72.96%
Subjects (S) 5 40,090.12
! A x B 2 264.04 .06
| AxC 1 10,320.06 12.61%*
AxS 5 4,382.00
B x C 2 23,640.10 4.43%*
B xS 10 11,553.71
CxS . 11,392.62
AxBxC 2 847.68 .26
AxBxS 10 4,510.34
’ AxCxS 5 818.66
‘ BxCxS 10 5,336.60
5 \ AxBxCxS 10 3,200.28
’ TOTAL 71
. p<.01
**p<.05
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6. DISCUSSION

The results of the training and experimental phases demonstrate
the potential benefits to be gained in manipulator control by having
symbolic commands which are user-defined. Specifically, when performing
tasks which must be repeated one or more times, a user-defined command
(particularly a chain command) will significantly improve performance
time, and in most cases will reduce the number of movement errors.
Moreover, the training data demonstrate that performance is significantly
faster during the initial introduction to the system when the user-
defined commands are available. Finally, the training data also suggest.
that any initial time cost arising from the period required to define the
commands will decrease with extended practice.

Based on the theoretical development of the hierarchical task
model, upon the related work of other researchers, and upon the results
of the experimental results of this year and last (Berson, et al, 1977),
a preliminary set of guidelines can be formulated for the design of
man-computer-manipulator communication languages.

(1) Use Task- and Concept-Oriented Commands. The human operator

thinks in terms of tasks and complete concepts and these
are the basic units in his natural language. Organizing
the command language around such units provides a natural
mental framework for the user, allowing him to think
about the task at hand rather than the mechanics of
expressing his intentions in manipulator-oriented terms.

The principle is related to the idea of certosi~e structure
as discussed by Foley and Wallace (1974). "An action
language is contence-ctructured if, within a given phase

or subdomain of discourse, each complete user thought can
be expressed in a continuous sequence of input device
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operator to work more efficiently as well as simplify the
process of machine translation.

Provide for Tactile, Visual, and Contextual Continuity. Foley

and Wallace (1974),emphasize the importance of continuity
in the operator sensory and conceptual interaction with the
system. Tactile continuity refers to natural grouping and
flow of motion required for the tactile input devices such
as keyboards, joysticks, etc. Visual continuity refers to
the arrangement of information, so that within a given
sentence (i.e., one conceptual command), the eye should
focus on a single area on the control panel or move in a
continuous manner throughout the expression of the sentence.
Contextual continuity refers to providing immediately
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.

Provide Feedback on System State. In dealing with man-
machine display interfaces, Engle and Granada (1975)
emphasize the importance of providing continuous feedback
to the user about the state of the computer system he is
dealing with. The information alleviates the frustration
generated in the operator when dealing with a complex black

box.

Use a Consistent Structure of Language and Feedback.
Consistent structure reduces training time, error rate. and
user memory requirements and thus is a basic feature of a

command language. It is related to the Foley and Wallace

(1975) idea of sentence structure.




(7)

Provide Mechanisms to Undo Army Errors. Human operators,

especially under time pressure are error-prone. A system
accepting operator commands must have easy "error recovery
capability". Engel and Granada (1975) see this as an
important feature of any computer command language.
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1. INTRODUCTION

il 01d System Functional Overview

The ONR-1976 Computer-Aided Manipulator Facility includes a hydraulic
servo manipulator, 3-dimensional display, man-machine interface and a

minicomputer.

The operator controlled the manipulator through joysti and
pushbuttons on the control-console and observed the manipulator's activities
through direct viewing or via 3-0 display.

The operator's input was processed by the minicomputer which, in
turn, controlled the manipulator's servo electronics.

Control Modes - three control modes were available

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

(2) Resolved Motion Control - RMC enabled manipulation of the arm

in a cartesian space.

(3) Autmoatic Motion Control - AMC gives complete control to the
computer. It enabled the operator to record seven different
configurations (points) and move the arm to dany previously

recorded point under complete computer control.

Joystick - Joysticks were inoperable under AMC mode. Speed
adjustment allowed the operator to select 4 different rates of arm motion.
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The 3-dimensional display enabled the operator to generate a

"stick-fiqgure" image of the arm.

1.2 New System Functional Overview

A whole new array of functional requirements were introduced in the
ONR-1977 R&D activity plan. An additional degree of freedom to enable wrist
flexion, a set of new primitive and non-primitive commands, and a continuous,

control-feedback visual system were just a part of the new system requirements.

Consequently, a new hardware/software system was designed and developed.

Hardware changes included reconstruction of the manipulator,
development of a new dedicated control keyboard and a new CRT for visual
control feedback. The new keyboard and CRT replaced the old integrated
control-console.

Required software modifications and additions were so drastic that

an overall redesign and development were necessary.

Modularity and an hierarchical software structure were the guide
lines in the process of new system design. Current and future reaquirements
were analyzed as to enable design of an easy modifiable and expandable
software system.

1-2




2. NEW SYSTEM FUNCTIONAL DESCRIPTION

2.1 Command Language Design

2.1.1 Qverview. The manipulator command language was designed, based on
the procedural net model analysis of command Tanguage requirements and the
principles identified by the analysis and by review of related work.

This language consists of a set of primitive commands and "chains" or
sequences of commands.

The primitive commands are the conceptual unit tasks useful in
manipulations which were automated and can be called by one user command.
Primitive calling commands have the syntex of veri-noun-raramzicr-torminaton
but not all the syntactic elements are present in all the commands as we
will see. Chains are user defined sequences of primitives and/or chains
which provide the facility to define new commands higher in the hierarchy
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 indicated by different shading in
the figure. The flow of hand movement using the verb-noun-parameter-terminator

is consistent from left to right.

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 bringing the manipulator to the required position. They can be executed
and then erased or renamed. The snytax of these commands is:

DEFINE POINT 7 DO

GOTO POINT 7 DO

DELETE POINT 7 DO
2-1
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FIGURE 2-1. DEDICATED KEYBOARD ARRANGEMENT
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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 while entering a command he
can abort the current command by pressing CANCEL instead of DO. We used
numbers as point names instead of alphanumeric names and only single-digit
names are allowed. 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, traversed
forward or backward and deleted, using a similar set of commands. The
syntax of these commands are as follows:

DEFINE PATH 3 D0
END PATH DO
GOTO PATH 3 DO
GOTO REVERSE PATH 3 DO
DELETE PATH g DO

A path is defined as a sequence of points from the initiation command
to the END command. A1l motions of the manipulator are stored, both those
controlled manually or those controlled by the computer while executing a
previously defined chain. The provision 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 Primitives. Other primitives are provided to co ROTATion of
the wrist, GRASP and RELEASE and short movement in the direction of the
gripper; FORWARD and BACKWARD.

2.1.5 Chains. Chains are named sequences of specific primitive commands
which were defined and labeled as a unit. For example, the following is
a complete chain which closes a value located at the end of path 4.
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CHAIN 9

GO TO PATH 4
MANUAL

GRASP

GO TO CHAIN 2
GO TO CHAIN 2
RELEASE

GO TO RcVERSE PATH 4

"CHAIN 9" is the name of the chain. PATH 4 is traversed forward at the
beginning and backward at the end of CHAIN 9. "MANUAL" is a special command
by which the computer temporarily gives control back to the user so he can
fine-adjust the manipulator gripper in front of the valve to be closed.
After the GRASP, CHAIN 2 is called twice to perform the rotation of the
valve. This is an example of using a chian within a chain. When such
recursion is allowed by any level, a hierarchy of chains, (i.e., task units)
can be defined by the user. RELEASE opens the gripper and the last command
brings the manipulator to the initial position. A PATH is used in this
example to bring the manipulator to and from the valve, rather than a

GO TO POINT, making the manipulator go around obstacles which it may collide
with 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 then
the sequence of primitives that make up the chain is given. The user then
goes out of edit mode into the regular execution mode and he can call up
the chain for execution by giving a command of the following type:

GOTO CHAIN 9 00




2.2 Controller Interface

The operator controls the computer-aided manipulator through a
specially-designed keyboard and joysticks. A dedicated keyboard, shown
in Figure 2-1, allows the operator to select any of the command language
primitives and to change from manual operation (via the joysticks) to
automatic operation (via the keyboard) and vice versa. Feedback information
generated by the computer is displayed on a CRT screen.

The system was designed to provide as much feedback information as
possible. The keys provide tactile and visual feedback through a soft
"click" and a monentary lights that are activated when each key is depressed.
An additional visual feedback is given 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.

20 Software Requirements

2.3.1 General. The requirements for the revised software 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
with any other ongoing process.

(4) Continuous Visual Feedback - should reflect the actual state
of the system.
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(5) Chain Definition Mode - which should halt any execution
activity and enable operator to define new sequence of
commands .

(6) Additional Link - seventh degree of freedom in the manipulator
which will enable wrist rotation.

The new software was designed and developed under strict adherence
to principles of modularity and hierarchical design. Detailed monitoring
of present and future requirements enabled the design of a flexible and
expandable modular system. Utilization of the look-ahead approach into
the present system design makes many future requirements and modification
suitable for easy and rapid implementation.

2.3.2 Primitive Commands. Ten different primitive tasks can be executed

as a response to the operator's command. 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 beginning.

(4) "FORWARD" moves manipulator small distance forward along the
axis of the gripper in constant orientation.

(5) "BACKWARD" - moves manipulator backward in constant orientation.

(6) "GRASP" - closes gripper.
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(7) "RELEASE" - opens gripper.

(8) "ROTATE LEFT" - rotates the gripper counterclockwise.

(9) "ROTATE RIGHT" - rotates the gripper clockwise.

(10) "MANUAL" - stops execution and waits for operator's response.

These primitives 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 execution of the
current command ends, the next command in the queue is executed. This
process is repeated until the queue is empty.

2.3.3 Chained Command. "GOTO CHAIN X" command is a higher 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 used as an operand. Each chain can have up to ten primitives.
Chains can be queued like any other primitive.

2.3.4 Definition Commands. Some of the primitives can not be executed

unless their operands have been defined. The proper definition commands are:

(1) DEFINE POINT X - records present position of the arm.

(2) DEFINE PATH X - records an entire trajectory traversed by
manipulator until the "END PATH" command is given.

(3) DEFINE CHAIN X - records all the subsequent primitives into
chain X. "END CHAIN" command stops chain definition.




The operator can define ten different points, five paths and five
chains.

2.3.5 System States. The operator can utilize various control options
included in the software system. These options are invoked by State Command
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 invariance function.
The initial orientation of the wrist is maintained while
the arm is maneuvered by primitives, 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 higher
level functions which are prevailing in the system while some lower level
functions (primitives, non-primitives) are started, executed, 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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Editing mode feedback which displays chains
definition and modification.

Instant feedback to keys pressed by the operator on the
dedicated keyboard.

System Control Feedback

(a)

Sensor, Wrist Invariance, 3-D Path-Definition are
indicated by on and off. Joysticks control is indicated
by spatial or joint control and Rate shows the current
rate of motion.

The Current command in execution is shown on

top of a queue which is popped up every time a new command
enters execution. If a chain is an appending command, it is
shown 1ike another primitive. When it enters execution,

a special header indicates "CHAIN IN EXECUTION" and chains
primitives are passed so that the operator will see what
comes next into execution. A maximum of 10 commands can

be shown at a time.

When execution stops a STOP is displayed at the center
of the console. The same message is generated when the
operator stops the system.

When MANUAL command is executed, a "YOUR TURN" message is
displayed




(2)

Editing Mode Feedback

The Edit Mode is involved by the Define Chain X Command.

If the chain exists already, chain primitives are displayed.
The operator can modify or generate a new chain by typing
valid primitive commands which are displayed under the chains
name.

Keyboard Feedback

Whenever a key is pressed, its name is displayed on the
console. This enables the operator to verify that he
generates a valid sequence and to correct errors. Whenever
a typing 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)

Skip - skips on the current command in execution.

It enables the operator to stop any primitive in the
middle of its execution and proceed with next command
in queue.

Clear - skips on the current command in execution and clears
the stack and the queue of all the commands.

Initialize - clears all commands and deletes all the defined
points, chains, and paths. It also erases the screen and

displays current system states.




3. HARDWARE

Ll Hardware Configuration

Hardware components of the system are shown in Figure 3-1. A
detailed explanation of each one of them is given in the following sections.

3.1.1  Control Processor. The supporting processor for the manipulator

system is an Interdata Model 70 minicomputer. This machine, which is
microprogrammed to accept an imitation of the IBM system 360 assembly
language set, has a memory cycle time of 1 us and basic instruction
execution times averaging between 1 and 3 us. As presently configured,
the processor system includes 48 kilo bytes of core memory, a high speed
paper tape reader/punch, a line printer, a CRT alphanumeric terminal, a
selector channel, a disk memory and re-settable precision interval
clock. The disk drive, CRT, and other preipherals are used to support
program development work and are not part of the real time manipulator
control system.

3.1.2 +1/0 Interface. Data transfer between the computer and manipulator

servo-electronics and between the computer and the control console is

performed by a Perceptronics +I/0 Programmable Interface. Besides providing
all analog-to-digital (A/D), digital-to-analog (D/A), and digital-to-digital
(D/D) conversions 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 simplifying the software arrangements
at the processor.

The +1/0 Interface contains a number of functional modules arranged
along a transfer buss by which commands, data and status signals are
communicated. These modules perform such individual functions as
standardizing communication with the processor, sequencing data transfers

acruss the buss, and performing D/A conversion and output.




CONTROL PROCESSOR
(INTERDATA MINICOMPUTER)

| U ] )

| CONTROL COMMANDS 140
VISUAL PUSHBUTTONS
FEEDBACK INTERFACE
JOYSTICKS o
SERVO
ELECTRONICS
CONTROL UNIT
SERVO
MANIPULATOR

FIGURE 3-1. HARDWARE CONFIGURATION
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In addition to an interface module between the processor and
interface, the +I1/0 includes an A/D module that is used to interface with
the servo position potentiometers and control console joysticks. Thirty-
two individually addressable input channels are provided. An eight-channel
D/A module is used for converting and sending position commands (voltages)
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 electronic position-feedback servo amplifier
generates a control voltage to the valves according to the difference

between an input command voltage and the output voltage of the position
sensing potentiometers attached to the actuators; thus, the motion of the
servo manipulator is controlled by the D.C. input voltage to each actuator
servo amplifier. The command voltages to the servo amplifiers are output
from the computer via digital to analog converters.

3.1.4  Servo Manipulator. The manipulator shown in Figure 3-2 is
electronically controlled and hydraulically powered. [t has six rotating
Joints and the seventh is gripper closure. The arm motions and joint number

ares

Shoulder Rotation
Shoulder Elevation
Elbow Flexion

Wrist Flexion

(1)

(2)

(3)

(4) Forearm Rotation
(5)

(6) Gripper Rotation
(7)

Gripper Closure

The links are moved by activators. Eech activator has a pair of

pistons and cylinders controlled by a single servo value. The servo values
are controlled by electronic, position-feedback servo amplifiers.

O S R AR CU




01

04

= 03

N

£
)

N

Zg‘\

FIGURE 3-2. SERVO MANIPULATOR WITH MOTIONS
OF THE SIX ROTARY JOINTS
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3.1.5 Control Unit. It has a panel of pushdown buttons and two joysticks.
Operator's control commands are generated by pushing valid sequences of
buttons. Every button generates a different ASCII code. The codes are
transmitted to the control processor, which performs the required functions.
The joysticks are used to manually control the arm. Each joystick has three
degrees of freedom which corresponds to certain joints in the arm. The
seventh 1ink, the gripper, is controlled by an additional switch on the
keyboard. The analog signals generated by the joysticks are transmitted

to the A/D converter in the +I/0 interface which then sends digital values

to the control processor.

3.1.6 Control Visual Feedback Unit - CRT. The console displays
characters sent to it by the control processor. Two types of information

are displayed

(1) immediate visual feedback to keys pushed by the operator.
(2) control information - which is functional feedback of the system.

3.1.7 3-Dimensional Display. This device produces a three-dimensional

image. Designed specifically for use as a computer output terminal, the
display permits direct user interaction with the 3-D image.

During operation with the manipulator, the computer calculates
the image coordinates of the arm and generates a "stick figure" image of
the arm on the 3-D display. As the arm moves within the work space, the
displayed arm figure moves in a corresponding manner within the 3-D image
volume. With a force sensor attached to the manipulator wrist, an image
of objects in the work space can be created by recording and displaying
those points in space where the end-effector touched the object.
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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 "write to manipulator required position" are performed. If the
difference between two values of any of the seven links is greater than

the "hardware sensitivity threshold" the servos are activated and links

are moved toward the required position.

The "read" activity transmits seven analog values measured by the
potenticmeters of each 1link to the A/D converter in the +I/0 which then

sends digital values to the control processor. The "write" activity

sends digital values from control processor to the D/A converter in the
+I/0. Analog values are sent then to the servo “control electronics”

which generates required activation signals to the manipulator servos.

The read and write activities are invoked by clock interrupts generated
every 4 ms. When control is given to such an interrupt it calls the "read"
and "write" routines which takes about 1 ms and then control is returned

to the interrupted program.

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

routes of data at the control unit. Every pushbutton touch generates 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 joysticks generate
analog signals which are sent to the control processor through the +I/0.
The +1/0 converts the analog signals and the digital data is "read" into
the control processor every 4 ms together with the manipulators' seven
1inks data.

3.2.3 CRT - Visual 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




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 interrupts which are invoking the +I/0 "read" and "write"
i routines invoke the CRT feedback routine which sends characters from output
l buffers to the CRT. One single character is sent every time this routine
‘ is invoked and so 250 characters can be displayed on the CRT every second.

e
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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 central loop
which executes most of the software functions. 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 contains the programs which read the keyboard codes analyzes and

interprets them Module 3 is the I/0 process module. It contains programs
which "read" and "write" and send characters to the CRT.

4.2 Software Hierarchical Structure

In Figures 4-2, 4-3, and 4-4 programs organization of each
module is shown. The diagrams depict the hierarchical structure organization
and not the functional flow of control. Some of the commonly shared routines
are not shown but will appear Tlater in the flowchart diagrams.

4.3 Real Time System Processes.

One of the basic system requirements was to aenerate and
produce smooth motions of the arm which can be corrected and modified
while performing automatic tasks. Another requirement was to assure an
immeidate reflex response to any obstacle the arm may bump into. A
continuous control of the system through the dedicated keyboard must be
available to allow immediate intervention by the operator. These
requirements dictated a real-time system design which consists of three

parallel processes.
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(1) Main Control Process

t This process performs most of the system functions. It executes
primitives and chains taken out of the queue. If joysticks
are operated, it adjusts the arm position accordingly. If
invariance is enables, it keeps the wrist orientation constant.
' Since spatial control and wrist invariance require complicated
‘ computations the main control process calls the appropriate
i routines to perform this job before sending required data to

the manipulator.

(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
interpreter. The interpreter recognizes commands and

interprets them into codes of action. When a primitive

command is received, it is transformed into a code of two
digits and the code is pushed into the queue. State commands
are transformed into specific flags which indicate to the
1 main process what control function to perform. The modular
3 i structure of the interpreting programs is flexible to allow
additional changes and extensions of the system user language.

? (3) 1/0 Process
: Continuous data flow is required between the computer and the
F manipulator to enable continuous and accurate control of the

manipulator position. The 1/0 process reads current values
of the seven links and writes new required 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 ,operations of the three processes
interleave in time so they are concurrent. The processes interact among

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 control process and flags

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-restricted code sections are

called critical sections (or protected sequence). Whenever critical

section execution starts, it must not be interrupted until it is finished.
The execution of critical sections must be synchronized by a mechanism
which will enable to compiete execution of one process at a time.

In Figure 4-5 the three concurrent processes are shown. Each process
correspoiids to the module shown on Figure 4-1.

Average execution of the main control loop takes about 60 ms.
and the Toop is executed every 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 is
transferred to TRAP1 until execution of the I/0 module is finished and
control is returned to the main module. Execution of an I/0 interrupt takes
about 1 ms.

The 1/0 module is regarded as a critical section so that any other

interrupts are disabled.
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The TTY module is invoked by the keyboard generated interrupts.
Control is transferred to TRAPZ and the TTY module is executed while any
other interrupts are disabled. An average execution time takes about
1 ms. In order to respond to coming interrupts with minimal celay the main
process must not disable CPU interrupts for long periods of time. This
requires an even distribution of critical sections along the main process
control flow so that an I/0 or TTY interrupt will not get lost.

We can visualize the concurrent processes in the system in the
following way. There is a basic cycle every 100 ms. For about 60 ms. the
CPU works on main control loop. Clock interrupts are coming every 4 ms.
so that control is diverted to the I/0 process. One TTY interrupt can
occur during the cycle and its time consumption is negligahble. Overall in
about 85-90 ms. of 100 ms. cycle the CPU is really busy.

4.5 Software Functional Structure

This section will include the flowcharts, and functional explanations
of the system programs. Any additional detailed documentation can be found
in program source listings.

4.6 Documentation Methodology

In our further hierarchical documentation we'll use the following

documentation methodology (reference 1).

"The ANSI technique used for denoting hierarchic flowchart expansion
is striping the box to be expanded, as shown in Figure 4-6. The striped
module is given a procedural name, NAME, a cross-reference identifier, x,
and a number, n, on its current flowchart. I shall augment that method as
follows. If the current flowchart identifier is m, then the box can be
uniquely identified as the Dewey-decimal 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.
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Striped symbols can refer to hierarchic expansion in one of three

ways: (a) subprograms, which can either be segments of in-line code or
procedures that, on normal termination, continue execution always at the
same point in the program; (b) internal subroutines, which are segments

of code invoked at several places in the program, which always return,

upon completion, to the point of call, 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., library 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 illustrated in Figure 4-7.

The hierarchic place that a module occupies in a design is denoted
by its Dewey-decimal cross-reference. For example, suppose that on a
flowchart numbered m, a box numbered n refers to a procedure (not subroutine)
to be expanded later in the design process. Then the flowchart for that
later 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, merely
has to Tocate Chart No. m.n to proceed.

More specifically, suppose a stripped module appears on Chart 1.2.6,
and 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 appear expanded later as Chart 1.2.6.5.

The reference to a flowchart, however, cannot always be cross-
referenced this way because subroutines, which can be called from many
places, would not then possess a unique chart number. Therefore, each
subroutine is assigned its own unique level-one chart number. One
convenient way of distinguishing procedures from subroutines is by assigning
an alphanumeric chart number for subroutines; for example, S6 refers to




(a) Subprogram (b) Internal (c) External
Subroutine Subroutine
l n A l n 8 l n
NAME] NAME2 NAME3

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 interface information can be found.
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Subroutine 6, T4 to Trap routine 4, etc. The choice of an alphanumeric

designator can be used to group subroutines with common properties together
in documentation. Expansions within subroutine flowcharts follow the normal
numbering: for example, S6.4.2 refers to the box numbered 2 on Chart S6.4."

4.7 Main Control Process Functional Structure

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 calibrating program is invoked followed by
termination. If at least one of the switches is set the EXPER program is
invoked and an experimental session can be conducted. When the experiment
is concluded a summary program is invoked and the data which was monitored
during the session is processed and printed as a report. The CALIB and
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
most of other programs are invoked. Basically the program is a one
"DO WHILE" loop executed every 100 ms. The while condition is the same as
in MNIP77. Whenever all the switches are reset program terminates, otherwise
it Toops on.

The main cycle is a long sequence of programs which are invoked
in certain contingencies. Generally each program has a flag which indicates
whether it should be invoked or not. A short description of the program,
according to their sequence in chart 2, is given below.
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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-D display will be incorporated into the system in further stages of
the development. The next is synchronization "While Do" loop which starts
the main cycle every 100 ms. All the next programs are invoked only by the
main cycle.

SCALE - Scales input integer values which are read from the +I/0
into radious floating values.

COPY - Copies input floating values into output floating values.

INTTRN & UDATTR & CARTSN - Transformation routines which are
transforming values in link space into cartesian space.

SNSCVV - Sensors conversion routine.

CRITER - Sensors stress and torgque criteria routine which protects
the manipulator from damage.

TOMON - 3-D monitoring routine.
DEFPNT - Define point routine - see chart 3.

DEFTRA - Define trajectory routine. It is invoked whenever the

trajectory flag is on and specific synchornization conditions are prevailing.
See Chart 4.




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 9 - 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 cartesiam space.

INVAR - Grippers constant orientation perserving routine - see
chart 6.

FEEDM - CRT feedback generating routine - see chart 7.

UNSCALE - Current floating point values are unscaled into integer
values which are written into the I/0.

SSW - Sense switches routine.

BRANCH - This routine is invoked by the PRIMM to transfer control
to the required primitive routines - see chart i0.

ROTATE - Performs end gripper rotation - see chart 11.
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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
final manipulator's position, the final goal 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.
XFER - Transfer codes to low priority buffer.
GETCHR - Reads codes from keyboard and sticks them into command 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.

CODGEN - Generates codes and sets flags when valid commands are
recognized - see chart 21.




4.9 1/0 Process Functional Structure

I/ODVR - It is the Main program of the I/0 process shown in chart 22.
READ - Read manipulators link values into core.

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

WRITE - Writes new values into the manipulator.

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

ettt e
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CHART 2 (CONTINUED)

CHART 4 ] 20

DEFTRA
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CHART 2 (CONTINUED)

L2

'3

INVFLG
¢ 0

CHART 6 30
INVAR

CNDFLG
; 0

]
, ‘ CHART 7 32
‘ FEEDM

UNSCALE

SSw { 34

RETURN




CHART 3

2.15
< DEFPNT ’
Y 1
SAVE REGS.
COMPUTE TABLE
ENTRY I
1
DEFINE POINT DELETE POINT
|
y 3 Y 4
for i = 0,7
PNTAB(I+i)=TETAI(1) PNTAB(I) =-1
repeat
r !

| SN

RESTORE REGS

Y

‘ RETURN ’
!
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CHART 4

2.20
DEFTRA
\ CASE 1
\ SFLAG
v ?
START DEFINITION CONTINUE DEFINITION FINISH DEFINITION AELETE TRAJECTORY
=) = k! -4
{ 2 2 { i2

CLOCK 0 N TRATAE (START ) =i
COUNT = ) Stores seven tuple
START=NARE x 200 6

IO =START + 2 1OCK <INTRVL l -

= CLOCK = CLOCK + 1 CALL STOTRA START - NAME x 200
INPTRA = 1 b -4

TRATAB(START )= IND
L 7 INPTRA = O
3
CALL STOTRA COUNT = COUNT + 1
CLOCK =

{ Subroutine stores
seven tuple ‘

CALL STOTRA

4 -

IND = IND ¢ TUPLE Stores seven tup\ﬂ

= TRATAB(START )= IND
IND = IND + TUPLE T

I

15

‘ RETURN ’
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CHART 6

2.32

1 i 2 Y 3
S
3 do i =1,3 ORIENT
TIN(i) = ORVEC(i) (TIN,TOUT,IFLAG)
endo

| l

Y 5
| Y doi=1,3 !
TETAO(i+3) = TOUT(1)
: endo

Yy
A

RETURN
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CHART 10
BRANCH
=1 =2 =56 7
2 4 6
ROTATE GRIP FORBKW GOTO EXCTRA MANUAL
Rotate Left Grasp Forward
2 : Execute path Disable
Rotate Right Release Backward Goto Point A backw: P bivas
i

( RETURN ’
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CHART 11

ROTATE LEFT

4

RATE = RATRO

LIMIT = MAX6

DIF = LIMIT
-THETAI(6)

FIRST PASS

10.2

( ROTATE ’

SAVE REGS
SET IND

ROTATE RIGHT LAST PASS

5 l 10

RATE = -RATRO THETAO(6)=THETAI(6)

LIMIT = MIN6 + RATE-XN

DIF=THETAI(6) INPROG = 0
- LIMIT

FURTHER PASSES

\

11

XN = XN - 1

THETAO(6)=THETAI (6 )

+ RATE

A

THETAO(6) =
LIMIT

8

HETAO(6)=THETAI(6) Y
+ RATE

N=DIF/RATR 0
N=XN-1
NPROG = 1

12

RESTORE REGS

\

( RETURN )
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CHART 12
10.3
( GRIP )
1
SAVE REGS. ]
SET IND.
FIRST PASS FURTHER PASSES
3 9
RELEASE LAST PASS
) 4 5 10 1
RATE = RATGR RATE = -RATGR THETAQ(7)=THETAIL(7 AN =XN-1
LIMIT = MAX 7 LIMIT = MIN 7 +XN-RATE THETAG(7)=THETAI(7)
TETA(7) - LIMIT
FIRST AND LAST 4 6
7 8

THETAO(7)=THETAI(7) ‘
THETAO(7) =L IMIT| + RATE

XN=DIF/RATGR

XN=XN-1

INPROG = 1

\

A 12

RESTORE REGS.

RETURN
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|
1 |
3 |
3 |
: CHART 13 3
|
{
FORBKW |
i
FIRST CALL FURTHER CALLS
1]
l ADVANCE 2 RETRACT
4 N 12
§ | ACVEC = ADVA ACVEC = RETRA for i = 1,3 XN = XN -1
> { CVECTRAsz K * TRACK TETAO(i) = TETAI(i) TETAO(i) = TETAI(
+ XNx 48, + 10
1 ( 1
repeat
I ] INPROG = 0
| i
CALL DSPTS
(ACVEC ,CHAVEC)
6

9
for i = 1,3 for i = 1,3
TETAO(i )=TETAI(i) 20, = 10,. AIBKE
+ 18, i i
sk TETAO(1) AQTmm)

repeat
XN = MAG/RATBKF

INPROG = 1

RETURN
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CHART 14

UNDEF INED

\

6 FURTHER PASSES

8

MESCOD = -1

|

XN -1
THETAO(1)=THETAI(i)

+ DIF(i)

MAG=MAG+DIF (i)2

MAG = /MAG

XN=MAG/RATGO

‘ RETURN ’




CHART 15

EXCTRA

FIRST CALL FURTHLR CALL

g
SFLAR = 0 12 apm
NOKEXISTING CALL 50TO LPTRALAST REXT POINT
TRAJ INGOTO=INPROG or
LPTR LAST
- 14
| MESCOD - 0
MESCOD INTREX = 1 INTREY. = 0 PTR=PTR+ADV
E LPTR = PTR
STLOG = 1
¢ CALL 50T0
FORWARD BACKWARD INT05N-INPROG
A |
7 1 3 -
1 LAST-APR(TRATAB) LAST=RDR (TRATAR) ]
+TRATAB(NAME ) SNAME 4 2
PTR-ADR(TRATAB) PTR=ADR(TRATAB)
+NAME ¢+ 7 =1 TRATAR(NAME |
oy = 28 ADV =-28
LPTR = PTR LPTR = PIR
; L )|
3 9
3
SFLAG = 1
CALL ROTO
T0=]11PROG

RETURN

.
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CHART 16

107

MANUAL

1

Y 2

INPROG = O

STOP
CNDFL
X'400

— D 1l

T |

Y

‘ RETURN ’
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CHART 17

Y

XFER

Rewrite
Command
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GETCHR
Read next

Code

XFER
Transfer

] 4

(0]
Cog o, 1o

ANLIZR

Recoqnize +
Code Generate

END
COMMAND
&

RETURN
Restore PSW
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CHART 18

17.6

‘ ANLIZR ’

Chart 19 L] 1

RECGNZ

Recognize

Valid Seq.

Chart 20 ]

CHAGEN

Chain
Generator

Chavt 21\
CODGEN

Code
GRenerator
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20

CHART

3

Increment ptr.
to next prim.

5

CHAFLG = 0

et

. Generate ptr
in CHAPTR and

chains

firsthand

!

Be

Store new prim.
in chain

2. Display new

prim.

CHAFLG

END
0f Chain
Command

Generate

Error

Mess .

‘ RETURN ’
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CHART 21

§
E
E | STATE ONE CODE
E
[
3 PRIMITIVE 1
4 10
1 Ty?t
Primitive tode
3 6 8 9 n 12
% g - &:?nc :§ g :‘cuw‘"n 18 - STOP 19 - CONTINUE
1 10 - DELETE 14 - GRASP
11 - END 15 - RELEASE
3 [ 16 - MANUAL
17 - ROTATE
PUSH 13
PUSH
Push command
into queue

‘ RETURN ’
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CHART 22

<ENTER-I/0 DVR’

) 1

SAVE OLD
PSW

y

TCOUNT =
TCOUNT + 1

READ

Read Manip.
Values

COMPAR

Collision
Check

WRITE

TTYOUT

Output char.
from buffers

Restore
OLD PSW

END
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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
written but the deve1opment.of the component is not completed yet.

52 Software

Development of many programs was postponed for. the next phase. The
calibration program - CALIB as well as the summary denerating program -
SUMMARY are not written yet.

2 >

TCACC - 3-D activationfroutine and TDMOM - 3-D monitoring routine

are not written either.
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10.
T,
¥2.
13.
14.
15
16.
17.
18.
19.
20.
2y,

The LL1 grammer of the System Control language.

<COMMAND>
<COMMAND>
<COMMAND->
<COMMAND>
<COMMAND->
<COMMAND>
<COMMAND>
<COMMAND>
<COMMAND>
<COMMAND>
<COMMAND>
<COMMAND>
<COMMAND>
<COMMAND>
<COMMAND>
<COMMAND>
<COMMAND>
<COMMAND>
<COMMAND>
<COMMAND>
<NOUN-GO>

APPENDIX A

stop

continue

sensor
R.M.C.
direct
invar
rate
skip

clear

initialize

goto
define
delete
end

forward

backward

grasp
release
manual

rotate

point

<END-COM>
<END-COM>
<END-COM>
<END-COM>
<NUMBER3>
<END-COM>
<END-COM>
<END-COM>
<NOUN-GO>
<NOUN-DEF>
<NOUN-DEF>
<NOUN=END>
<END-COM>
<END-COM>
<END-COM>
<END-COM>
<END-COM>
<DIREC>

<NUMBER 10>




22, <NOUN-GO> chain < NUMBER 5 -~ l
23, <NOUN-GO> path < NUMBER 5 >
24. <NOUN-GO> reverse path < NUMBER 5 - }
25. <NOUN-DEF> point < NUMBER 10 =
26. <NOUN-DEF> path < NUMBER 5 >
27, <NOUN-DEF> chain < NUMBER 5>
‘ 28. <NOUN-END> end < END-COM -
| 29. <DIREC> left < END-COM -
30. <DIREC> right < END-COM >
31. <NUMBER 3> il o 3l < END-COM > 1]
, 32. <NUMBER 5> {0,1,2,3,4} < END-COM > ‘
33. <NUMBER 10= {0,1,2,3,4,5,6,7,8,9} < END-COM >
34. <END-COM> do
35. <END-COM> do now
36. <END-COM- cancel ]
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