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ABSTRACT

This document represents a study of data collection, application analysis, and user

requirements for the following five computer graphics applications:

Numerical Control
Electrical Network Analysis
Flight Mechanics

Structural Analysis

Engineering Drawing Retrieval

A discussion of "Study of Man-Machine Solution Optimization' and a hardware énalysis
report of the MSFC Univac 1108 computer complex using Univac specifications are

also presented.

The results of a Computer-Aided Design/ Computer Graphics literature search is
compiled into an annotated bibliography as Volume II of this report. Conclusions and
recommendations in respect to computer graphics and the various areas of computer

graphic applications are summarized.
This study was prepared by Lockheed Missiles & Space Company under Contract

NAS 8-21227, "Digital Computer Graphics, ' for the National Aeronautics and Space
Administration, Marshall Space Flight Center.
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INTRODUCTION

This country's scientific and technical environment increases in proportion to the de-
sign and complexity of our space program hardware. The resulting data which répre-
sent research, development, and design effort have become less accessible because of
the sheer mass of information that must be stored, manipulated and retrieved. As a
result, the data originator is literally separated from the information he needs and the

cleavage increases as the data collection grows.

With the advent of oh—line techniques and direct access devices the problem is dimin-
ished, but only in a limited manner in the area of alphanumerics, i.e., the advisability
of using on-line dévices to examine mathematical equations is questionable when the
changed data output must be transferred to hard copy and compared against graphic
representations. This is a time-consuming iterative process. Graphics computer in-
put devices that allow this iterative process on-line in an interactive, real-time mode
are the keys to meaningful use of the computer as a tool to support the originators of
information. Data capture at its initiating source rather than at the first paper dis-
closure as is presently inferred by the term 'source data' is a prime goal in computer
graphics. Some of the same benefits "amd advantages which are only promised in non-
graphic, computer-aided design can actually be realized with the addition of graphics.
These benefits include: ‘

L Ability.to observe the results in graphic form without having to resort to
hard copy output '
Immediate program interaction capability
Ability to revise data directly without a manual data reduction step by allow-
ing users to work with problems in the graphics environment

® Ability to drive other output devices directly and produce hard copy or pro-
gram tapes to operate such units as numerically controlled machine tools
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Computer graphics at Lockheed has been conducted primarily on Lockheed independent
development funds. While Lockheed interest in computer graphics dates back to 1958,
the present operation, which began in 1962 at LMSC, is an outgrowth of an attempt to

improve the design effort through computer graphics utilization.

Most of the early effort was concentrated on system evaluation and use of a printed
circuit design program as the first application of software. Subsequent efforts have
included such applications as reentry vehicle design, logic design, structural dynamics,

and trajectory analysis.

Lockheed-Georgia Company and Lockheed-California Company have been actively en-
gaged in this area on both independent and joint cooperative ventures within LAC. Lock-
heed Electronics Company (LEC) is examining applications presently relative to entry
into graphics. Lockheed-Georgia Company has research-oriented applications in pro-
gress, both in computer-aided design and in computer graphics. The computer graphics
programs include structural analysis, electrical circuit layout, and numerical control
center path development for the operation of numerically controlled machine tools. At
present, parts are being fabricated for the C5A program from input using a computer
graphic terminal. Applications have been developed for both aircraft and shipbuilding
operations. Lockheed-California Company has four major areas of computer graphics
applications: design, design analysis, flight test, and numerical control of machine tools.

This report is segregated into eight major areas:

® TFive computer graphic applications (see below), discussion of data collection
and the application analysis, and a statement of user requirements ( a require-

ments specification) for each application:

. Numerical Control
Electrical Network Analysis
Flight Mechanics

. Structures Analysis

cnﬂsgowv—a

Engineering Document Retrieval
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©® A-discussion of "Study of Man-Machine Solution Optimization'*

® A hardware analysis report of the MSFC Univac 1108 computer complex in
MSFC ‘Computation Laboratory taken from the Univac specifications supplied
to LMSC especially for this study

@ An LMSC Computer-Aided Design/Computer Graphics literature search bound
separately as Volume II of this report

Each of the five computer graphic applications contains terms which are common to all
along with special terms peculiar to the application. These are grouped together as a
glossary for the total report in the appendix.

When applicable there is a summary of conclusions and recommendations, in each of
the applications described herein.

The computer graphic hardware referred to in this report (and upon which all program

applications are based) need not be of any specific manufacture or type, but generally
consists of, as a minimum:

® A basic computing machinery (mainframe)

® A cathode-ray tube with a light-sensitive probe (light pen or pencil) with which
the user points at the CRT and manipulates graphic lines or alphanumeric data
plus certain auxiliary input devices such as a "button box'" or keyboard (both
of which may or may not be capable of input of alphanumerics or special
graphic symbols and commands) _

® Peripheral hardware for input and output such as a card punch, card readers,

high speed printers, collators, sorters, tape drivers, etc.

The main consideration in all of the following is that the least complex hardware array

allows the user/operator direct interaction with his program which is available as a
CRT display.
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Section 1
NUMERICAL CONTROL

This section covers a portion of NASA-MSFC study contract NAS 8-21227. With dele-
tions specified durihg negotiations, it is responsive as described in the LMSC proposal
No. 699516, dated February, 1967.

The firms from which information for this study was gathered are:

General Electric Industrial Process Control Division
Gerber Scientific Instrument Company

International Business Machines Corporation
Lockheed Georgia Company ’

Lockheed California Compaﬁy

Sundstrand Machine Tool Division of Sundstrand Corporation
Bendix Industrial Controls Division

Cincinnati Milling Machine Company

Control Data Corporation

Pratt & Whitney Machine Tool Division

McDonnell - Douglas Aircraft Corporation

Bunker Ramo Woolridge Company

TRW, Incorporated

Boeing Aircraft Company

Kearney and Trecker

e ® 6 6 © ¢ ¢ 0 6 6 ©¢ © 0 © o0 o

Universal Drafting Machine Company

Society affiliations employed in this effort include the following:

Aerospace Industrial Association
Society of Automotive Engineers

American Ordnance Association

American Institute of Aeronautics and Astronautics
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Another source of information was the Iilinois Institute of Technology — Research
Institute.

This document is intended to be comprehensive enough to facilitate successful imple-

mentation of Computer Graphics — Computer Aided Design — Numerical Control as one
system when combined with an appropriate operating community and compatible hard-
ware and software. '

It should be recognized that some of the detailed information contained herein is in a
state of change or expansion. The authors have attempted to provide enough informa-
tion to enable creation of a working system, but they could not hope to foresee all
future refinements. ' ’

1.1 NUMERICAL CONTROL (N/C) AND COMPUTER GRAPHICS INVOLVEMENT IN
THE INDUSTRIAL PROCESSES '

1.1.1 General Discussion

Numerically controlled machining, processing, and testing devices have become so
sophisticated that many users now enjoy a high degree of precision. Also, the inter-
facing of computing equipment and computer graphic presentations to the N/C func-
tion allows man to develop a concept, review it, analyze it, modify it, and construct
the manufacturing tool in a completely dynamic environment. It is also significant
that, in addition to X~-Y plotting equipment, another aid to man-machine communica-
tion is computer-interfacing, precision line drawing equipment, which enables a

comfortable documentation transition period and completes the total industrial process.

The techniques of the use of computer graphics by the engineering community is the
subject of a narrower field of study because of the many varying needs for data manip-
ulation. However, the greatest realization of the potentials offered by computer
graphics and numerical control will come from an industrial process that essentially
eliminates dependency upon man for any interl;retive roles beyond design completion

and choice of production method. Realization of the full computer graphic/engineering
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potential depends on the possession by the design engineer/operator of a complete
understanding of the computer graphic environment. Only a few design engineers are
now taking advantage of the existing new capabilities offered by data automation and
computer graphic systems. It is therefore important that manufacturing and engi-
neering personnel receive complete orientation in the latest disciplines. .

A unique capability becomes available with use of the CRT and light pen for design
engineering communication with the computer, and use of the same CRT and light
pen for N/C parts programming, coupled with non-interpretive use of N/C graphics
equipment, alphanumeric printers, punched tape, film, magnetics, electrostatics,
etc., for documentation of any or all results. |

One of the objectives of this study is to arrive. at specifications which enable establish-
ment of a working system to accomplish these ends. Existing technology provides the
capability for implementing all the aforementioned technologies into one integrated
system. It is improbable, under the present Engineering and' Manufacturing organi-
zational structure in the industry, that the cost-effectiveness of numerical control can
be fully demongtrated. Consequently, a considerable amount of the computer graphics-
engineering-N/C portion of this total NASA-MSFC study is devoted to the involvement
in the industrial processes and to answering such questions as the following:

o What are the optimum techniques for training personnel in the use of these
computer-aided capabilities? -

o What organizational structures offer optimum realization of the potentials of
these new technologies ?

e What are the most advantageous approaches to linking together the computer,
the N/C control system, and the N/C tool ?

e What techniques for introduction of the computer-aided capabilities into the
engineering/manufacturing/operational communities offer the greatest
potential for early acceptance and use?

e What communication techniques between the users and the computer systems
offer the greatest potential ?
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e What growth potential is necessary?

e What new computer-aided design techniques will be developed in the next

three to five years?

e What is the value/need of software interchangeability between various

facilities?

e What is the opportunity to take advantage of the economies offered by use

of existing software ?
1.1.2 Answers to Questions Previously Posed
Each of the previously listed questions will be dealt with in the following. Information
has been gathered through visits and conferences with members of the industry, through

searching literature, and through personal research.

1.1.2.1 What are the Optimum Techniques for Training Personnel in the Use of These

Computer-Aided Capabilities ? Initially, those who need training must be identified;

and the extent to which they will be trained must be agreed upon. Then the varieties
of techniques can be evaluated to determine which offers the highest potential for

success.

The degree of success of employment of a CG-CAD-N/C (Computer Graphics — Computer
Aided Design-Numerical Control) system will be in direct proportion to the degree of
accurate knowledge of the system held by: (a) manufacturing, (b) engineering, and

(c) management. The weakest of the three will be the limiting factor for full realiza-
tion of the potentials of the CG-CAD-N/C system. The technique of training each

group will be different, and yet the overlap of understandingf must be broad.

a. The N/C manufacturing community (even more than the conventional) could
much more easily and accurately program the creation of a part if the
designers limited themselves to geometrics employing the locus of straight

lines, circle sections, other conic sections, and oft-repeated special curves.
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b. Engineering personnel generally do not realize the creativity offered by an
N/C manufacturing facility.

c. Management must realize the necessity of the timely, dedicated support

necessary to gain maximum potential from CG-CAD-N/C as a system.

Thus it is that Manufacturing, Engineering, and Management must each understand
the role not only they will have, but in a large sense, the role the others will have
also. This is the general training task that must not be overlooked as definition of

skill-developing training commences.

It has been demonstrated that young men fresh out of school can most quickly become
proficient with N/C-CG parts programming as well as with CG as a geometry defining
tool. Therefore, it is desirable to concentrate on the young for training in these new
technologies; however, consideration of the following elements causes the ""educate

only the youngsters' approach to be very suspect: 1) the environments into which they
will be placed (controlled by the older generation), 2) the support that is needed to make
them effective, 3) the indispensable need for acceptance by the established communities,
4) the wealth of practical experience held by thé established communities, 5) the invest-
ments in each area. In 1ooking around the country at several of N/C installations, it
also becomes apparent that as the young men become proficient in this new technology,
they are moving on to loftier goals and higher rewards, necessitating a continuous

training program and continuing reliance upon recent arrivals.

Thus it becomes important to ensure that training in these new technologies' is directed

toward the established community as well as the young men.

The answer to the question posed, then, must factor in the foregoing. There must be
at least three specifically tailored, comprehensive training and education efforts in
each of three areas that obviously interlock with each other. Manufacturing, Engineer-
ing, and Management must be trained in:

a. An understanding of the other's problems, needs, and capabilities

b. Skill in use of these capabilities for older personnel
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This training and education effort must be tailored to complement the recipient's back-
ground, study habits, capabilities, and motivations to realize a high degree of effective-
ness. A modicum of proficiency with the hardware involved must be realized at the

same time as the capabilities and known techniques of use are portrayed to those involved
in the training and education effort. The most effective training techniques employ
several of the presently used tools such as manuals, lecture-demonstrations, and a

wide variety of proprietary and vendor-supplied audio-visual aids. At least one sys-
tem also employs the tutorial dialogue in which a statement is displayed upon the face-

of the cathode-ray tube describing the next piece of information needed by the system

as the logical progression from the last information or command given.

1.1.2.2 Which Organizational Structures Offer Optimum Realization of the Potentials

of These New Technologies? At the time any industrial facility involved in manufactur-

ing, engineering, and computing initiates a capital investment in CG-CAD-N/C they
should also endeavor to develop a fresh reevaiuation of their approach to the total
industrial process. The organizational structure that would be optimum 10 years from
now is unlikely to be detailed today. It is also unlikely that many firms would under-
take to restructure in one large step. Summing up these factors leads to the conclusion
that continued success will require frequent reevaluation and faster response to new

needs than many organizations have either given or experienced. .

In studying the methods that effect organizational structure changes, it becomes axio-
matic that the larger the organization the less likely it is to accept a radical change
over a very short span of time. It is important, also, that existing product flow not
be impaired or interrupted to any significant extent. It has already been demonstrated
by the N/C users alone that those who make a strong, fast move to the highest poss1b1e

(actual) use of their N/C tools reahze a faster profit on their investment.

An example of the misconceptions existing in some parts of the N/C community is the
idea that "N/C is unprofitable in small-quantity machining." The facts show that it is
most profitable for short runs (less than 10 items) in small shops; and in large shops

it can be shown to be at least as profitable if all costs of conventional manufacture are
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equated objectively with costs of N/C manufacture. Support organizations must be
correctly oriented in their roles in the CG-CAD-N/C implementation.

The computer sciences, engineering, and manufacturing disciplines must be encouraged
to work together to realize maximum benefit from technical knowledge and economy of

operation,

A vast difference exists between: (1) the current employment of a ""batch mode" wherein
time intervals between input and output of minutes, hours, and even days are tolerated
(because nothing better was available) and (2) necessary insistence upon response in
seconds or fractions of seconds by both Engineering and Manufacturing. A relatively
small portion of the computer world has actually experienced the rigors and pressures
of involvement in the real-time environment; and most of the systems that have experi-
enced these rigors are special-purpose, specifically designed systems, owned and

operated by independent organizations.

Of equal significance is the impact on engineering methods, including accustomed time
frames and techniques of differentiation between design engineering, engineering sup-
port, administration, and such functions as manufacturing, engineering, engineering

standards, specifications, preferred parts, and procurement.

It is possible for engineering personnel to train their own parts prog’rammers and thus
deliver to Manufacturing the tapes for the N/C tools, tool and fixture instructiohs, and
material specifications. It is also possible for Manufacturing to take an engineering
design of a piece part and redesign that part with superlor functional weight, strength,
cost, and schedule results using manufacturing techniques about which Eng'meerlng has
no prior knowledge. Elimination of, or a significant reduction in, such lack of com-
munication between manufacturing and engineering is an undeniable effect of a properly
structured CG-CAD-N/C industrial process. As in Manufacturing, Engineering and
support organizations must be reexamined with respect to their roles-in new industrial
processes.
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1.1.2.3 What are the Most Advantageous Approaches to Linking Together the Com-

puter, the N/C Control System, and the N/C Tool? Computer graphics is progressing

toward a capability for enabling a design engineer's rapid communication with a com-
puter for design concept evaluation and a resultant improvement in optimization before
design release. Use of computer graphics for numerical control parts programming
in a profiling operation (where depth is anything but curvilinear) has in 1967 become
operational. The outputs of the CG-N/C parts programming are either basic tool
movement geometry definitions or completely processed for particular N/C tools and
ready-to-cut parts (in the case of N/C machining centers). This information can be

in any of the several computer output forms such as punched tape, magnetic device,

or alphanumeric printout. The control systems for N/C tools are generally of various
levels of sophistication and accept input data from devices such as magnetic tape,

punched tape, and, under recent development, direct computer-processor interface.

There are a number of efforts in progress to i‘dentify a computer for the N/C opération.
Certain installations (Bendix, G. E., Bunker-Ramo-Woolridge, and Boeing) have been
visited and were found to be in some phase of study or implementation of on-line
computer/processor running the N/C tools. They fall into two distinct categories:

e A special control system that relies upon a central computer to do the inter-

polating and that runs the machine tool from that point forwgrd

e A much simpler device that interfaces with a complete, conventional N/C
tool control system where a tape reader would normally interface and that

uses the local control system's interpolating capabilities

There are several advantages of the dedicated, on-line computer to manufacturing.
They fall into these categories:

Scheduling

Elimination of routine use of punched tape
Calibration and fault isolation

Status reporting

Local computation for simpler part programming

Rapid turnaround
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In most installations, no one of the above advantages will pay for a computer/processor
capable of running 10 or more three-axis N/C tools simultaneously. A control system
can be estimated at $10,000 per axis, and a properly sized processor with necessary
peripherals cannot be purchased for less than $350,000. However, a system is estab-
lished which can by-pass the punched tape reader, do calibration and fault isolation

and some of the part programming work now being paid for elsewhere; improvements
in the N/C tool utilization can be realized which can approximate the costs of computer
lease and operation. By adding to this the worth of accurate, flexible scheduling and
near-instantaneous statusing, it can be shown to be profitable to have a dedicated com-

puter system for an N/C manufacturing facility employing 10 or more three-axis tools.

The initial configuration of the system to be profitably employed would operate on a
three- or four-ievel priority interrupt basis —a spftware-hardware based technique
interfacing with as many complete, local N/C tool control systems as there are tools.
The interface would be at the output of the tape readers (which should be left switchable
on the N/C tool for backup). The interrupt to the computer would be generated in the
same way as the punched tape advance is initiated when buffer storage is unloaded.

The computer would draw its increments of data from a combination of long- and
short-term stofage media such as magnetic tape and core. When not honoring inter-
rupt commands, fault isolation routines might be going on. When neither N/C tool -
generated interrupts nor fault isolation is going on, next-job orders might be prepared
for moving tools, fixtures, materials, and instructions to arrive with a setup crew at
an appropriate time before the previous job is completed. If these direct support
functions of the N/C shop do not need to be done at any particular moment, the com-
puter might honor a request for status or a parts program request and, if no other
operational requirements are levied, scheduling information can be factored in to
accumulate experience-updated commitments on every N/C tool. This technique of
loading the computer has been demonstrated in other applications, and hardware for
implementation has been in development for some time. The basic processor/computer
systems are exemplified by the IBM 1800, the CDC 1700, and the GE 4020.

The initial tie-in of such a dedicated, on-line N/C computer to a computer used for
computer graphics is obviously through hard-line disc, magnetic tape, or punched tape

data transfer. Subsequent developments in the linking of the computer graphics to the

1-9



N/C tool are in various stages of development and experimentation. Generally quiet
activities are going on with joint participation between computer-processor manu-

facturers, control system manufacturers, and N/C tool users.

1.1.2.4 What Techniques for Introduction of the Computer-Aided Capabilities Into
the Engineering/Manufacturing/Operational Communities Offer the Greatest Potential

for Early Acceptance and Use? In the preceding answers, part of the answer to this

question has been given. Actual experience has shown a slow-rising exponential curve
when linearly plotting elapsed time against effective use of the computer-aided
" capabilities.

The introduction of these new capabilities into the established community will best be
done by establishing the étrongest possible ties with familiar entities. The computer
graphics hardware used by the various engineering and manufacturing personnel should
be in or adjacent to the areas in which they alfeady work. ‘

The introduction must also be preceded by careful indoctrination and education of the

management community.

The answers to the question of introduction techniques to be employed grows out of the
need for a professionally administered, deliberate effort at pre-selling the capabilities
at all levels, followed immediately by successful demonstrations by persons already
known and respected by the audience in environments in which they feel secure. All

of this is necessary to overcome the almost universal resistance to change.

1.1.2.5 What Communication Techniques Between the Users and the Computer Systems

Offer the Greatest Potential? Experience with computer systems in operational situa-

tions has clearly demonstrated the value of communication with computer systems in
a way that uses established languages and fast response. In terms of encouraging
wide-spread use of computer systems, development of user-oriented languages has
been most beneficial. The next most advantageous characteristic is that of the user's

getting instantaneous responses to his requests of and instructions to the computer.
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The employment of computer graphics as a communication medium with a computer
system has already been demonstrated to be a very powerful technique. This is not
surprising since man's most effective communication techniques involve some form
of graphic symbolism.

Those who have researched the problems connected with communication between man
and man, and between man and computer, conclude that man has significant advantages
over a computer as a recipient of information. This advantage lies in the ability of
man to (1) compensate for a faulty input by drawing upon partially related information
and (2) bring more than one type of sensor to bear upon a phenomenon. Man also has
an ability to question the sender when reception is not clear. The more nearly the
man - computer communication approaches a man —man communication, the more
reliance men will place upon the computer to do those things best done by computing
equipment.

Awareness of the advantages of this approach has led to the dévelopment bf "questioning"
and trouble-shooting software routines (as accessories to basic software packages)
which are automatically éalled up when the computer cannot continue with a process.
Another techniqhe of improving the commuhication calls for in-depth training of persons
who will use a computer to learn a language the computer accepts.

In the use of computer graphics, two basically different philosophies were early em-
ployed for user communication with the computer. One used an elaborate accessory
keyboard and the other used a simple keyboard and a listing (menu) flashed on the face
of the cathode-ray tube from which the next desired information was manipulated by
means of the light pen. Experience with these two and addition of some special features
has resulted in a movement by each group toward a mix of menu and keyboard.

To use these systems, instructional reference manuals are being created. Early

samples are enclosed with this study report.
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Another technique that simulates man's preconditioning for the next sensation is the
use of a "tutorial" system which displays on the CRT the next information needed by

the computer to act upon the previously communicated informstion.

There is no doubt that a combination graphic-symbolic communication medium that
preconditions both the man and the computer offers the greatest potential. Many
isolated, and a few integrated, techniques for accomplishing this are being employed

by groups realizing significant improvements in communication accuracy and efficiency.

In the case of N/C part programming, communication with the computer through CRT
and light pen has proven effective from the viewpoints of cost, time, and accuracy.

It's obvious superiorities over manuscript-card-tape communication techniques are
today limited to applications involving two-dimensional curvilinear and third-dimensional
fixed depth and slope activities. It is expected, however, that third axis curvilinear
definition can be accomplished in 1968.

1.1.2.6 What Growth Potential is Necessary? From a management position, the

answer to this question is important for capital needs and budgetary apportionment.

It is obvious that once fhe capability of the new techniques ‘of CG-CAD-N/C is known,
there will be an increase in demand for system time. It is also obvious that it would
be extremely costly to provide every man with a CRT and light pen at his desk (at least
at present). Thus, a firm's most creative talent should be given initial access to the

system so that their creativity can be expanded at the earliest possible moment.

Several factors have not yet been accurately determined or are still far from reaching
a plateau of development in their area. These factors include the following:

e The amount of time a man remains productive when paced by a system that
can consume and process data faster than man can conceive it —this raises

the question of number of men per console.

e The number of CRTs (with light pens) that can practically be tied into one
system.
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e The continuing improvements in hardware and software enabling efficiencies

that expand effective power without change in main frame hardware.

e Innovations such as data compression that expand the effective power of the

system,

1.1.2.7 What New Computer-Aided Design Techniques Will be Developed in the Next
Three to Five Years? In numerical control, it is not possible to deny the value of

direct processor control of many machine tools simultaneously. With that advent will
come fault isolation, machine tool loading, scheduling, and accounting as well as
statusing, preventive maintenance direction and other functions better handled by
machinery than men. Another area that will interface with, and be aided by, the

dedication of a computer to the N/C operation will be adaptive control.

Because part of this study was devoted to ascertaining and understanding the highly
probable forthcoming developments, it was found necessary to consider adaptive con-
trol; at least three companies are already deeply involved in its development. In
brief, adaptive control involves sensing the cutting edge — work piece position relation-
ships to enable.near instantaneous modifications to motion — for the purpose of safe-
guards and more precision in manufacture. Sensors in this field are not yet capable
of ideally accurate definition of position; but all the approaches being taken make a
very intelligent approximation based upon sensing of a variety of reactions within .the
system, and then selecting an appropriate, preconditioned, immediate response from
the machine and its control system. The potential for expansion of the sophistication
of the adaptive control's response by employing a processor or computer with signifi-
cantly more capability than the normal N/C control system computer's capability is
apparent. The ability to achieve a significant improvement in precision in positioning
and movement of an N/C tool (over today's state of the art) is a direct dependent upon
more accurate, timely definition of true position relationship between tool and work
piece. Thus, a manufacturirig-dedicated computer/processor suggests a path that
can lead to the inevitable demands for greater accuracies.
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Tying an N/C manufacturing-dedicated computer to a computer graphics computer
will enable greater accuracies and economies through reduced handling of data. The

ties will initially be of the telephone grade transmission line category.

1.1.2.8 What is the Value/Need of Software Interchangeability Between Various

Facilities? In many computer-employing installations, a lack of communication be-

tween developers of software results in duplications that are three—fold wasteful:

(1) repetitious effort, (2) waste of creativity, and (3) restrictions on growth and im-
provement. Often continuance of this lack of communication or support for this
continued duplication can be traced to hardware and software differences. Most
experienced users of computers now realize the time and dollars of software conver-
sion and thus make an attempt at hardware standardization; however, when this is done,
management often still hears that employment of one group's software package by
another group as an accessory to existing software (even though hardware is identical)
can't be done without conversion costs. Searching out the reasons for this statement
reveals that basic operating software used in the two or more installations is not
identical even though objectives of data handling were stated to be the same. All of
this has been, is being, and will continue to be experienced by computer users until

a learned, Well-defined, well-disciplined management of »software/hardware systems

is instituted.

The advantages of software interchangeability are many and include (1) effective exten-
sion of creativity, (2) conservation of computer resources, (3) reduction in program-
ming costs, (4) better understanding by users of computer capability and needs because
of need for tighter specifications to enable conformance to interface requirements,

(5) back-up by multiple installations, thereby counteracting down time and work load
peaks.

Much of this applies directly to N/C tools. It is desirable to be able to quickly define
alternate tools upon which work can be done when the preferred tool is down or over-
loaded. There is no well established reason why post processing for more than one

machine tool cannot be an automatic function in those designs that lend themselves
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to computer graphic definition. It would be beneficial to have backup to parts programs
to allow use of N/C tools located in another facility to which you can gain access.

Computer graphics software should be capable of interfacing with material displayed
or produced in other facilities to enable efficient communication and eventual centralized
call-up of most programs or drawings.

1.1.2.9 What are the Opportunities to Take Advantage of the Economics Offered by
Use of Existing Software? There are so many considerations that must be satisfied

to enable an overall working system of people, machines, and software such as
CG-CAD-N/C that a considerable advantage can be gained by evaluating existing Work-
ing systems before moving into new areas. Well documented, fully modularized soft-
ware will reduce implementation time.

The value of early demonstration of an éxpandable, but minimally satisfying, overall
system is difficult to ascertain. There are many advantages fo employing selected
existing software packages, at least at the outset, even though eventual modification
or replacemen‘g of some of those packages is initially understood.
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1.2 FEASIBILITY OF N/C-COMPUTER GRAPHICS AT MSFC
1.2.1 General

Consideration of N/C-Computer Graphics at MSFC falls into the following three

categories:

e Economic feasibility
e Technical feasibility
e Functional feasibility

Economics will be discussed in the following subsection. Technical and functional

feasibility considerations are discussed elsewhere in this document.
1.2,2 Economics

Numerical control parts programming by use of scope and light pen by itself allows

a small percentage of improvement over conventional techniques; however, it can
show a considerable t_i‘me advantage over parts programming when used in conjunction
with APT or some similar computer-employing, batch-process technique. The time
taken for a man to copy a print by manually exercising a light pen is, of course,
eliminated when the original design is developed using a light pen. n addition, it
will be feasible to eliminate the many interpretive errors and dimensioning omissions
now experienced in entering data from design sketch through engineering drawings

to scope and light pen re-draw of original design.
1.2.3 Facets of CG — CAD Applicable to N/C Operations

Other sections of this document deal with the potentials of the applications of com-
puter graphics to a variety of analyses and design efforts. In most cases, the end
product of the analysis programs result in hardware of some type. The very fact

that these hardware configurations are digitized will aid in the eventual conversion

of the manufacturing processes to support this type of hardware to N/C. Three major
areas are identifiable now that lend themselves today to a total CG-CAD-N/C system.
They are described in succeeding paragraphs.
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1.2.3.1 Electronics. Electronics will have considerable CG-CAD-N/C potential in
several areas in which N/C manufacture can be employed. Those areas include:

L]

o

Discrete component/solid state

Integrated circuit/microelectronic

Interconnections

Suggestions of the N/C applications in each of those specific areas are:

a. Discrete component/solid state:

C.

6":-.03[\3!—‘

Total etched board manufacturing processes

Component selection and insertion

| Soldering/welding operations

Subassembly integration
Testing

Enclosing, packaging, etc.
Storing, retrieving, etc.

Integrated circuit/microelectronics:

1. ' Total photo-optic and mechanical operations in the manufacture of
discrete components '

2. Integration of discrete components into logic configuration

3. Integration of logic configurationé into functional configuration

4, Welding and soldering control by many precision techniques such as
conventional micro point, unconventional electron beam, and laser
beam

5. Testing at many steps through functional system build up and
final acceptance

6. Enclosing,packaging, etc.

Interconnections:

1. Wire/cable sizing, selection, cutting, trimming, and tinning

2. Connector selection, mating, welding/soldering, etc.
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3. Continuity and insulation testing
4, Labeling

5. Large cable build up, forming, lacing, etc.

1.2.3.2 Enclosures.,

a. Sheet metal forming, punching, bending, cutting, fastening, welding, etc.
b. Solid material machining by cutting, electro-discharge, chem mill, etc.
c. Plastic molding, curing, cutting, etc.

1.2.3.3 Structural Members.’

a, All machining operations

b. All welding operations

c. Many assembly operations

d. Many testing operations

e. Raw material storage, retrieval, and sizing

f. Finished part packaging, storage, and retrieval
1.2.4 MSFC Computer Involvement in N/C

It will be a long time before computer graphics at MSFC is capable. of N/C parts
programming and another lengthy time period will follow that before all design and
N/C parts programming is done with computer graphics. During this interval, the
NASA-MSFC computer support of N/C operations can significantly affect the success-
ful employment of N/C tooling. Card punch, printing, tape punch and computing
operations are, by necessity, sequential operations. It is most desirable for NASA-
MSFC Computer Operations to enable the shortest practical time spans between parts
programmers' attention to each job., Both off-line and on-line activities are involved
and special attention should be given to their needs.

If we hypothesize a situation in which a remote terminal with reasonable main frame

interrupt capability and appropriate peripheral equipment is located in the N/C parts
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programming area, some comparisons with conventional techniques of computer-
employing parts programming can be shown. Assume that the remote terminal is

a Univac 1004 remote to an 1108 which in turn has full APT and post processor capa-
bility., Let us further suppose that the 1004 has as its own, local peripherals: card
read and punch, magnetic tape and/or magnetic disc read and write, and punched tape
(both paper and mylar) read and write, In addition, a key punch would be set up in

the same area as the parts programmer and the 1004 and its peripherals which, in
turn, are located adjacent to the N/C tool area. With an interrupt system into the
1108 which essentially handles complete batches on a first in/first out basis, and with
sufficient storage space in the 1004, jobs needing 1108 power .can be loaded into the
1004, processed a few minutes later by the 1108 and output back into the 1004 for the
format desired. Tape punching, card punching, alphanumeric printing, magnetic tape —
or disk-pack-to-punched-tape conversions, and verifications can all be done as needed
by the 1004 without waiting for 1108 availability..

With this hypothetical facility, it bécomés possible for parts programmers to reduce
the number of parts programs they have in work from a high of 6 to 15 month

to an average of three fo four. The reasons for this lie in thé ability to get key punch,
computer runé, printouts, paper tapes, énd all computer or computer peripheral-
dependent products returned, completed in a few minutes or few hours as a routine
instead of the present (without special priorities) minimum of one day for each -
activity that now exists in many installations. This kind of support will greatly
enhance the posture of the Computer Services organization, It will demonstrate the
problem to be expected in servicing dedicated, on line operations. It will demonstrate
the worth of quick response to requests for off-line work. It will enable manufacturing
to effect significant economies in the N/C organizations by cutting programming and
tool try costs as well as lead times to finished programs.
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1.3 NUMERICAL CONTROL AND N/C-COMPUTER GRAPHICS SPECIFICATIONS
1.3.1 Console Procedures and Fiow Diagrams for Keyboard-Oriented Systems.

The console procedures (Tables 1-1 through 1-14) and flow diagrams (Figs. 1-1
through 1-14) are mutually complementary. A good basic understanding of the graphics
system user's viewpoint and function can be obtained from these data. A glossary of

terms used in the tables appears after Table 1-14.

The console procedures and flow diagrams herein form a solid basis for developing
a final graphics system configuration. The configuration shown is a minimum basic
package that can be used for engineering production design and drafting and numerical

control programming applications.

The console hardware configuration for this system requires, in addition to the
cathode-ray tube, three input devices: a function keyboard, a typewriter, and a light

pen.

Console procedures and flow diagrams should be completed and agreed upon between
the graphics user and the graphics software programmer prior to any coding. These
will eliminate much misunderstanding by the user, serve as a basis for instructing

users, and eliminate much costly reprogramming of software.

The most successful graphics systems have been derived by user-programmer teams

developing and checking the applications programs jointly.
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Table 1-1

CONSOLE PROCEDURES FOR START

(KEYBOARD ORIENTED)

Step User Action Machine Reaction
MENU DISPLAYED
1. FK START CALL - Retrieve file (drawing) from
storage device
FILE - File drawing on storage device
ID - Key in ID for starting new dwg
CKPT - (Checkpoint) file model on
storage device for recall in
case of bomb off
RECALL - Recall model from storage
device after bomb off
2. LPD CALL CALL underlined
. ‘Message - KEY ID
3. Key or pick ID Retrieves drawing from storage device
and displays drawing
2. LPD FILE FILE underlined
Message - KEY ID
3. Key or pick ID Files dwg on storage device under ID keyed
in '
2. LPD CKPT CKPT underlined
Outputs model on storage device
2. LPD RECALL RECALL underlined

Retrieves and displays last model

checkpointed

1-21



Table 1-2

CONSOLE PROCEDURES FOR NUMERICAL CONTROL

Step User Action Machine Reaction

1. FK NUMERICAL CONTROL MENU DISPLAYED
SETPT - Key in or LPD cutter starting
position
ZDIM - Key Z axis, value of bottom of
cutter .
FEDRAT - Key or pick feed rate (velocity
in inches per minute)
POST (Postprocess)
Retrieve CL data from bottom of
_ model and write APT CLTAPE.
ABORT - Abort present cutter path and

exit from N/C mode

2. LPD SETPT 'SETPT underlined
Message - SETPTX=
3. LPD point from display Message - SETPT X = XXXXX
SETPT Y = XXXX
SETPT Z =
4, Pick or key SETPT Z DIM Message - SETPT Z = XXXXX
_ CUTTER =
5. Pick or key CUTTER DIA Message - CUTTER = XXXXX
2. LPD SETPT SETPT underlined
Message - SETPT X =
3. Key SETPT X DIM Message - SETPT X = XXXXX
SETPT Y =
4. Key SETPT Y DIM Message - SETPT Z =
5. Key SETPT Z DIM Message ~ SETPT Z = XXXX
CUTTER =
6. Key or pick CUTTER DIA Message - CUTTER = XXX

*SELECT DRIVE SURFACE

*MESSAGE — Select PT/ELEM
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Table 1-2 (Cont.)

Step User Action Machine Reaction
2. LPD Z DIM Z DIM underlined
Message - Z DIM =
3. Pick or key Z DIM Message - Z DIM = XXXXX
' *SELECT DRIVE SURFACE
2. LPD FEDRAT FEDRAT underlined
Message - FEDRAT =
3. Pick or key FEDRAT Message - FEDRAT = XX
*SELECT DRIVE SURFACE
2. LPD POST (APT INTERFACE)
POST underlined
Message - MACHIN/
3. Pick or key MACHIN Message - MACHIN/XXXXX
STATEMENT
3A. FK ACCEPT ) SCALE =
4, Pick or key SCALE ‘Message - SCALE = X3XX
Writes CLTAPE to input to APT system
2. LPD ABORT ABORT underlined
o All N/C output deleted from the model -
exit from N/C mode
2. LPD PT Cutter displayed at PT selected
CL placed in model
. *SELECT DRIVE SURFACE
2. LPD ELEM 'Message - SELECT - CKSURF
3. LPD CKSURF Cutter displayed at intersection of elements

- Message - SELECT - CKSURF

*MESSAGE —Select PT/ELEM
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Table 1-3

CONSOLE PROCEDURES FOR ERASE

Step User Action Machine Reaction
1. FK ERASE Message - LPD ELEMENT
2. LPD ELEMENT Removes element from display and model
Table 1-4
CONSOLE PROCEDURES FOR LINE TYPE
Step User Action Machine Reaction

FK LINE TYPE

MENU DISPLAYED

SOLID
HIDDEN
CENTERLINE
PHANTOM

LPD SOLID
LPD ELEMENT

Message - LPD ELEMENT
Displays element as solid line

LPD HIDDEN
LPD ELEMENT

Message - LPD ELEMENT
Displays element as hidden line

LPD CENTERLINE

LPD ELEMENT

Message - LPD ELEMENT

Displays element as centerline

LPD PHANTOM
LPD ELEMENT

 Message - LPD ELEMENT
Displays element as a phantom line
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Table 1-5

CONSOLE PROCEDURES FOR FILLET

Step User Action Machine Reaction
1. FK FILLET Message - KEY RADIUS
2. Key or pick RADIUS Message - LPD ELEMENT 1
3. LPD 1ST ELEMENT Message - LPD ELEMENT 2
4. LPD 2ND ELEMENT Message - LPD LOCATION OF FILLET
CENTER
5. LPD SIDE OF FILLET Displays fillet tangent to elements selected
CENTER
‘Table 1-6
CONSOLE PROCEDURES FOR RETOUCH
Step User Action Machine Reaction
1. FK RETOUCH MENU DISPLAYED
" EXPAND
CONTRACT
BREAK
2. LPD EXPAND - . Message - LPD ELEMENT
3. LPD ELEMENT Message - LPD EXPANDED DISTANCE
LPD ELEMENT TO EXPAND TO
4, LPD ELEMENT OR Expands element
DISTANCE
2. LPD CONTRACT Message - LPD ELEMENT
3. LPD ELEMENT Message - LPD END TO BE CONTRACTED
. LPD END Message - LPD LOCATION TO CONTRACT
TO
LPD ELEMENT TO CONTRACT
TO
B, LPD LOCATION OR Contracts element
ELEMENT
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Table 1-6 (Cont.)

Step User Action Machine Reaction
2. LPD BREAK Message - LPD ELEMENT
3. LPD ELEMENT Message - LPD LOCATION OF BREAK
. LPD LOCATION Breaks element at point normal to LPD
location. Element is now stored as two
separate entities in the model.
Table 1-7
CONSOLE PROCEDURES FOR PARALLEL
(STORES NEW ELEMENT PARALLEL TO OLD ELEMENT)
Step User Action Machine Reaction
1. FK PARALLEL Message - LPD ELEMENT
2. LPD ELEMENT Message - LPD SIDE NEW ELEMENT
TO BE
. LPD SIDE Message - KEY NORMAL DISTANCE
. Key DISTANCE Displays parallel element '
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Table_ 1-8

CONSOLE PROCEDURES FOR CIRCLE

Step User Action Machine Reaction

1. FK CIRCLE Message - KEY X DIMENSION
Message - LPD POINT

2. Key or pick X DIMENSION Message - KEY Y DIMENSION

3. Key or pick Y DIMENSION Message - KEY RADIUS

4, Key or pick RADIUS Displays circle

2. LPD POINT Message - KEY RADIUS
LPD POINT 2

3. Key or pick RADIUS Displays circle

2. LPD POINT Message - KEY RADIUS
LPD POINT 2

3. LPD POINT 2 Message - LPD CENTER DIRECTION

, ' LPD POINT 3
. LPD CENTER DIRECTION ‘Message - KEY RADIUS .

5. Key or pick RADIUS Displays circle

2. LPD POINT Message - KEY RADIUS
LPD POINT 2

3. LPD POINT 2 Message - LPD CENTER DIRECTION
LPD POINT 3

4, LPD POINT 3 Displays circle
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Table 1-9

CONSOLE PROCEDURES FOR POINT

Step User Action Machine Reaction
1. FK POINT Message - KEY X DIMENSION
Message - LPD PHYSICAL LOCATION
Message - LPDIST ELEMENT OF
INTERSECTION
2. Key or pick X DIMENSION Message - KEY Y DIMENSION
3. Key or pick Y DIMENSION Displays point
2. LPD LOCATION OF POINT Displays point
2. LPD 1ST ELEMENT Message - LPD 2ND ELEMENT OF
INTERSECTION
3. LPD 2ND ELEMENT ' *Displays point

*If one or both elements are circles or cixrves an additional LPD is required to
indicate which of multiple intersections the point is to be stored.

Table 1-10

CONSOLE PROCEDURES FOR LINE THROUGH POINT AT DIRECTION

Step User Action Machine Reaction

1. FK LINE THRU POINT AT | - MENU DISPLAYED
DIRECTION HORIZONTAL

VERTICAL

PARALLEL
PERPENDICULAR

AT ANGLE
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Table 1-10 (Cont.)

Step User Action Machine Reaction
2. LPD HORIZONTAL Message - KEY X DIMENSION
Message - LPD POINT
Message - LPD TANGENT CIRCLE
3. Key or pick X DIMENSION Message - KEY Y DIMENSION
4, Key or pick Y DIMENSION *Displays Line
3. LPD POINT ' Displays Line
3. LPD TANGENT CIRCLE Message - LPD SIDE OF CIRCLE THAT
LINE IS TANGENT
4, LPD TANGENT SIDE OF *Displays line
CIRCLE
2, LPD VERTICAL
Procedure same as HORIZONTAL
2. LPD PARALLEL Message - KEY X DIMENSION
' Message. - LPD POINT
Message - LPD TANGENT CIRCLE
3. Key or pick X DIMENSION Message - KEYY DIMENSION
4. Key or pick Y DIMENSION Message - LPD PARALLEL LINE
5. LPD PARALLEL LINE *Displays line '
3. LPD POINT Message - LPD PARALLEL LINE
4, LPD PARALLEL LINE *Displays line
3. LPD TANGENT CIRCLE Message = LPD SIDE OF CIRCLE THAT
' LINE IS TANGENT
4, LPD TANGENT SIDE OF Message - LPD PARALLEL LINE
CIRCLE
5. LPD PARALLEL LINE *Displays line

*Program will set value of line length to some constant. Retouch function will be used
to trim line to desired configuration.
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Table 1-11

CONSOLE PROCEDURES FOR LINE POINT TO POINT

Step User Action Machine Reaction
1. FK LINE POINT TO POINT Message - KEY X DIMENSION
Message =~ LPD POINT
Message - LPD TANGENT CIRCLE
2. Key using typewriter or pick Message - Key Y DIMENSION
with light pen X DIMENSION _
3. Key or pick Y DIMENSION Message - Key X DIMENSION
Message - LPD POINT
Message - LPD TANGENT
Message - CIRCLE
4. Repeat steps 2 and 3 Diéplays line
4. LPD PREVIOUSLY STORED Displays line
POINT
4. LPD CIRCLE Message - LPD SIDE OF CIRCLE THAT
LINE IS TANGENT
5. LPD SIDE OF CIRCLE LINE Displays line
IS TANGENT TO
2. LPD POINT Message - KEY X DIMENSION
Message - LPD POINT
Message - LPD TANGENT CIRCLE
3. LPD 2ND POINT Displays line
3. Key or pick X DIMENSION Message - KEY Y DIMENSION
. Key or pick Y DIMENSION Displays line
3. LPD TANGENT CIRCLE Message - LPD SIDE OF CIRCLE THAT
LINE IS TANGENT
4. LPD TANGENT SIDE OF Displays line

CIRCLE
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Table 1-11 (Cont.)

Step User Action Machine Reaction
2. LPD TANGENT CIRCLE Message - LPD SIDE OF CIRCLE THAT
' LINE IS TANGENT
3. LPD TANGENT SIDE OF Message - KEY X DIMENSION
CIRCLE Message - LPD POINT
Message - LPD TANGENT CIRCLE
4. LPD TANGENT CIRCLE Message - LPD SIDE OF CIRCLE THAT
: LINE IS TANGENT
5. LPD TANGENT SIDE OF Displays line
CIRCLE
4, LPD POINT Displays line
4. Key or pick X DIMENSION Message - KEY Y DIMENSION
5. Key or pick Y DIMENSION Displays line
Table 1-12
CONSOLE PROCEDURES FOR DIMENSIONING INFORMATION
Step User Action ' Machine Reaction
1. FK DIMENSION MENU DISPLAYED
HORIZONTAL
VERTICAL
PARALLEL
OFFSET
ANGLE
RADIUS
DIAMETER
CURVE
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Table 1-12 (Cont.)

Step User Action Machine Reaction
2. LPD HORIZONTAL HORIZONTAL underlined
Message - SELECT POINT 1
3. LPD 1ST POINT Message - SELECT POINT 2
4. LPD 2ND POINT Message - LPD LOCATION OF DIMENSION
5. LPD LOCATION OF Displays dimensions, dimension lines and
DIMENSION arrowheads (they are stored in the model to
be used for hard copy if required)
2. LPD VERTICAL
Same as HORIZONTAL except dimension is vertical
between points selected
2. LPD PARALLEL PARALLEL underlined
Message - SELECT POINT 1
3. LPD 1ST POINT Message - SELECT POINT 2
4. LPD 2ND POINT Message - SELECT ELEMENT THAT
. DIMENSION IS PARALLEL TO
5. LPD ELEMENT THAT Message - LPD LOCATION OF
DIM IS PARALLEL TO DIMENSION
6. LPD LOCATION OF Displays dimension, dimension lines and
DIMENSION arrowheads
2. LPD QFFSET OFFSET underlined '
Message - SELECT 1ST ELEMENT
3. LPD 1ST ELEMENT Message - SELECT 2ND ELEMENT
4. LPD 2ND ELEMENT Message - LPD LOCATION OF DIMENSION

5.

LPD LOCATION OF
DIMENSION

Displays dimension, dimension lines and

arrowheads
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Table 1-12 (Cont.)

Step User Action Machine Reaction
2. LPD ANGLE ANGLE underlined
Message - SELECT 1ST ELEMENT
3. LPD 1ST ELEMENT Message - SELECT 2ND ELEMENT
. LPD 2ND ELEMENT Message - LPD LOCATION OF DIMENSION
5. LPD LOCATION OF Displays dimension in degrees, minutes,
DIMENSION and seconds, dimension lines and arrowheads
2. LPD RADIUS RADIUS underlined-
Message - SELECT CIRCLE OR ARC
3. LPD CIRCLE OR ARC Message - LPD LOCATION OF DIMENSION
4, LPD LOCATION OF Displays dimension with R, RAD, or RADIUS
DIMENSION following, dimension line andarrowhead
2. LPD DIAMETER DIAMETER underlined
. Message - SELECT CIRCLE
3. LPD CIRCLE Message - LPD LOCATION OF DIMENSION
4. LPD LOCATION OF Displays dimension with D or DIA following,
DIMENSION dimension line, and arrowheads
2. LPD CURVE CURVE underlined
Message - SELECT CURVE
3. LPD CURVE Message - LPD LOCATIONOF DIMENSION
4, LPD LOCATION OF Displays dimension, dimension lines and
DIMENSION arrowheads, parallel to curve
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Table 1-13

CONSOLE PROCEDURES FOR GEOMETRY MACRO

Step User Action Machine Reaction
1. FK MACRO MENU DISPLAYED
START
ABORT
RETURN TO DRAWING
DISPLAY MACRO
CALL
STORE
START underlined
2. LPD START Message - SELECT ELEMENT
Message - SELECT FK (This instruction
is to be followed only if the
console operator is constructing
the macro from previously
stored geometry)
3. LPD ALL GEOMETRIC Message - SELECT ELEMENT
ELEMENTS TO BE USED
IN MACRO
4, LPD DISPLAY MACRO DISPLAY MACRO underlined; computer dis-
plays only those elements selected. Operator
can then see if he has completed the macro
Message - SELECT PIVOT POINT
5. LPD RETURN TO DRAWING RETURN TO DRAWING -underlined
Message - SELECT ELEMENT
6. LPD additional elements Message - SELECT ELEMENT

& repeat step 4 until macro
is complete
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Table 1-13 (Cont.)

Usei" Action

Step Machine Reaction
7 LPD DISPLAY MACRO DISPLAY MACRO underlined
(same as step 4)
8 LPD a point (becomes pivot Message - SELECT PIVOT LINE (pivot
point) " point and pivot line will be used to locate
geometry on face of drawing-location
and rotation)
9 LPD a line (beéomes pivot Message - SELECT STORE OR ABORT
line)
10 LPD STORE STORE underlined; stores macro
11 LPD RETURN TO DRAWING- Returns original drawing to display
3 Select any function key Display goes blank
4 Construct geometry Geometry stored in model as macro
5 Repeat step 1
6 LPD DISPLAY MACRO DISPLAY MACRO underlined
| Message - SELECT PIVOT POINT -
RETURN TO DRAWING
LPD a point Message - SELECT PIVOT LINE
8 LPD a line Message - SELECT STORE OR ABORT
LPD STORE STORE underlined; stores macro
2 LPD DISPLAY MACRO Displays 1st macro stored
3 LPD DISPLAY MACRO Displays 2nd macro
4 LPD DISPLAY MACRO Displays Nth macro stored
5 CALL underlined (th Nth macro which was

LPD CALL

displayed when call was selected is the
macro being called). Original drawing is
displayed

Message - SELECT PIVOT
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Table 1-13 (Cont.)

Step User Action Machine Reaction
6. LPD a point Message - SELECT PIVOT LINE
7. LPD a line Macro geometry is displayed in conjunction

with original drawing (macro geometry is
stored in model as part of original geometry)

Any LPD ABORT ABORT underlined
Any + 1 Select any function key to

get out of macro subrouting

Table 1-14

CONSOLE PROCEDURES FOR TRANSFORMATION

Step User Action Machine Reaction
1. FK TRANSFORMATION | MENU DISPLAYED
MOVE
ROTATE
SCALE
2. LPD MOVE MOVE underlined
Message - KEY X
3. Key or pick X TRANSLATION | Message - KEY Y
4. Key or pick Y TRANSLATION | Display is moved

‘X&Y dimensions keyed will be new

position of the window center

2. LPD ROTATE ROTATE underlined
Message - KEY ANGLE
3. Key or pick ANGLE Display rotates to angle keyed in
2. | LPD SCALE SCALE underlined
Message - KEY SCALE
3. Key SCALE Display is scaled by amount keyed in
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GLOSSARY OF TERMS

FK Function key

LPD Light pen detect

Pick Select item from display with light pen
Window ' CRT is considered a window through which

we view the drawing

Key : ‘ Key in data with typewriter keyboard
Drive surface Surface f:he cutter is.to drive along
Check surface Surface cutter stops against

Perp o Perpendicular
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USER ACTION

n

MACHINE DISPLAY = MESSAGE OR MENU

= MACHINE ACTION

= FUNCTION — FUNCTION SHOWN IN
BOX REMAINS IN THIS UPPER L.H.
CORNER OF DISPLAY UNTIL ANOTHER
FUNCTION KEY IS DEPRESSED

Fig. 1-1 Symbols Defined
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FK START MENU

START

CALL - FILE —ID — CKPT ~ RECALL

‘ LPD CALL ) LPD FILE ’

CALL FILE
\UNDERLINED, U NDERLINED,
5 =
&} <
< <
u I8
w2 iz
= =
KEY ID KEY ID

SEARCHES TAPE

DISPLAYS DRAWING

LEGEND:

A FUNCTION REMAINS ON DISPLAY
UNTIL ANOTHER FUNCTION IS

SELECTED.

A OPERATOR CONSTRUCTS DRAWING USING
FK'S AS REQUIRED.

& MACHINE DOES AUTOMATIC CKPT EVERY
TEN USER ACTIONS.

G

@D

“ LPD RECALL>

‘ LPD CKPT

D CKPT
UNDERLINED, UNDERLINED,
S
e
<
%
%
&
=
OUTPUTS MODEL
KEY ID ON STORAGE DEVICE

G

DRAWING FILED
ON TAPE

MESSAGE

RETRIEVES & DISPLAYS LAST
DATA OUTPUT ON STORAGE DEVICE

SELECT

ID DISPLAYED

Fig. 1-2 Subroutine START

FK




FK POINT |: ' POINT

MESSAGE

KEY X DIM
LPD LOCATION

KEY Y DIM

MESSAGE \
7

SELECT ELEMENT 1

0b-1

KEY Y DIM

DISPLAYS

“ KEY X DIM )

POINT /

\LPD LOCATION ’

LPD ELEM

MESSAGE

SELECT
ELEMENT Z

NO

\

ARE EITHER OR

/BOTH ELEMENTS

IRCLE OR CURVE
2

YES

MESSAGE

LPD

< LPD INTERSE CTIOS

Fig. 1-3 Subroutine POINT

INTERSECTION,
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_ INE — POINT] KEY X DIM
FK_LINE — POINT TO POINT TO POINT MESSAGE SELECT POINT LPD CIRCLE
L ) _ SELECT CIRCLE

MESSAGE

LPD
KEY Y DIM MESSAGE (xEY x DIM ) LPD POINT ) TANGENT
E

SID

f

< KEY Y DIM } LPD SIDE

KEY 2ND KEY 2ND X DIM
MESSAGE ‘
Y DIM { KEY X DIM }-—-— SELECT POINT 2 —‘ LPD CIRCLE ’
SELECT CIRCLE 2

MESSAGE

LPD
LPD POINT 2 TANGENXNT
SIDE

( KEY Y DIM " / DISPLAYS
‘\jNE LPD SIDE

Fig. 1-4 Subroutine LINE-POINT-TO-POINT



v 1

K LINE = POINT DIRECTION

ey - e v MESSAGE
KEY Y DIM KEY Y DIM

LPD SIDE

(LPD TANGENT SIDE >—‘

MESSAGE

LINE - POINT| \ENC o
DIRECTION - HORIZ - VERTICAL - PARALLEL - PERP ~ ATANGL
e { KEY x v ) ( Lpp noriz ) ( LPD \FRT ) (LPD PARALLEL) @@ @
SEI;.El:f‘C'l}" ]?(!)I;IINT | - HOIHZ. .\'.ERTICA‘L PARALLEL
SELECT CIRCLE UNDERLINED UNDERLINED UNDERLINED
MESSAGE MESSAGE MESSAGE
KEY ANGL
w
9
<
w
n
4
“IvES
/ \ O NO NO [ pispLAYs

ATANGL
UNDERLINED

MESSAGE

PERPEXDICULAR
\ 2 /

- YES

SELECT

SELECT
PARALLEL
ELEMENT

\ KEY ANGL )

LINE

PERP FLEM

Fig.

1-5 Subroutine LINE-POINT DIRECTION




EP-1

FK CIRCLE

CIRCLE

MESSAGE

KEY X DIM.

DISPLAYS
CIRCLE

KEY
RADIUS

SELECT POINT

< LPD POINT)

MESSAGE

H—— xEYXDIM }-———-MESSAGE

MESSAGE

KEY Y DIM.

CKEY Y DIM. )

——(KEY RADIU

s)

N
J

KEY RADIUS

J

SELECT POINT
2

KEY

MESSAGE 3
LPD POINT 2}———— LPD CENTER

SELECT POINT

DIRECTION

MESSAGE LPD D]BECTIO&*

RADIUS

( )
LPD POINT 3
N

Fig. 1-6 Subroutine CIRCLE



LPD SIDE OF

FK PARALLEL : MESSAGE SELECT ( \ OLD ELEMENT
. PARALLEL T ELEMENT A\ LPD ELEM J NEW ELEMENT TO

BE DISPLAYED

o

LP

SIDE ’

Po-T

MESSAGE

/DISP‘LAYS NEW KEY NORMAL
\ ELEMENT KEY DIST. DISTANCE

‘Fig. 1-7 Subroutine PARALLEL



FK FILLET
I [: FILLET ] MESSAGE

KEY FILLET RADIUS

. DISPLAYS FILLET TANGENT
\ TO ELEMENTS SELECTED

)

- SP-1

‘ LPD APPROX. LOCATION OF FILLET CENTEQ

LPD LOCATION OF FILLET CENTER

MESSAGE

KEY RADIUS

PN
=
5
=

N

MESSAGE

SELECT
ELEMENT 1

(LPD 1ST ELEM)

MESSAGE

SELECT
ELEMENT 2

(L

Fig. 1-8 Subroutine FILLET

&

PD 2ND ELEM)
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TOU MENU
FK RETOUCH || peroucH EXPAND — CONTRACT — BREAK LPD BREAK —
O
<<
[97]
MESSAGE i r 2
LPD ELEM SELECT ( LPD EXPAND LPD CONTRACT =
“ ELEMENT
O M SELECT
é g ( LPD ELEM )_ ELEMENT
& A
b= &)
=
LPD EXPANDED DISTANCE LPD
SELECT ELEMENT TO PD ELEM SELECT MESSAGE | | 6caTiON
EXPAND TO ELEMENT OF BREAK
=
O
=
14 DISPLAYS CONTRACTED
DISPLAYS EXPANDED 2]
( LPD ELEM. OR DISTANCE ELEMENT = ELEMENT
i
S LPD END TO i
! BE CONTRACTED i GPD ELEM. OR LOCATIOI\D

LPD LOCATION TO CONTRACT TO LPD LOCATION
SELECT ELEMENT TO

CONTRACT

MESSAGE

DISPLAYS ELEMENT WITH
BREAK AT POINT NORMAL
TO LPD LOCATION

Fig. 1-9 Subroutine RETOUCH
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FK LINE TYPE ‘I
LINE TYPE

MESSAGE

MENU

SOLID

SELECT
ELEMENT

LPD ELEM.

ELEMENT DISPLAYED
AS SOLID LINE

UNDERLINED

LPD SOLID

SOLID - HIDDEN — CENTERLINE — PHANTOM

SELECT
ELEMENT

< LPD ELEM.

ELEMENT DISPLAYED
AS HIDDEN LINE

\UNDERLINED

(oo mlm) (e CLD C

>,

CENTERLINE

|

/
\

UNDERLINED

}

MESSAGE

SELECT
ELEMENT

SELECT

ELEMENT

MESSAGE

LPD PHANTOM ’

PHANTOM
UNDERLINED

LPD ELEM.

‘ LPD ELEM. >

ELEMENT DISPLAYED <

AS CENTERLINE

ELEMENT DISPLAYED
AS PHANTOM LINE

Fig. 1-10 Subroutine LINE TYPE
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FK TRANSFORMATION

TRANSFORMATION]

MENU

‘ LPD MOVE ’

MOVE
UNDERLINED

1
ME SISAGE

KEY Y DIM

KEY Y DIM

MESSAGE
|

KEY X DIM

KEY X DIM ’

CENTER OF WINDOW
MOVES TO DIMENSIONS
KEYED IN

MOVE — ROTATE — SCALE

LPD ROTATE ’

ROTATE
UNDERLINED

MESSAGE

KEY ANGL

‘ KEY ANGL ’

DISPLAY ROTATES
THRU ANGLE KEYED

‘ LPD SCALE '

SCALE
UNDERLINED

MESSAGE

KEY SCALE

KEY SCALE ’

SCALES DISPLAY
BY AMOUNT
KEYED IN

Fig. 1-11 Subroutine TRANSFORMATION




FK NUMERICAL

SETPT — ZDIM — FEDRAT — POST — ABORT

POST ’

-POST
UNDERLINED

ZDIM ’

LPD FEDRAT

MESSAGE

KEY MACHIN/

‘ LPD ABORT ’

ABORT
UNDERLINED
CUTTER PATH DELETED

(

‘ KEY MACHIN/XXXX }

MACHIN/XXXX

‘ ACCEPT KEY ’

SCALE =
MESSAGE

CONTROL NUMERICAL MENU
CONTROL
MESSAGE SETPT
UNDERLINED LPD SETPT
.
| ] - MESSAGE ZDIM
KEY SETPTX SETPTX LPD POINT B N .
.
KEY ZDIM FEDRAT
SETPT = XX, XXXX UNDERLINED
=
o
<
w
vl
12
=
KEY ZDIM
SETPTY =
ZDIM = X. XXXX
=
KEYSETPTY S
[2]
177}
=
2
\ (kEY FEDRAT)—{KEY FEDRAT |—
XX, XXXX
XX XX/
53
G
<
|23
1721
E
FEDRAT = XXX. XX
SETPTZ =
KEY SCALE
KEYSETPTZ )
_
(accEPT KEY)
SETPT X = XX. XXXX
SETPT Y = XX. XXXX
SETPT Z = XX. XXXX
e
=
<
G
& OUTPUTS
= CL TAPE
CUTTER=
(xEY CUTTER)
CUTTER DIA = X. XXXX ) MESSAGE SELECT MESSAGE

6v-1

DRIVE SURFACE

SELECT
CHECK
SURFACE

(e ——

CUTTER DISPLAYED AT
INTERSECTION.

CUT VECTOR STORED FOR

WRITING CL TAPE

Fig. 1-12 Subroutine NUMERICAL CONTROL
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FK DIMENSIONING

-

HORIZ
UNDERLINED

VERTICAL
UNDERLINED

LPD HORIZ

L

MENU

IMENSIONING

HORIZ — VERTICAL — PARALLEL — CURVE — ANGLE ~ OFFSET — RADIUS — DIAM

LPD VERTICAL

MESSAGE

SELECT
LPD ELEM PARALLEL

ELEMENT

PARALLEL
UNDERLINED

MESSAGE

LPD POINT 1

SELECT - SELECT
POINT 1 LPD CURVE CURVE

MESSAGE

CURVE
UNDERLINED

LPD PARALLEL

ANGLE

SEL:
LPD ELEM ECT

ELEMENT 1

UNDERLINED

SELECT
POINT 2 SELECT
ELEMENT 2
‘ LPD POINT 2 ' LPD ELEM
MESSAGE
LPD
LOCATION

LPD LOCATION

HF

KEY
DECIMAL | KEY DEC. PLS
PLACES

CALCULATES
DIMENSION,

& DISPLAYS
DIMENSION

LINES AND ARROW HEADS

SELECT
LPD CIRCLE CIRCLE

LPD CURVE

LPD ANGLE

OFFSET

MESSAGE

LPD OFFSET

UNDERLINED

RADIUS
UNDERLINED

LPD RADIUS

MESSAGE

DIAMETER
UNDERLINED

LPD DIAM

Fig. 1-13 Subroutine DIMENSIONING
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FK GEOMETRY MACRO

SELECT ELEMENT
SELECT FK

LPD ELEM 1

=)

DISPLAY GOES
BLANK

DESIRED
GEOMETRY

CONSTRUCTS

GEOMETRY MENU
MAGRO - START - DISPLAY — RETURN ~ STORE — ABORT — CALL
START
UNDERLINED LPD START ‘LPD DISPLAY) ‘ LPD STORE )

\—GPD ELE 1\:3—

—GPD NTH ELEM ’

'LPD DISPLAY'

‘LPD DISPLAY'

DISPLAY
UNDERLINED

DISPLAYS 2ND
MACRO STORED

MESSAGE

DISPLAYS ONLY SELECT PIVOT
ELEMENTS POINT
SELECTED SELECT RETURN

‘LPD RETURN LPD POINT ’

GEOMETRY TO
DRAWING

ADDS NTH MACRO

MESSAGE
RETURNS ORIG- SELECT
INAL DISPLAY PIVOT
LINE

‘ LPD ABORT ’

DELETES
MACRO

STORE UNDERLN.
STORES MACRO

DISPLAYS NTH
MACRO STORED

LPD CALL

STORES
MACRO

DELETES
MACRO

LPD STORE

‘ LPD LINE L'

DISPLAYS
ORIGINAL
GEOMETRY

SELECT
LPD LINE PIVOT
LINE

Fig. 1-14 Subroutine MACRO

MESSAGE
SELECT STORE | ( BORT)
SELECT ABORT LPD A
MESSAGE SELECT
LPD POINT PIVOT




1.3.2 Console Procedure for Display-Oriented Systems

1.3.2.1 Points. Methods of definition of points are as follows:

1. Using the Computer Console Typewriter:
a. Push the "typewriter' button. -
b. Type Pv XV Y (now space several times).
c. Push FINISH on the computer console.

2. Using the Alphanumeric Pick Table:
a. Push the PICK button.
b. Pick PV XV Y
c. Push the NO MORE button.

3. Positioning the Tracking Cross:

a. Push the POINT button
or
pick the POINT function A

b. Position the tracking cross where the point is desired.

c. Push the ACCEPT TC button
. or .
pick the ON function.

4, Intersections of Surfaces:
a. Pick the INTERSECT function.

b. DPosition the tracking cross on the first surface.

c. Push the THIS SURFACE button
or
Pick the TO or PAST function.

d. Position the tracking cross on the second surface.

e. Push the THIS SURFACE button
or
Pick the TO or PAST function.
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NOTE:

Where multiple intersections exist, the point nearest the

first tracking cross location will be defined.

1
"

THIS POINT WILL
BE DEFINED

Lines. Methods of definition of lines are as follows:

Using the Computer Console Typewriter:
a. Push the TYPEWRITER button.

b. Type HLVY K1 (now several spaces)
or
VL V/ K, (now several spaces)

c. Push FINISH on the computer console.

NOTE:
This format defines horizontal or vertical lines extend-
ing to the boundaries of the display area.

Using the Computer Console Typewriter:

a. Push the TYPEWRITER button.

b. Type— LV X;VY;vXgv Yy (now several spaces)
c. Push FINISH on the computer console.

Using the Alphanumeric Pick Table:
a. Push the PICK button.

b. Pick HL/K;
or
VL V K,
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c. Push the NOMORE button.

Using the Alphanumeric Pick Table:
a. Push the PICK button.
c. Push the NOMORE button.

Two Tracking Cross Locations:

a. Push the LINE button.
or
Pick the LINE function.

b. Position the tracking cross.

c. Push the ACCEPT TC button.
or
Pick the ON function.

d. Reposition the tracking cross.

e. Push the ACCEPT TC button.
or .
Pick the ON function.

Through a Point and Tangent to an Arc:

a. Push the LINE button.
or
~ Pick the LINE function.

b. Position the tracking cross for the point condition.

c. Pick the THRU function.

d. Reposition the tracking cross near the desired tangency point.

e. Pick the TANGENT function.

Tangent to Two Arcs:

a. Push the LINE button.
or
Pick the LINE function.

b. Position the tracking cross on the arc near the desired point of tangency.

c. Pick the TANGENT function.

d. Position the tracking cross on the second arc near the desired poiht

of tangency.
e. Pick the TANGENT function.
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8. Through a Point at Some Angle to a Line:

Push the LINE button.
or
Pick the LINE function.

Position the tracking cross for the point condition.
Pick the THRU function.

Position the tracking cross on the line.

Pick the AT ANGLE function.

Pick the angle value in decimal degrees.

Push the NOMORE button.

NOTE:

If the point falls on the line a degenerate line display

will be given. The display is from the point to the line.

9. Parallel to a Line by a Given Normal Distance:

a.
b.
c.
d.

e.

Pick the LINE function.

Position the tracking cross on one side of a line.
Pick the PARALLEL function.

Pick the normal distance.

Push the NOMORE button.

NOTE:

Connecting the end points of the two parallel lines will
form a parallelogram. The parallel lines are the same
length.

1.3.2.3 Arcs. Methods of definition of arcs are as follows:

1. Using the Computer Console Typewriter:

a.
b.

Push the TYPEWRITER button.

Type A /X, V Yo VXV Y (several spaces)
or
A X VY, VX VY, /X, VY, (several spaces)

center beginning  end
point point point
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c. Push FINISH on the computer console.
NOTE:

The arc will be generated clockwise from beginning
point to end point.

Using the Alphanumeric Pick Tablé:
a. Push the PICK button.

b. Pick A\/X \/Y vr
or
As/X \/Y be\/Y \/X \/Y

¢. Push the NOMORE button.

By Two Tracking Cross Locations:

a. Push the ARC button
or
Pick the ARC function.

b. Position the tracking cross.

c. Push the ACCEPT TC button
. or . o
Pick the ON function.

d. Repdsition the tracking cross.

e. Push the ACCEPT TC button.
or
Pick the ON function.
By a Center Point and a Rad1us

a. Push the ARC button
or
Pick the ARC functlon.

b. Position the trackmg cross to estabhsh the center pomt.

c. Push the ACCEPT TC button ‘
or .
Pick the ON functmn.

d. Push the PICK button.
e. PickR Vr.
f. Push the NOMORE button.
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5.

By a Center Point and a Line to Which it is Tangent:

a.

Push the ARC button
or
Pick the ARC functlon.

Position the tracking cross to establish the center point.
‘Push the ACCEPT TC button.

.or
Pick the ON function.

Position the tracking cross on the line.
Pick the TANGENT function.

Passing Tangent to Two Lines With a Given Radius:

ae.

Passmg Ta.ngent to a Line and an Arc With a Given Radlus

a.

- Ce
d.

€.

Push the ARC button
: or
Pick the ARC functlon.

Pos1t10n the trackmg cross on the f1rst 11ne.
Plck the TANGENT function.

Position thé tracking cross on the second line.
Pick the TANGENT function.

Pick the RADIUS value..

Push the NOMORE button.

'NOTES:

1. The lines need not visually intersect.

2. It is necessary to position the tracking crosses

on the approprlate sides of the lines.

3. : /The arc will be generated in a clockwise d1rectlon

from the first tangent line to the second.

Push the ARC button
or -
Pick the ARC function.

‘Position the tracking Ccross on the line or arc.

Pick the TANGENT functlon.

Position the tracking cross on the remaining surface.

Pick the TANGENT function.

Pick the RADIUS value.
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g. Push the NOMORE button.
NOTES:

The arc will be generated clockwise from the first

condition to the second.

Case I: Where the line does not interest the arc, positioning the
tracking cross inside the arc will indicate one of the

possibilities illustrated below.

Positioning the tracking cross on the line determines which of these
two possibilities is selected.

Case II: Where the line and arc intersect, positioning the tracking .
cross inside the arc indicates an internal tangency and
poéitioning outside indicates an external tangency.

=
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8. By a Center Point and an Arc to Which it is Tangent:

a.

Push the ARC button
or
Pick the ARC function.

Position the tracking cross to establish the center point.

Push the ACCEPT TC button
or
Pick the ON function.

Position the tracking cross on the arc near the desired point of tangency.
Pick the TANGENT function.

9. Passing through a Point and Tangent to a Line With a Given Radius:

a. Push the ARC button
or '
Pick the ARC function.
b. Position the tracking cross to establish the THRU point.
c. Pick the THRU function.
d. Position the tracking cross on the line.
e. Pick the TANGENT function.
f. Pick the radius value.
g. Push the NOMORE button.
NOTE:
Due to the clockwise convention of arc generation, stepsb.
- through d. must be reversed for certain possibilities (see
illustrations below).
T
Ve \\
/ \
/ THROUGH\ : _
| | , THROUGI_I_*_
\ s
POINT \
\\ ]
2T TANGENT ]| TANGENT
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10. Passing Tangent to Two Arcs -With a Given Radius:’

a. Push the ARC button
or
Pick the ARC function.

b. Position the tracking cross on the first arc.

c. Pick the TANGENT function.

d. Position the tracking cross on the second arc.:
e. Pick the TANGENT function.

f. Pick the radius value.

g. Push the NOMORE button.

NQTE:

Always position the tracking crosses near the desired points

of tangency. Refer to the illustfat_ions below for internal and

external tangency conditions.
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1.3.2.4 Motion Commands. Motion commnands are described in the following

paragraphs.

One-Surface Startup.

a. Push PT-TO-PT MODE button.

b. Pick the CKSURF function.

c. Position the tracking éross near the surface.
d. Pick TO or PAST or ON function.

NOTE:

- Step a. is modal imtil changed.

| TO OR PAST

FINAL POSITION

INITIAL POSITION

E— ON

FINAL _ ~ ' INITIAL POSITION
POSITION N |

~))—
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Two-Surface Startup.

a.
b.

Push PT-TO-PT MODE button (modal until changed).
Pick DIRECTION function .

Position the tracking cross on first surface.

Pick TO or PAST or ON function.

Position the tracking cross on second surface.

Pick TO or PAST or ON function.

NOTES:

1. The second surface indicated is a check surface and must be

the next drive surface if peripheral mode is contemplated.

2. In the case of arcs, TO, ON or PAST conditions will limit
the two surface startup to two possibilities. The first track-
ing cross location must be nearer the desired location.

A__}_TO OR PAST __@— —— — ‘—/— —_—
TO OR PAST |'1 _ .

TC-to-TC Mode.

a.
b.

c.

Push TC-TO-TC MODE button (modal until changed).
Pick CKSURF function.
Position the tracking cross as desired.
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d. Pick the TO or PAST function.
NOTE:

This mode operates independently of the "gravity field". The

cutter path is from one tracking cross location to another.

PT-to-PT Mode

a, Push PT-TO-PT MODE button (modal until changed).
b. Pick the CKSURF function.

c. Position the tracking cross as desired.

d. Pick the TO or PAST function.

NOTES:

1. Major use will be for drilling, boring, and reaming oper-
ations. However, it can be used to offset surfaces in the
same way a one surface startup is used. Reference the

one surface and two surface startup.

2. This mode is modal within the system.

Peripheral Mode

1. Step Method:
a. Push PERIPHERAL MODE button (modal until changed).
b. Pick the CKSURF function. '
c. Position the tracking cross near a surface.
d. Pick TO or PAST or ON function.

NOTES:

1. This method will generate one cutter path at a time. It
essentially steps from one surface to the next, as indi-
cated.

2. A startup is required prior to using the peripheral mode.
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/13 TO OR PAST
1

/2 TO OR PAST

=
l

TO OR PAST

Automatic Method:

Push PERIPHERAL MODE button (modal until changed)
Pick DIRECTION function.

Position the tracking cross near the next surface.
Pick TO or PAST or ON function.

Position the tracking cross near the final surface.
Pick TO or PAST or ON function.

a.
b.

1.

2.

NOTES:

All surfaces must be connected by end points to form

a continuous string of lines and arcs.

Step c. must be the next line or arc.
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NOTES (Cont.)

3. There must be no ambiguous connections; that is, there
cannot be more than one connected path to the final
surface.

4. This routine should be avoided becausé it has not been
.debugged.
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~~_WILL GO FROM 1 TO 8
WITHOUT HELP

Go To Point.

a. Push the PICK button.
b. PickGVX VY VZ.
¢. Push the NOMORE button.

Go Forward.

a. Pick GOFWD function.
b. Position the tracking cross.
c. Pick the TO or PAST or ON function.
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‘NOTE:

This feature overides the convention which state's that the last
CKSURF will be the next drive surface. The last drive sur-
face will be retained and motion made to another CKSURF.

Direction. Direction is used in three ways:

a. As the first surface in a two surface startup.

b. To indicate the direction of movement in automatic peripheral mode.

c. To establish direction of motion around arc drive surfaces. By conven-
tion, direction of motion is established by measuring the angle of sweep
between the cutter center and the tracking cross position for the CK-

SURF. Movement is in the direction of the small sweep angle.

This convention may be overridden by establishing a small sweep angle with judi-

cious positioning of the DIRECTION tracking cross.

AUTOCKSURYF. When operating in tracking cross and peripheral mode, repeti~
tive picks o = the CKSURF button are required. AUTOCKSURF eliminates this

repetitivé pick by reactivating the CKSURF routine after each movement.

Reject Cutter Path. The last, but only the last, item of motion data may be re-
jected. This item might be a PABTNO, Z-VALUE, cutter path, mode button,

etc.

Number of Cutter Paths. The number of cutter positions which are displayed is

modally set at four. This may be altered at any time by:

a. Pushing the PICK button
b. Picking NCPV K
c. Pushing the NOMORE button

Where K = the number of cutter positions to be retained on display.

Check Points. CL-DATA may be segmented by entering check points from time
to time. This permits faster access to portions of CL-DATA deep within a part
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program. Thus, when creating a program, the more check points which are
entered the more directly accessible positions within CL-DATA are available

when replaying.

a. Push the PICK button.
b. Pick CKPNT.
c. Push the NOMORE button.

1.3.2.5 Machine Functions. Machine functions are described in the following

paragraphs.

Part No.

a. Push the PICK button.
b. Pick PARTNOXXXXXXXXXXX.,
c. Pushthe NOMORE button.

NOTES:
1. A PARTNO should not exceed 68 characters in length.

2. A PARTNO is required to dump to magnetic tape.

Cutter.

a. Push the PICK button.
c. Push the NOMORE button.

NOTE:

Kl = Dia, K9 = Corner Radius

Z-Value.

a. Push the PICK button.
b. Pick Z VK.
¢. Push the NOMORE button.
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- NOTE:
K is a positive or negative number,
Feed Rate.

a. Push the PICK button.
b. Pick FRV Ky V Ks.
c¢. Push the NOMORE button.

NOTE:

K; = Desired feedrate in inches per minute.

Ky

88 for auto acceleration and deceleration.

Ko = 92 for step acceleration and deceleration.

Iif K2 is not given,the modal value in postprocessor
will be used.

Tolerance.

a. Push the PICK button.
b. Pick TOL Vv K.

¢. Push the NOMORE button.

NOTES:

1. TFor external profiling around arcs the K value represents
the maximum tangential deviation from circular.

TOL
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NOTES - (Cont.)

2. For internal profiling around arcs the K value represents

the maximum cordal deviation from circular.

Machine Tolerance.

a. Push the PICK button.
b. Pick MCHTOL v K.
c. Push the NOMORE button.

STOP.

a. Push the PICK button.
b. Pick STOP.
c¢. Push the NOMORE button.

Reference Point.

" a. Push the PICK button.
b. Pick REFPT V K.
¢c. Push the NOMORE button.

Coolant Control.

a. Push the PICK button.
b. Pick ®NKUL or pick OFFKUL.
¢. Push the NOMORE button.

1-70



Spindle Speed.

REWIND.

CL Tape.

Push the PICK button.

Pick ONSPINV K
or
pick OFSPIN.

Push the NOMORE button.
NOTE:

K = spindle speed in rpm,
Positive values of K mean clockwise rotation.

Negative values of K mean counterclockwise rotation.

Push the PICK button.
Pick REWIND.
Push the NOMORE button.

Push the FINI button.
A rriessage will appear in the upper left-hand corner above the frame stating:

"Verify readiness of proper dump tape."

' Communicate via the intercom with the computer operator and verify that

the paper tape is mounted on Channel O, Unit K, where K is the console

number of the requesting station.

Push the FINI button again.
All data relative to the job on Console K will be written on magnetic tape.

This is the master record of replay tape to be labeled.

With the FINI procedure complete, push CL-TO-PP button.
A message will appear stating: ''Verify readiness of proper postprocessor

tape."
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b. Communicate via the intercom with the computer operator and verify that

the proper tape is mounted on Channel 1, Unit 2.

c. Push the CL-TO-PP button again (Ref. Operations Section for Tape Control

Procedures).

1.3.2.6 Special Features. Special features are described in the following paragraphs.

Arc Centers. Picking the Arc Centers button will cause displayed center points to

disappear and undisplayed center points to appear.

CANON. CANON is used to obtain canonical forr_ns of elements.

a. Pick the CANON function.
b. Position the tracking cross on the desired element.

c. Push the THIS SURFACE button
or
pick the TO or PAST function.

d. See Note 5 below.
NOTES:

1. The canonical form is displayed above the upper left hand -
edge of the frame.

2.. The canonical form of a point is POINT = X V Y (coordinates).
3. The canonical form of a line has the end points.
Line = X3 \/Yl \/Xz ‘/YZ'
4. The canonical form of an arc is the center point and radius.
ARC = XVY VR.

5. After observing the canonical form of the first element, other
elements may be interrogated by repeating:steps b. and c.\
above. The feature is terminated by picking the CANON func-

tion again.

1-72



Delete Geometry. This feature is used to delete from display and memory all record

of the geometric element being removed.

a.
bl

C.

Pick the DELETE GEOM function. '
Position the tracking cross on the desired element.

Push the THIS SURFACE button
or
pick the TO or PAST function.

The tracking cross will go away and reappear. If it is desired to delete
additional elements repeat steps b. and c. above. '

Pick DELETE GEOM function again. This terminates delete and removes
the display. |

NOTE: -

Do not delete an element used as a DIRECTION surface or a CHECK

surface of motion command. They are required for REPLAY.

DUMP. This feature is used to periodically store on magnetic tape the information

relative to a specific console.

a‘

C.

Push the DUMP button.
A message will appear above the left hand edge of the frame stating,

"Verify readiness of proper dump tape.'

Communicate via the intercom with the computer operator and verify that
the proper tape is mounted on Channel 1, Unit K, where K is the console

number of the requesting station.

Push the DUMP button again (Ref. Operations Section Tape Control).

ERASE. This feature is used to abbreviate the display. of lines and arcs to provide

clarity and/or connectivity.

a.
bl

c.

Pick the ERASE function. C
Position the tracking cross on the surface to be shortened.

Push the THIS SURFACE button
or
pick the TO or PAST function.
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Position the tracking cross in space, near an end point or on a surface.

If an end point or tracking cross position:

Push the ACCEPT TC button
or
pick the ON function.

If a surface:
Push the THIS SURFACE button
pick the TOozr PAST function.
Repeat Steps d. and e. for a final condition.
NOTES:

1. For arcs, ERASE functions in a clockwise direction from the

first surface or point to the second.

2. ERASE should not be used in place of DELETE.

EXTEND. This feature is used to lengthen the display of lines or arcs for clarity

and/or connectivity.

a.o
b.

Pick the EXTEND function.
Position the tracking cross on the surface to be lengthened.

Push the THIS SURFACE button
or
pick the TO or PAST function.

Position the tracking cross near the end point to be affected.

Push the ACCEPT TC button
or
pick the ON function.

Position the tracking cross in space or near a surface.
If in space:

Push the ACCEPT TC button
or
pick the ON function.

If near a surface:

Push the THIS SURFACE button
or
pick the TO or PAST function.
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- NOTE:

EXTEND functions from one end point of the surface to a
tracking cross location or to another surface.

INPUT TAPE. Any feature which may be input via the alphanumeric pick table may be
read in from magnetic tape. Punched cards, beginning in Column 1 and using the
identical formats Which would be used if entered via the alphanumerics, are put on
magnetic tape. The last card must be double punched 7 and 8 in Column 1. Several
groups of input cards may be put on the same magnetic tape if separated by the double
punched 7,8 card. The order and number of groups must be known by the part pro-

grammer,

a. Push the INPUT TAPE button.
b. Verify, via intercom, that the proper tape is mounted on Channel 1, Unit O.
c. Push the INPUT TAPE button again. ’

Invisible Geometry. ' This feature is used to temporarily remove from display geo-

metric surfaces in order to provide clarity or ease in "attaching'.

a. Pick the INVIS GEOM function.
b. DPosition the tracking cross on the surface desired.

c. Push the THIS SURFACE button
or
pick the TO or PAST function.

d. Repeat Steps b. and c. as many times as desired.
e. Pick the INVIS GEOM function again.

JUMP TO CKPNT. This feature is used to replay through CL-DATA without perform-
ing all calculations and displays. You may jump to check points and begin stepping

through all operations. This feature shortens the required time to make corrections

or check certain areas for errors if you are replaying and in tracking cross mode.

a. Push the JUMP TO CKPNT button.
b. Pick the CKPNT number.
c. Push the NOMORE button.
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NOTES:

1. If the last CKPNT number is not known, a very large number
(i.e., 1000) will jump to FINI.

2. The last cutter display will appear and the last Z-VALUE, feedrate

value, mode, etc. will be activated.

3. After stepping beyond the PARTNO, the JUMP TO CKPNT feature

must be used only when in tracking cross mode.

Light Pen. The light pen may be activated by depressing the switch on the pen or by
depressing the light pen button on the button box. This button further serves to indi-

cate an active pen by remaining lighted when switch is depressed.

LOAD. This feature recalls from magnetic tape storage only geometry data. Thus,
if a REPLAY TAPE is read in using the LOAD feature, no CL-DATA data will be

entered.

a. Push the LOAD button.
b. Verify readiness of proper LOAD tape.
c. Push the LOAD button again. '

MASTER REPLAY. This feature is used to select and load a REPLAY TAPE from a

magnetic file containing numerous REPLAY tapes.

a. Push the MASTER REPLAY button.

b. Verify readiness of proper LOAD tape.
c. Push the MASTER REPLAY button again.
d. Pick the desired file number.

e. Push the NOMORE button.

NOTES:
1. See Operations for further information on master files.

2. Do not use MASTER REPLAY unless the file number is
small or requirement is imperative.
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OBTAIN REFSYS. This feature is used to reenter a closed reference system in order
to REFSYS additional geometric inputs.

a. Pick the OBTAIN REFSYS function. }
b. Position the tracking cross on the REFSYS axis indicator.

c. Push the THIS SURFACE button
or
Pick the TO or PAST function.

Origin. This feature moves the coordinate system about the face of the scope in order

to view different portions of the display.

a. Push the PICK button.
b. Pick® VXV Y.
¢. Push the NOMORE button.,

' NOTE:

X and Y are values frbm the center of the scope to the
coordinate system. ' '

Origin and Scale. This feature combines the ORIGIN feature with a scaling feature.
The ORIGIN shift is performed first then the scaling is performed about the center of
the scope. S ‘ '

é. Push the PICK button.
b. Pick®V XV YV S.
¢. Push the NOMORE button.

NOTE:

Sis the‘ desired scale vé.lue.

Reference System. This feature allows the temporary establishment of a second (or
more) coordinate system. B 1 ' '

a. Push the PICK function.
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b. Pick RFSVX VYV a
' or
* RFSVXVY
or
RFSVa.

c¢. Push the NOMORE button.
NOTES:

1. A half arrow is displayed from the origin of the reference

system along the + X axis to visually denote its orientation.

2. If a second reference system is input with the first one active
this second REFSYS will be with respect to the first REFSYS.

The first will become dormant and the second active.

3. No geométric formats which require tracking cross assist-
‘ance (i.e., a line parallel to another line) may be used with
a REFSYS active.

4. To deactivate a REFSYS:
e Pick RFS.
e Push the NOMORE button.

Reinitialize. This feature restores the console to its initial state removing any
record of previous work done. All modal values are reinstated and the console set up

as if at the sign-on stage.
a. Push the REINIT button.
NOTE:

Do not use REINIT until all information is safely stored on
magnetic tape.

See All Invisibles. This feature recalls the display of all surfaces previously made

invisible.

a. Pick the SEE ALL INVIS button.
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Scale. This feature is used to reduce or expand the size of the display. The change

of scale is accomplished about the center of the scope.

a. Push the PICK button.
b. Pick Sv K, where K is the desired scale value.
c. Push the NOMORE button.

System Dump. This feature is used to store on magnetic tape all information neces-

sary to reestablish the present condition of the system. If a computer stop occurs,
the last System Dump may be read into the computer and work may continue from that
point. This feature is an expansion of the DUMP feature in that it dumps all data for
all consoles.

Every 30 minutes the computer operator will interrupt console operation to take a
system dump. No action of the part prdgrammer is required. After the system dump
has been taken the computer operator will notify the part programmers that they may

continue,

Tracking Cross. I.f for some reason the systein fails to return a tracking cross when

required,one may be obtained by pushing the Tracking Cross button.

REPLAY. The REPLAY feature is used to:

Re-enter an incomplete part program in order to complete it
Check a part program
Make corrections to a part program

Make additional "dash-numbered" parts from existing part programs

a. Push the REPLAY button.

b. Verify readiness of proper load tape.

c. DPush the REPLAY button again.
The geométry will appear in the conf_iguration existing at the time of dump-
ing or FINI'ing.

d. Push the STEP button.
The PARTNO will appear to further verify that the proper tape was loaded.
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e STEP: I you desire to check the entire cutting sequence, 'push the STEP
‘button. If at any time you wish to alter CL-DATA you may pick REJECT C/P
which will reject the last STEP performed. If at any time you wish to add
motions or CL-DATA, you may do so by normal procedures. Additions must
eventually connect logically with the function of the next STEP so that you may
continue stepping through the previously programmed CL-DATA. A small
X-mark is displayed to show the original position of the trackiﬁg cross and
serves to indicate the CKSURF used to perform motions.

e JUMP TO CKPNT: If you do not desire to step through all previously pro-
grammed CL-DATA and the replay tape has check points you may accept,
without replaying, portions of this data by using the JUMP-TO-CKPNT fea~-
ture. The CL-LISTING or preprogramming notes provide a numerical listing
of the CKPNT segmentation.

a. Push the JUMP~TO-CKPNT button.
b. Pick the CKPNT value.
c. Push the NOMORE button.
After using JUMP-TO-CKPNT, the stepping feature may again be used.

NOTE:

JUMP TO CKPNT may be used if the drive surface is not a line
or arc. Therefore check points should follow tracking cross

movements or movements to displayed points.

e SKIP: If when replaying you wish to omit one or more steps of CL~-DATA,
depress the SKIP button rather than the STEP button. If the skipped data was
motion, the X-marker will advance to the original tracking cross location but
no cutter motion will be performed. I the skipped data was machine function
or monitored parameter, the message will appear then be automatically

rejected.

1.3.2.7 Operations. Operations are described in the following paragraphs. -
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Operating System. The system can be defined as a three-console, on-line, time-

shared, real-time, dedicated, graphical part programming system. On-line indicates
that the part programmer is inputting directly to the computer. Time-shared means
that each console shares the time of the computer. Real time indicates an on-line
simulation of some exercise. Dedicated indicates that the computer is required to do

nothing but respond to console requests.

Hardware. The hardware or computing machinery and necessary peripheral equipment

consists of a computing system and a three-console computer graphics system.

e Central Processor: The central processor and necesSary controllers to per-

form computations and process data

e Disk: A peripheral storage device which is used to store program and CL-
DATA.

e Drum: A peripheral storage device used to store program and display data

(the drum maintains the display)

e Controller: The communications link between the’display consoles and the

computer

e Display Consoles: The display unit consisting of a CRT display, light pen,
and button box

e Tape Transports: The devices used to read or write information on magnetic
tape. This equipment is required using the DUMP, FINI, INPUT TAPE,
REPLAY, MASTER REPLAY, LOAD, SYSTEM DUMP, and CL-TO-PP

" features.
o Computer Console: Work area for computer operator
e Disk: A bulk storage device used to store program data

e Magnetic Tape Files: Storage bins used to file REPLAY tapes and MASTER'
REPLAY tapes
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1.3.3 Software Specifications and Descriptions

1.3.3.1 Drafting and Dimensioning Package Specifications. Package specifications

are described below.

Capabilities.

a. Geometfy Storage and Display:
POINT
1. Light pen detect (L.PD) location
2. Keyboard input or pick function the location

3. Intersection of geometric elements

LINE
Through two points

Through point and tangent to circle

Tangent to two circles

Through point and at angle

Parallel to other line through a point
Parallel to other line and tangent to circle

Through a point perpendicular to a geometric element

0 < oo U B WD

Tangent to a circle and perpendicular to a geometric element

CIRCLE |

1. Keyboard or pick function input of center and radius

2. Through two points with keyboard or pick input of the radius
3. Through three points on the periphery

FILLET
1. Key or pick fillet radius, indicate elements and location of fillet with

light pen

CURVES
1. Spline input by keyboard, pick or light pen detection of point locations
2. Conics

e Equation input
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e Five elements
Two angles - three points
One angle - four points
Five points
3. Cubics

Equation input

RETOUCH
1. Expand and contract lengths of lines to specific locations

2. Contract curves to specific locations

3. Break elements into separate entities

4, Contract broken elements (circles, curves)

b. Dimensioning: The computer calculates and displays dimension requested

including dimension lines and arrowheads to acceptable drafting quality.

Dimension types:

Horizontal
Vertical
Parallel
Offset
Aﬁgle
Radius
Diameter

Curve

Hard Copy. Output elements and alphanumeric characters (shown on CRT) on tape in

numerical control drafting machine-compatible language.

1.3.3.2 Numerical Control and APT Interface Specifications. Specifications are

described below.

Geometric Construction. Geometric construction will utilize all capabilities of the

engineering drafting package.
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Response Time. Average response time is not to exceed two seconds.

Statistics. Utilize the statistics output or the engineering drafting package:

User Response
Min-Max-Mean
System Response

Min-Max-Mean

Run Time

APT Interface. This includes the ability to input and display geometry from cards

compatible with APT geometry format and CL tape output for input to APT system for
postprocessing.

Model. Geometric elements will be. stacked from the front of the model toward the
rear. N/C Cutter location data will be stacked from the back of model toward the

front. A suitable test will be performed to ensure that interference is flagged to the

operator and/or core restacked automatically to take up space left by erasures.

Miscellaneous Functions (SPINDLE, COOLANT, TOOL NO., Etc.). Input — keyboard
or pick-APT compatible.

Hard Copy Interface. Output the contents of the display in drafting-machine-compatible

language, including alphanumeric characters.
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Section 2
ELECTRICAL NETWORK ANALYSIS

A system that will enable a circuit designer to use computer graphics to perform
electrical network analysis is discussed in this section, and an outline specification of

the system is presented.

The system is based on the principle that circuit désign is an iferative process of
concept, analysis, and modification. In response to a specification, a designer will
conceive a circuit that he believes will meet the requirements on a qualitative basis.
The concept, normally expressed in the form of a sketched schematic, will be sub-
jected to analysis through a series of time borxsuming hand calculations and/or bread-
board tests, and data will be collected, collated, and evaluated. Then the obtained
results will usually be used to modify the original concept, and the modified concept
will be subjected to ‘similar analysis. This process will continue until a design

is realized.

With the computer graphics tool, the process is pursued ina similar manner. Given
the specification, the designer will sketch his schematic with a light pen on a CRT
face, enter circuit parameter data with the use of light registers, and command the
type of analysis desired with the use of light buttons. The system will respond quickly
and provide him pertinent circuit performance data in tabular and/or plot form on a
portion of the CRT adjacent to his schematic. After the designer evaluates the dis-
played data, he may alter the schematic and/or parameter values at once, then he

will reexecute the analysis and display functions with the altered concept.

Although the two processes are virtually identical, the computer approach compresses
the anélysis process from several hours or days to a matter of seconds or minutes.
By entering a schematic as input and receiving tables and/or plots as oﬁtput, the
designer interfaces with the system in terms of his own language. (This latter feature
is unique to computer graphics.)



As a net result, computer graphics provides the designer with a better job, completed

in significantly less time.
2.1 SUMMARY

This section consists of a network analysis program study and evaluation, a descrip-
tion of the procedures the user would follow in performing network analysis using
graphics, a brief outline of network analysis graphics applications within Lockheed
Aircraft Corporation and elsewhere, and a description of general system require-
ments for network analysis. '

In the program study, the criteria for program selection are delineated and each
major available program is discussed. It is concluded that the ECAP, POTTLE, and
SCEPTRE programs together best meet these criteria.

The procedures portion of the report defines the steps the user follows in entering the
network into the graphics system and describes the types of output available to him.
Finally, general programming requirements, as based on the (LMSC) Graphics
Configuration ére presénted.

2.2 NETWORK ANALYSIS PROGRAM REQUIREMENTS FOR THE GRAPHICS SYSTEM

The basic requirements of (a) network analysis program(s) for graphics computation
are described in the following paragraphs.

2.2.1 Functional Capability
The program(s) should be capable of performing both steady-state (DC and AC) and
transient time domain analyses on linear and non-linear, passive, and active net-

works. The program(s) should also be capable of performing frequency domain

analysis on linear passive and active networks.
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2.2.2 Circuit Size

The program(s) should be capabile of handling reasonably large networks. (Reason-

ably large in this context would be 30-plus nodes and 100-plus elements.)
2.2.3 Model Flexibility

It is important to point out that the modeling of circuit components is the key to
success (or failure) in the performance of a network analysis program. Accordingly,
the program(s) should handle a wide variety of devices, each having models rangiﬁg
from simple to complex (see Para's. 2.2.5 and 2. 2.. 6). In terms of structure, the
program(s) should accommodate "stored' models of commonly used devices and have

the capability for the user to generate and store his own model where required.

2.2.4 Parameter Variation

The program(s) should permit the user to alter element values and/or circuit topology

and obtain a rapid display of the effects of such changes.

The program(s), moreover, should have the allied capability to perform worst-case

and Monte Carlo parameter variations.
2.2.5 Accuracy

The accuracy of a network analysis program is determined by both program-oriented

and model accuracy.

In the former case, the program(s) should minimize (or detect) errors due to round-

off, improper integration step size, numerical instability, etc.
Given the minimization of these sources of error, the model accuracy will dominantly

govern the accuracy of the network analysis program results. Since a tradeoff

generally exists between model accuracy and speed (see Para. 2.2.6), specific model
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accuracy should be tailored to the problem at hand. (For example, design concept
verification might use relatively coarse models whereas detailed, '"breadboard''-
quality simulations might require elaborate models.) As a result, the model accu-

racy is closely tied into the model flexibility.
2.2.6 Speed

As noted, model simplification enhances speed of computation. Additionally, the
program(s) should provide the capability of easily varying sample size, e.g., number

of frequencies in frequency response, step size in transient analysis, etc.
2.2.7 Ease of Program Conversion

The program(s) should be convertible to graphics with a minimal amount of program

modification and ancillary program development.
2.3 DESCRIPTION OF AVAILABLE NETWORK ANALYSIS PROGRAMS

It should be noted at this point that the majority of programs available at the present
have been written for use on batch processors. As a result, none of these incorporate
all the features that are required in the graphics environment. Moreover, many of

the programs are recent developments and consequently have had limited use.

Therefore, detailed discussion is confined to those programs that best meet the
graphics requirements and which also have been applied to a wide variety of industrial
and government problems. Programs considered in the survey but not discussed in

detail are listed with appropriate comments in Table 2-1.
2.3.1 Detailed Program Discussion

For the reasons previously noted, the following detailed discussions are confined to
the CIRCUS, ECAP, GNAS, NASAP, NET-1, POTTLE and SCEPTRE programs.
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Table 2-1

NETWORK ANALYSIS PROGRAMS

Program Name

Origin

Description

Analysis Program)

ARINC Arinc Research Corporation Solves simultaneous linear circuit equations which the
Santa Ana, California user derives and inputs into program. Performs
sensitivity, worst case, and Monte Carlo Analyses.
ASAP IBM Corporation Performs DC Monte Carlo Analysis of electronic
(Automated circuits.
Statistical

CALAHAN University of Michigan Performs DC and AC linear frequency domain analysis
Dept. of Electrical using topological (K-tree method)
Engineering

CIRCUS Boeing See text.

DC AENEAS Automatic Electric Performé DC linear analysis using topological formulas

(DC Automatic
Electric Network

Laboratories, Incorporated,
Illinois

(K-tree method).

Analysis)
ECAP IBM Corporation See text.
GNAS & Lockheed Missiles & See text.
Space Company
KNCAC Kaman Nuclear Basically a version of ECAP modified for use in radiation

(Kaman Nuclear
Circuit Analysis
Code)

Colorado

effects studies.
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Table 2-1 (Cont.)

Program Name

Origin

Description

MISSAP
(Michigan State
System Analysis

Michigan State University

Basically a transient circuit analysis program. Includes
capability for analysis of distributed parameters elements
(e.g., transmission lines).

Program)
NASAP NASA/EREC See text.
NET-1 Los Alamos Scientific See text.

Laboratory, Los Alamos,
New Mexico

Oklahoma State
Analysis Program

Oklahoma State University
Stillwater, Oklahoma

Basically a transient circuit analysis program.

PREDICT IBM Corporation Forerunner to SCEPTRE.
POTTLE Cornell University, Dept. of See text.:
Electrical Engineering
Ithaca, New York
SCEPTRE IBM Corporation See text.
STRAP Douglas Aircraft Company Transient circuit analysis program written for use in
(Simplified Santa Monica, California radiation effects studies.

Transient Radiation
Analysis Program)

TAG Jdet Propulsion Labofatory Transient circuit analysis.

(Transient Analysis | Pasadena, California

Generator) .

TRAC Autonetics Transient circuit analysis program written for use in
(Transient Anagheim, California radiation effects studies.

Radiation Analysis
by Computer)




CIRCUS (Circuit Simulator). CIRCUS was developed by the Boeing Company for the

purpose of studying nuclear radiation effects on electronic circuits. Functionally,

CIRCUS performs DC and transient analysis on linear and non-linear networks. The

program can handle a circuit of 100 nodes and 300 branches (Univac 1108).

CIRCUS employs a stored (Beaufoy-Sparks) transistor model. (Zener diode and FED
models are currently under development.) The model cannot be readily changed by

the user.

There is no provision within CIRCUS for automatic parameter modification. As is

the case with all existing network analysis programs, CIRCUS is susceptible to errors
arising from roundoff, improper time step size and (for the case of non-linear pro-
grams) non-convergence. Where these errors 'can be avoided, CIRCUS, by virtue of

its use of non-linear models, provides a high degree of solution accuracy.

In terms of input and output, CIRCUS is adaptable to graphicé. The program is
written primarily (98 percent) in Fortran IV.

ECAP (Electronic Circuit Analysis Program). ECAP was developed through the joint

efforts of IBM and the Norden Division of United Aircraft. The program performs
both steady-state (DC and AC) and transient analysis with the additional feature that

DC worst-case and standard deviation analyses can be performed.

The program is capable of handling a reasonably large circuit (50 nodes, 200 branches)
in the Univac 1108 and IBM 7094 versions. | |

ECAP employs a user-derived model (piecewise linear) in which the designer develops
an equivalent circuit for devices used in the circuit he wishes to analyze. A unique
feature of the program is the incorporation of switches which permit component values |
to be altered when selected currents reach predetermined values. This feature pro-
vides the capability to construct piecewise linear modéls of non-linear devices. The

program does not provide the capability to store device models.



Parameter variations are effected in the program through incorporation of a MODIFY
command which replaces the value of one or more components and recomputes the
solution. Due to the specialized matrix structure of the program, only that part of
the circuit containing modified parameters is recomputed, resulting in a rapid re-
calculation of the circuit solution. Full recomputation, however, is required where

circuit topology is changed.

Solution accuracy, where roundoff errors, improper step size, etc. do not dominate,
is dependent upon the choice of mode. Through the use of the switches, highly accu-

rate models can be constructed but are done so at the expense of allotted circuit size.

By merit of its simplified input language and comprehensive array of output variables,

ECAP is readily amenable to graphics. The program is written in Fortran IV.

GNAS (General Network Analysis System). GNAS, which is based on NET-1 and an
assortment of ancillary mathematical and reliability subroutines, was developed by

LMSC, beginning in 1963. The program performs both steady-state (DC and AC) and
transient analyses. In addition, the steady-state (DC and AC) portion provides worst
case, Monte Cérlo, and Fourier analysis (AC) solutions. The program is limited to
30 nodes on the Univac 1108. |

GNAS employs stored (Ebers-Moll) models which the user calls out by device type
and number. The number and variety of models is extensive, including diodes,
transistors, FET's, zener diodes, and tunnel diodes. The program has no provision

for user (active) models.
Although the program does not explicitly provide for parameter modification, com-
ponent tolerances can be specified and used in the worst-case and Monte Carlo

analyses.

In accommodating non-linear device models, the program affords a high degree of

accuracy in solutions of the network.
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As is the case with ECAP, GNAS is amenable to graphics use. The program is
written in Fortran IV.

NASAP (Network Analysis for Systems Application Program). NASAP is currently

under development by NASA/ERC at Cambridge, Massachusetts. The program is
designed to perform steady state (AC and DC) and transient (piecewise linear)

analyses.

As is the case with ECAP, the user provides an equivalent circuit to represent circuit
devices. Conversely, the pro‘gram does not presently provide a switching function

for the non-linear capability.

Being based on the flowgraph approach, NASAP includes a unique and efficient tech-
nique for (symbolically) calculating parameter sensitivities (Bode sensitivity) which

in turn can provide effects of parameter variation.

Like ECAP, progré,m accuracy is limited to the accuracy of the equivalent circuit

model.

NET-1. NET-1 was originally developed for the Maniac II computer for the Atomic
Energy Commission at the Los Alamos Scientific Laboratory of the University of
California at Los Alamos.

Functionally the program is the same as the DC and transient portions of GNAS
(which, as noted, was derived in part from NET-1). NET-1 can handle 100 nodes and
300 elements on the IBM 7094. As with GNAS, the program employs stored (Ebers-
Moll) models. The user can, however, input parameter values of his own.

Where roundoff, non-convergence, etc. effects are not present, the program results
are accurate by virtue of use of the non-linear device models.

In a test analyzing several circuits on NET-1, PREDICT, and CIRCUS, Net-1 was
shown to be substantially slower than CIRCUS.
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Like GNAS, NET-1 input and output would present no graphics interface difficulties.
. The program is written in FAP,

POTTLE. The POTTLE program was developed by Prof. C. Pottle at Cornell Univer-
sity, Ithaca, New York. It functionally derives user=-specified transfer functions of

an arbitrary active linear network along with (where desired) poles and zeros and
frequency response. The program is available as a package of five programs:

o ANALYSIS: A state vector analysis program

o ZROMUL: Rootfinder employing Muller's method

e LADDER: A ladder network an~alysis program

o TRANSFER: A program for determining frequency response
e A set of polynomial manipulating subroutines

The user incorporates his model into the circuit description as is done in case of the v

ECAP program. The program affords no provision for automatic parameter variation.

In terms of input and output, POTTLE is amenable to graphics computation. The
subprograms ANALYSIS and ZROMUL are available in Fortran IV.

SCEPTRE (System for Circuit Evaluation and Prediction of Transient Radiation

Effects). SCEPTRE is an outgrowth of PREDICT, a program designed by IBM for the
Air Force Weapons Laboratory, Kirtland Air Force Base, New Mexico, for the pur-

pose of studying nuclear radiation effects on electronic circuits.

The program performs steady-state DC and transient analysis and can handle a
circuit of 300 nodes and 300 elements (on the IBM 7094).

The unique feature of SCEPTRE is that it can accommodate both users and stored
linear and non-linear device models. The stored model may have up to 25 terminals.
The program, moreover, has the capability to employ user generated (Fortran IV)
subroutines.
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The program will accept parameter variations on a rerun basis. There is, however,
no worst-case of Monte Carlo parameter variation capability.

Due to its unique modeling flexibility, SCEPTRE is capable of providing a wide

range of solution accuracies.

In terms of speed, SCEPTRE is reportedly competive with CIRCUS and is amenable

to graphics operation. The program is written in Fortran IV.
2.4 PROGRAM EVALUATION

The following paragraphs summarize the features of the previously described pro-
grams in terms of graphics requirements.

2.4.1 Functional Capability

Of the available programs, none presently perform all the required functional anal-
yses. CIRCUS, NET-1, and SCEPTRE lack steady-state AC analysis capability.
NASAP and POTTLE are at present limited frequency analysis of linear circuits.
ECAP and GNAS perform only time domain analysis.

2.4.2 Circuit Size

In their present form, all the programs fulfill the requirements for reasonably large

circuits. Where memory is limited, ECAP and GNAS could create problems.
2.4.3 Model Flexibility

Of the available programs, SCEPTRE stands out as having a broad flexibility in
accepting and storing device models over a full range of device complexity. The

program capability to interface with user subroutines is a unique and valuable
feature. To a lesser degree, this capability exists in ECAP and NASAP.
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2.4.4 Parameter Variation

The MODIFY feature of ECAP is unique among the programs in updating solutions due
to parameter variations. Where network topology is altered, however, all the pro-
grams require full recomputation of the solution. Only GNAS provides worst-case
and Monte Carlo capability. ECAP provides worst-case and standard DEV for the
steady-state (DC-only) analysis.

2.4.5 Accuracy

Errors due to roundoffs, inadequate step size, and/or integration instability, are
inherent to all of the programs.

In terms of model accuracy, CIRCUS, GNAS, NET-1, and SCEPTRE provide superior

accuracy where the network contains non-linear elements.
2.4.6 Speed

There have been no studies on which all the available analysis programs have been

compared in terms of speed of solution.

Speed problems arise chiefly in performing transient analysis. The non-linear tran-
sient programs (CIRCUS, GNAS, NET-1, and SCEPTRE) are inherently slow since

the solution of non-linear equations is an iterative process. This problem is circum=-
vented in the ECAP and NASAP piecewise-linear approaches but at the expense of
accuracy. In all the transient programs, time step size also determines the speed of
solution. At present, the user is required to define time step size so that an improper

choice can lead either to inaccurate results and/or excessive computation time.

Only ECAP, NASAP, POTTLE, and SCEPTRE provide speed advantages in terms of
model flexibility.
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2.4.7 Ease of Program Conversion

All the programs are readily amenable to graphics.

2.4.8 Summary Table

The foregoing discussion is summarized in Table 2-2.

2.5 PROGRAM SELECTION

As can be seen from the preceding paragraphs and Table 2-2, none of the programs
fulfill all the graphics requirements. Considering a mix of programs, ECAP,
POTTLE, and SCEPTRE together would appear to best satisfy these requirements.
In terms of circuit size and non-linear accuracy, CIRCUS and NET~1 are not con-
sidered since they show no outward advantages over SCEPTRE. GNAS is not con-
sidered, principaliy due to model inflexibility. Finally, NASAP is not considered,
principally due to the fact that it is still in the developmental stage.

2.6 PROGRAM MODIFICATIONS

Since hardware is not yet specified (Subtask 4.2.5), the following modifications are
confined to those required for network analysis. Except where stated, the following
modifications apply to the three programs.

2.6.1 Input Interface

Subroutines for interpreting the field free inputs in ECAP and SCEPTRE can be
removed and the corresponding input variables can be interfaced directly with the
input graphics program.
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NETWORK ANALYSIS PROGRAM EVALUATION FOR GRAPHICS

Table 2-2

P1-2

Program ggxﬁ%l:& CSi?cuit M'ngl. Parameter | Non-Linear Speed Ease of
Capability ize Flexibility | Variation Accuracy Program Conversion
CIRCUS Poor Excellent | Poor Poor Excellent Good Good
ECAP Poor Good Good " Excellent | Poor Excellent Good
GNAS Poor Good Poor Good Excellent Poor Good
NASAP Poor Good Good Good Poor Good Poor
NET-1 Poor Excellent | Poor *Poor Excellent Poor Good
POTTLE Poor Good Good Good NA Good Good
SCEPTRE Poor Excellent | Excellent Poor * Excellent .Good Good




2.6.2 Output Interface

Output plot (ECAP) and print plot (SCEPTRE) subroutines can be eliminated and output
variables can be interfaced with existing graphic display routines.

2.6.3 Subnetwork/Network Storage

A subprogram for storage of ECAP and POTTLE models must be develope