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PREFACE
Nuomerical Confrol vart-programming consists of~organizing
tcchnologicai aud kincwatic data into z format which may be read
ziud proceased by & machine coentrol unit, the purpose of which is

to control the movewments of 2 machine tool cutter relative to a

workpicce. There are basicaily two approaches to part-programming,

o)

manual and computer-assisted, HManual part-prograsmning infers that
alil data is generated and organized by the programmer. In computer
assisted part.programming the pavt dimensions are inserted into a

processor which then genevates data and pute it into the proper

format for control tspe generation.

1) A survey of current NC computer~assisted pavt.programming
languages.

- this study was undertaken to acquaint the author with the
conpuker programs presently available to industrial users,
to cvalute them in terms of uniquencss, capability, application
and availebility, and to investigate their modes of operation.

s

23 A tape formol translator program to convert coulrol tapes

o

evicoded in Universal or Word Address fovmats into the MOOG fixed
bleck format.

1e aim of which was to restructure the
data fvom the ﬁore conventionzlly encoded tapes (Univevssal, Word

ddress) to the proprietary MOOC format, using the mini.computer.

o3
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e
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Problems requiring a solution such as-the one outlined here could
arise in a shop where two oy more different machines must handle
the same work load.

3) A time sharing post-processor system for the MOOG 3.Axis
‘machining center in the Engineering Machine Shop at lMcMaster.

- presently this wmachine 1is programmed either manually or by
special-purpose programs which genervate mathematically defined
contours., It is desirable therefore to have a simple language
which is eaéily and quickly learned, so that regular point-to-
point work, for which the machine is best suited, may be prepared
for by computer. A time-sharing system is offered by CGE in
Toronto which is presently on-line to the terminal in the Mechanical
Engineering Department. This system was modified so that all the
facilities available on the MOOG may now be employed for regular
point-to-point work.

In terms of content, the thesis has been organized into
six sections. In the first section the history and development of
NC technology have been discussed to establish a background for
subsequent work.

In section 2 the background of the APT system is discussed
briefly. This discussion goes on to include the system structure
of the updated version, its operation and use, and its present
status as the "de facto" standard in the area of NC part-program-
ming languages.

The investigation of the other languages ensues with AD-

iv
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APT, EXAPT, SPLIT and AUTOSPOT probably sharing the bulk of the
non-APT workload. Some spacce is given to discussion of the time-
sharing systems, acclaimed by some as the answer to the delays
caused by batch processing and the expence of in-house software.
With this in mind, a brief comparison of counventional post-pro-
cessors and time shaving systems is given. TPTost.processors are
the software items which translate all the switching functions
and other non-movement functions ffom codes into the proper sig.-
nals for machine tool operation.

The tape format translator and the work done in the devei.
opment thereof is described in Section 3., The conputer hardware
used was a PDP 8/1, data processor availeble on a time-rental
basis from the Electrical Engilucering department at Mclaster.

The software which was developed canﬁot be considered complete as
the time and effort requireé to develop a completely interchange-
able program were considered to be beyond the scope of this pro-

ject. The program is written in PAL ITI, a proprietary assembler
language which effectively reduces corve reguirements to about 1K

12 bit words.

The operation and ovganization of the time sharing post-
processor is discussed in Section b, An operating example is
also given to illustrate the input and output vequirements of the
operating systewm.

Section 5 reviews some of the nultiple applications of

Numerical Control. This inciudes a brief discussion of an Last



CGerman display where a workpiece is haﬁdled and machines on sev
eral different worktables as well as an installation where a
PDP 8/S computer directs the motions of & machine tools simultan.
eously. Both of these are applications of DNC or direct numerical
control, which dispenses with the control tape entirely.

In Section 6 the work done in the thesis is evaluated in
terms of its usefulness and some recommendations regarding the
design of machine controller units are made, as well as some

criterion for the purchase of present day NC systsms,
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COMPUTER ASSISTED PART-PROGRAMMING

FACILITIES FOR NUMERICAL CONTROL

1.0 INTRODUCTION

1.1 History.

The concept of controlling a mechanical device through
the use of a digitally coded series or set of instructions stems’
back as far as 1650. At that time the application involved ro-
tating drums on which were mounted pins so positioned as to ring
chimes automatically, in a manner analagous to the music boxes
found in children's toys today. Later on, around 1725 the Euro-
pean textile industry developed knitting machines which would
produce patterns according to iﬁstructions supplied in the form
of a pre-punched set of cards.

In 1863 the first automatic piano player was patented by
one M. Fourneaux whose principle of operation was blowing air
through a perforated roll of paper, ultimately actuating the
piano's keys.

Numerical control of industrial machinery was confiﬁed to
the textile industyy until about 1930 when a patent was awarded
Max Schenker for a control system employing the punch data con-
cept whose function it was to control a machine tool.

These early control systems were exclusively mechanical
or pneumatic, hence they were slow, occupied a great deal of space,

and were not reliable. The whole concept therefore required an



electromechanical system in order that it could be more practically
implemented. It was suspected that development to this end was
being carried out in Germany during WW II. An almost parallel
development evolved in the United States where John Parsons of
Traverse City Michigan conceived a system for numerically con-
trolling a jig borer to manufacture inspection templates for
helicopter blades.

About this time the U.S. Air Force was encountering dif-
ficulty in meeving production schedules due to the extremely com-
plex shapes which were required for modern aircraft and missile
manufacture. A more flexible input for the production machinery
was needed, and subsequent investigations brought to light the
work that Parsons Corp had done a few years before. In 1948 a
development contract wittharsons was signed to pursue the possi-
bilities of numerical control. 1In 1949 MIT joined Parsons in the
project and was awarded a development contract in 1951. The first
successful demonstration of a 3-motion milling machine was observ-

ed in 1952.

1.2 Computer Assistance in N/C Programming.

The prime function of these early machines was to manufac-
ture contours for the aerospace industry, contours which.were dif-
ficult tc define simply, hence the control unit often required a
great deal of data to successfully execute the desired cuts.

Early control systems used vacuum tubes in their electronics.
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These caused excessive heat to be genératcd, were very bulky, and
again, were not reliable. Monumemtal strides in computer hard-
ware technoiogy have had the effect of reducing the physical size
requirements of the machine control units while multiplying their
capabilities.

A prerequisite to making today's systems work is of course,
rapid generation of precisely coded, correct data. The technology
is already available in the form of modern, high-speed digital
computers. The ability of these devices to process large amounts
of data, perform involved calculations and gemerate controlliing
media is well kuown, and well suited teo the requirements of the
Numerical Control concept. Just how the computer accomplishes
these tasks is, of course, subject to human direction as each of
these machines can only execute when, and how it is told to do so.
The result of this technelogy explosion has been an explosion in
approazh to computer assisted programming of NC machine tools. It
is difficult to say how many languages exist today for part-pro-
gramming workpieces on NC machines. Some of the more popular
cnes will be dealt with in detail while others may or may not_be
wenttioned due to their popularity or lack thereof.

Yot only are these variations in programning computers
for NC machine tocls, but the machine tools themselves differ
widely according to the whims of the manufacturers, the task to
which they ave applied, and the in-house requivements of various

sheps. Differences also exist even in the input coding and for-

¥
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mats into the control system but these problems may be overcome
again through a bit of recent and very adaptable technology, the
mini-computer.

Finally, many computer languages, in order to remain as
standard and flexible as possible, require an intermediate pro-
gram to reprocess the data for a specific machine tool. Here
again, various approaches have been taken, deéending on complexity
and requirements and great pains afe taken to ensure that the
capabilities of writing intermediate programs (called post-pro-
cessors) remain in the hands of a select few for financial and
prestige reasons. OSystems do exist, however, which facilitate
the compiling of such a program and require a minimum of computer

programming skill.



2.0 PROGRAMMING FOR NUMERICAL CONTROL

2.1 The NC System,

In the technology as we know it today, piece-part manu-
facture invariably begins with a part drawing. Generally, NC
technology also makes use of this approach although there are
certain developments such as the use of the light pen which can
be put to fairly effective use in the genervation of data for
piece-part manufacture. Even these developments however, only
generate data refering to the size and shape of the part, and not
to the way it is made.

In order to gain a perspective of the varilous areas of
NC technology and how they relate to one another, consider first
the basic system of manually coded and prepared tapes. Figure
2.1 shows the flow of information from print to data form, to
tape punch and ultimately through the control unit, to the work-
piece. What the figure does not show, however is the relative
magnitudes of each of the designated tasks. The programming of
the data form requires familiarity with a variety of considerations
on the part of the programmer. Some of these considerations
are: 3%

A. Familiarity of the characteristics of the machine tool-numer-
ical control unit combination

B. Axis unomenclature.

C. Tape prepavation equipment

D. Specific knowledge of the input requirements of the control '
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unit. This would include such items aé:
1. Tape Format
a) word address/Tab sequential, etc.
b) Maximum and minimum number of digits permissible
for all codes.
¢) Maximum block length.
d) Programming sequence within a block.
e) Miscellaneous function coding and their specific
functions.
f) Preparatory function coding and their specific
functions.
g) Spindle speed coding.
h) Feedrate coding.
2. Special Programming Parameters:
a) Absolute or Incremental System.
b) Linear or Circular interpolation.
c) Pulse weight considerations.
d) Acceleration/deceleration considerations.
e) Tape reader limitations.
f) Cutter path calculations.
g) Other special features or options that may affect
part programming and tape preparation.
It is easy to see that in manual tape preparation, the
part programmer must have a full understanding of how the system

works, what the inputs are and at the same time perform all the



calculations for tool offsets, tool pafh, and so on. The job is
simplified to an extent by a certain degree of standardization with
regard to machine activity functions as shown in fig. 2.2 and 2.3.
These machine activity functions are Electronics Industries Asso-
ciation (EJA) and NASA standards which have been set so that re-
lationships do exist between control systems.

The Miscellaneous functions are generally switching codes,
used to turn an auxiliary part of éﬁe machine on or off or to se-
lect a mode of operation for these auxiliary parts. The Prepara-
tory or "g" function on the other hand calls up a predetermined
cycle of the operation of the machine itself which is built into
the machine control unit.

From the listing of considerations given above, it is ob-
vious that many of the tasks required of the programmer may be
done with much more efficiency and speed if they are done by com-
puter. The part programmer, in such an updated system, remains
the key to the whole operation but his role has changed somewhat.
Figure 2.4 shows a computer aided part programming system.

This is not to say however that the part programmer must
now be a less knowledgeable individual. He now has the responsi-
bility of communicating with the computer in a language that it
too can understand, however knowledge of the details of the machine
control unit is no longer a prerequisite. He must still have an
appreciation for setup and be able to specify feedrates, spindle

speeds, tooling and so on (although some developments in recent
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GO6-07
Go8
GO9
G10
Gl1
Gl2
G13-16
Gl7
G18
Gl9
G20
G21
G22-29
630
G31
G32
G33
G3h
G35
G36-39
GLO
G4l
Gh2
Gh3-49
G50-59

PREPARATORY FUNCTION CODING

FUNCTION
Point~to-point positioning

Linear interpolation (normal dimensions)
Circular interpolation ARC clockwise

Circular interpolation ARC counterclockwise
Dwell

Hold

Unassigned

Acceleration

Deceleration .

Linear interpolation (lohg dimensions)

Linear interpolation (short dimensions)
Unassigned

Reserved for axis gelection

XY - plane selection

ZX - plane selection

YZ -~ planc selection

Circular interpolation ARC CW (long dimensions)
Circular interpolation ARC CW (short dimensions)
Unassigned

Circular interpolation ARC CCW (loang dimensions)
Circular interpolation ARC CCW (short dimensions)
Unassigned '

Thread cutting, constant lead

Thread cutting, increasing lead

Thread cutting, decreasing lead

Reserved for control use

Cutter compensation cancel

Cutter compensation - left

Cutter compensation - right

Cutter compensation if used, otherwise unassigned
Unassigned '

FIGURE 2.2 sesscontinued....
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GA0-T79 Reserved for positioning only
G80 Fixed cycle cancel

G81 Drill Cycle

G82 Peck or Dwell cycle

G83 - Tap cycle‘- constant pitch
GBY4 Tap cycle - constant lead

G85 Bore cycle

G86-89 Reserved for cycle uses only
G90-99 Unassigned

FIGURE 2.2



MISEELLANEOUS FUNCTION CODING

CODE FUNCTION
MCO Program stop
MO1 Optional stop
Mo2 End of program
MO3 Spindle on clockwise
MOk Spindle on counterclockwise
MO5 Spindle off
MO6 Tool change
MOT Mist coolant on
MO8 Flood coolant on
MO9 Coolant off
M10 Clamp
M1l Unclamp
M12 Unassigned
M13% Spindle clockwise and coolant on
Mk Spindle counterclockwise and coolant on
M15-16 Motion
M1T7-29 Unassigned
M30 End of tape
M31 Interlock bypass
M32-%5 Constant cutting speed
M36-39 Unassigned
MLEO-U5 Gear change if used
ML6-19 Reserved for control use only
M50-59 Unassigned

FIGURE 2.%
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years are making inroads into this area).

2.2 The APT System.

In perhaps more cases than not, the part programmer will
communicate with the computer in a language called APT which is a
foreshortened version of Automatically Programmed Tocls. This is
by far the best known of all the numerical control programs and
forms the basis for most of the other computer assisted programming
languages which are in use today.

2.2.1 The History of APT

The acronym APT stems back as far as 194l to the work dome
by the Parsons Corporation in their efforts to develop a numerical
control system for the manufacture of templates for propeller and
helicopter blade inspection. At that time a prototype program
was written for the M.I.T. Whirlwind computer to perform the highly
involved and numerous calculations required to define the contours
of the aerofoil sections in question. This program was called the
"Automatically Programmed Tool" system and was used later in a
modified form to program the early numerically-controlled machine
tools developed at M.I.T.

The concept and structure of the APT system in its present
form however was developed by M.I.T. under Air Force contract dur-
ing 1956-57 33. The intent of the development was to provide a
software system which could readily be extended into a varicty of
industrial applications. The magnitude of the task was such that

the concerted efforts of twenty member companies of the Acrospace
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Industries Association (AIA) were required, along with the guidance
and direction of M.I.T. Nevertheless, in 1958 a second version
(APT 11) was‘released.

Continued development by this group resulted in the re-~
lease of the updated APT III version in 1961. Also in 1961, the
AJA decided to establish the APT Long Range Program in order to
continue the necessary maintenance and further development of the
system and also to extend the benefits of APT to other companies.
The new administrator of the program was the Illinois Institute
of Technology Resecarch Institute (IITRI), which is still respon-
sible for the updating and expansion of the APT language today.
The program is suctained by annual fees paid by the pavticipating
members of the ALRP who in return decide the direction of future
activities and have access to the most recent developments and
modifications.

Since 1964 a policy of "staged release' was adopted by the
ALRP wherein a new system is made available to the public two
years after its release to use by members. Even without this,
however, it is significant that present members of the ALRP in-
clude such corporations as Control Data Corperation, 1BM, Heneywell,
General Electric and others. Hence when computing facilities are
leased from these companies, or alternatively, a time sharing
agreement is made, many of the latest developments in the APT
system may be available to the user.

At McMaster there are now. two independent outlets vhere the
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APT system may be used. One is the Multiple Access system available
on a time-shared basis, and the other is the CDC 6400 in the uni-
versity's own computer facility. This latter facility does not

as yet have all the proper hardware for successful implementation.

2.2.2 The Structure of the APT System

At first, the APT system was written in an assembler lan-
guage. This of course reduced the core requirements in the com-
puter however it also required that the programmers have a full
and intimate knowledge of the machine and severely restricted its
computer independence.

LITRI took upon itself the task of restructuring the pro-
gram and language in such a way that the system is now "open
ended" 23, that is, technological improvements may now be easily
incorporated into the program as they are developed. This is
done by, in some cases, inserting empty subroutines which merely
are filled in as the need arises. 1t is also signigicant that the
bulk of the system is written in Fortran which, although it re-
quires more core, is much more easily changed and is a more pop-
ular forwm of communication than are the assembler languages which
change from one company's machine to another.

The ‘new system' as it is called assembles and calculates
simultaneously, hence if there is an error in the part program, a
number of calculations will have been carried out, and time perhaps
wasted. It is however more efficient than the interpretive approach

where the program is first assembled, and then the subroutines are



called up as they are needed.

2.2.3 The APT System at McMaster

4s of Aﬁgust 1%, 1971 McMaster has its own in-house ver-
sion of APT namely £400/G600 APT. The system structure of 6400/
6600 APT is similar to that of Standard Version APT III. By
sections, the program operates as follows: a4
(1) translates the part program statements and reduces

geometric definitions to their canonical forms;

(11) calculates consecutive tool positions.

(111) prints, copiés, and performs trausformations on

tool location data.
Section IV although included in the programis exclusively a calling
subroutine for the post processor designated in the part-program,
if the machine control tape is desired. The 6400/6600 APT system
does not include post-processors; these must be supplied externally
by either thz machine-tool builder or the user.

The 6400/6600 APT system requires éignificantly less core
than systems such as IBM 360 APT pértiy due to the larger word
size of the 6400 (60 bits) and the extensive use of overlays 2%,
Rather than the need for up to 256 K (IDM 340 APT) the CDC system
can run with 65K. Execution times are compatible with Fortran
programs of comparable complexity. In many cases the names given

"to the warjous subroutines describe their function.
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The input to the APT system'is the previously mentioned
part program. Output is a cutter-location tape (CL tape), a file
containing successive cutter location coordinates and other control
information ready for post-processing. Printout consists of part
program, diagnostics, and the edited CL-~tape If requested. The
format of the CL-tape is dictated by the ALRP so that the rules
for post-processor writing need not be oriented to a specific
computer, rather to a specific machine.

2.2.4 Programming in APT 34,

The APT language shares many elements with other high-
level computer languages (e.g. Fortran, Algol, ctc.), that is
punctuation symbols, constants defined symbols, Hollerith infor-
mation and APT vocabulary vords are all used. APT vocabulary

words in most cases resemble their English equiwvalents.

Examples are:

GODW go down
GORGT go right
ELLIPS ellipse
CIRCUL circular interpolation
JUMPTO jump to

APT manusals generally differentiate between certain tvpes
of words, i.c. they may be Major or Modal. Major words speciiy
the general function of the statement in which they ocecur. They
appear in the first section of the statement and are usually ac-

companied by parameters completing their meaning. An example-of
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a major word is:

LINE/ x coord, y coord, z coord.

Modal words generally specify conditions to remain in
effect until countermanded. These may or may not be major in for-
mat. Tolerances, cutter diameters and so on are modal as are in-
structions for positioning the tool on the right or left of a
given line.

Other APT words may be classed as minor and "postprocessor'.
Minor werds are used in conjunction with, and to assist in the
definition of , major words. Postprocessor words are ignored by
the APT system and are carried through to the system CL Tape where
they will be used by the postprocessor. COOLNT/ON is major in

OFF
format but is a postprecessor word instructing the machine to be
turned on or off.

As in all computer programming, the correct punctuation
rmust be employed at all times. The comnmon punctuation symbols
retain for the most part, their conventional English or Fortran
usage. Departures from this norm are the Line Continuation symbol
() and the End of Statement symbol ($§) the latter of which per-
mits a remark or comment to be inserted on the same card with
some regular programming.

The symbols used in A?T may represent scalar variables,
geometric entities, statement identifications, Macro names, or
arvays. The concept of the scalar variable is generally known.

The geometric entity refers to scme point, line, matrix or any
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other surface type recognized by the APT system. Some commonly
used examples aret

P1 = POINT/1,2,3

i

CIRCLE/CENTER, P1, RADIUS, 2.5

C5

A macro name refers to a sequence of APT statements. The
macro is in its operation, similar to a function subroutine the
difference being that it is found inside the part program, The
use of statement identification symbols is characterized by se-
parating the statement and the symbol by a right parenthesis.
Arrays may also be grouped under one name.

All of the above symbols may be subscripted if mnecessary
or desirable. FORTRAN rules for subscripted symbols apply in
kind to use in the APT system.

The Part Program is a sequence of APT statements. The
basic structure of a part program generally consists of the
following:

Part identification

Environment and description

Geometric definitions

Macro definitions (if any)

Production commands including

Motion statements
Computing sequence
Input/Output statements
Postprocessor commands
Termination
Of these, the part identification and termination are

fixed. The first statement of a part program must invariably be-

gin with a PARTNO statement in the first & columns of the card.
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Following this the programmer may ideﬁtify the part in any suitable
format. The program must always end with a FINI statement, which
terminates prqcessing and activates the output commands.

Looping capability is incorporated into APT, controlled by
the words LOOPST and LOOPND. Some computational rules apply in
the control and exit from these loops in the form of conditional
transfers [IF (5) Z1, Z2, 23,]) vhere J may be less than, equal to,
or greater than zero. Unconditional transfers (JUMPTO) do not
have this flexibility. These statements (IF, JUMPTO) may only be
used within a loop.

APT geometry consists of points, lines, circles and other
types of surfaces. 1In cases such as points lines and circles,
there may be ten or more variations in the definition form. Vec-
tors are used for extablishing directions and defining surfaces.
At present there are two classifications of APT surfaces, Analytic
surfaces and Large Surfaces. The analytic surfaces are those
which generally can be defined by a single equation. These are

designated as follows:

LINE line

PLANE plane

CIRCLE circle

CYLNDR circular cylinder
ELLIPS ellipse

HYPERB hyperbola

CONE cone

GCONIC general conic
LCONIC loft conic

SPHERE sphere

QADRIC general quadratic
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In some instances simple mathématical equations are not
adequate for the definition of a workpiece. When this is the
case, the large surface capabilities in APT may be employed.

They are represented by the words POLCON,TABCYL, and RLDSEF.

POLCON refers to a polyconic surface which is a contin-
uous family of conic sections in parallel planes. The shape of
the conic is regulated by a set of polynomial curves.

TABCYL (tabulated cylinder} is a surface generated by a
moving line, parallel to some fixed base, and travelling along a
space curve or directrix which is defined by a set of points
known to lie on the surface. Interpolation formulae are employed
to generate the directrix.

RLDSRF calls up a ladder type surface generated, again by
a moving straight line which travels along two defined space
curves.

Further geometric capabilities to assist in point-to-
point programming, and also in continous path, are matrices and
patterns. Associated with these is a REFSYS statement which is
employed when a change in coordinate systems is required.

The matrix routine however is fixed and only applies to
an array of numbers having three rows of four. 1Its general usage
is in the transformation of coordinate systems. Ordered sequences
of points are defined by the PATERN/Statement. The patterns may
be defined as linear, circular, parallelogram and random. Here

again, a number of auxiliary tool motion commands are available
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to assist in prograwming a2 desired seéueﬁce for the tool. Ex-
amples are OMIT, AVOID and THRU.

The MACRO sequence mentioned earlier is one of the most
powerful tools that the APT programmer has at his disposal.
‘Technically 2 macro definition is comprised of: MACRO/ statement ,
macro sequence, and a TERMAC statement. If the program for the
machine tool requires a cycling through some specified number of
operations wherein one or more parameters change from cycle to
cycle, the programmef set up the proper sequence of events in-
side the MACRO, leaving those parameters which vary cyclicly as
constants. The MACRO statement could then have a format as given:

MA = MACRG/ ay, ap , ag I

In the abcve example MA denotes the macro name and the
aj are the variable parameters in the APT sequence of the macro.
Having listed the entire macro, it may be called in this example
as follows

CALL/MA, a; = 2.5, ag = P7, ag = C6 --uuo

Care must be taken when using and writing macros to ensure
that! (a) macro definition precedes the CALL in a part program;

(b) definition in another part program requires use of a
READ command to bring it into the current part program;

(¢} the macro used in another part program is on the APT
library tape.

From the prior discﬁssion of APT geomeiry, it is obvious
that the system is designed for continuous path milling, however,

as also stated before, geometric facilities are also available for

»
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point-to-point work. Motion instructions consist of a GO ---
statement which initiates motion in a direction determined by
the part programmer as if he were sitting astride the tool and
driving it around the specified part geometry.

| In principle the tool motion (in continuous motion work)
is determined by three control surfaces, which may be real or
mathematical. One of these is the part surface, generally the
surface normal to the tool axis. The drive surface becomes the
line or space curve the tool is directed to follow, and the
check surface is the space curve at which the tool changes dir-
ection. Normal orientation of these curves is shown in Figure
2.5, Many variations of these three surfaces exist as may be seen
in Figure 2.6.

Once the programmer understands these few concepts he is
ready to begin writing trial programs. Self-~teaching APT manuals
exist which greatly accelerate the learning process. One example
is referencg %%, prepared by the ALRP.

Central to the concept of computerized numerical control
is of course the capability of calculating coordinate locations
and/or scalar values. Arithmetic operations»may be designated in
what amounts to a standard FORTRAN format and the heirarchical
rules of FORTRAN also apply. To assist in this computational
capability certain mathematical functions are recognized:

SINF -sine of an angle expressed in degrees

COSF ~cosine of an angle expressed in degrees
ATANF -angle expressed in degrees when tangent is given
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SURF k. 6:9 4

FIGURE 2.5 RELATIONSHIP OF PART, DRIVE, AND CHECK
SURFACES IN THE APT SYSTEM




DS is 82
PS is S1
CS is S3
from 2 to 3
DS is $3
PS is S1
CS is S4

from 1 to 2

—

from 1 to 2

from 1 to 2
DS is St
PS is Sh
Cs is S2

from 2 to 3
DS is S2
PS is Sh
CS is 83

FIGURE 2.6 'SOME VARIATIONS OF PART, CHECK

AND DRIVE SURFACES IN THE APT
SYSTEM
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SQRTF -square root of a non-negative number
LOGF -natural logarithm of a positive number
EXPF ~-value of raised to a power

ABSF -absolute value of a number

LNTHF ~-length of a vector

DOTF ~Scalar or dot product of two vectors

It is possible to incorporate an arithmetic operation
into another APT statement by enclosing it in parenthesis in a
manner similar to imbedding a geometric definition. This is
called "Nested Computing".

A full range of input/output instructions are part of the
APT system; These instruction statements enable the programmer
to: Punch geometric and macro definitions

Read geometric and macro definitions
Print geometric definitions and scalars
Print the contents of the CL-tape
Create a tape for use on a plotter.

The APT system also contains a fairly comprehensive list
of diagnostics, and it is here that the internal system structure
comes to light. In Section 1 of the system an error occurs if
the part programmer violates a language rule, exceeds system ca-
pacity, programs an infinite loop, presents false logic in the
part program, or calls for an unavailable macro. Failure to
successfully execute Section 1 terminates job execution and prints
an error number.

In Section 2 failure may be due to errors in a part pro-
gram or inadequacies in the calculation algorithm used by the

system. The part program errors may consist of: describing an in-

valid cutter, specifying non-intersecting control surfaces;
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using a GOFWD before a forward direction has been established,
inadequate start-up information, and many other types. A failure
in Section 2 produces a printout of the error message number, the
card number on which the error was detected, and the error message
itself. Additionally a dump of certain internally stored infor-
matjon is given. An error in Section 2 generates two possibilities:

1) Cessation of further computation

2) Warning diagnostics followed by continued processing
at the point where the system can reestablish a valid tool posi-
tion and vector direction.
Section 3 diagnostics include language violations in COPY, INDEX,
TRACUT, PLOT and VTLAXS statements, too many index markers on
nested COPY cSmmands or an illegal transfer into a COPY loop.

Other errors may be input/output errors in which case
the local computer facility would supply its own system diagnostics.
Progfammed debugging aid are a part of the APT system. Debugging
section 1 may be accomplished by a DEBUG/ON statement. Section 2
debugging may be facilitated by a COMDMP statement which preduces
an edited printout of the entire contents of the Section 2 common
area.

Some examples of APT I1I diagnostics are shown in Figures
2.7 and 2.8

2.2.5 Strengths and Weaknesses of the APT System.

The APT system, as previously stated, is the oldest, pro=-

bably the most sophisticated, and without a doubt, the most widely



Error
Number

26
65
89
1%2
154

2002

28

PASS 1 ERROR DIAGNOSTICS

Error Comment

' Variable symbol contains more than 8 characters.

Statement identification doubly defined.

Entry following slash in ZSURF not a plane.

Only one vector in dot function argument.

Incorrect number of scalars used in definition.
Invalid punctuation or vocabulary word. Check syntax.
Number of names exceeds number of values in canonical
form.

Too many unnamed nested definitions. Assign symbolic
names.

Illegal macro definition in loop or macro.

Macro nesting exceeds system capacity.

Insufficient internal storage for array.

Vocabulary word used as synonym symbol.

More than 20 points given in POCKET statement.

First word of IF or JUMPTO statement not a vocabulary
word.

Too many postprocessors called.

Number of points in pattern is negative.

Not enough data cards to complete READ list.

DEGREE OF EQUATION EQUAL TO OR LESS THAN ZERO.

FIGURE 2.7 Selected Pass 1 APT error messages.
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SECTION IT ERROR DIACNOSTICS

Error Comment
WARNING - TOLERANCE VALUES EXCEED ALLOWED NO. OF
SURFACES. EXTRA VALUES IGNORED.
CUTTER NOT DEFINED PRIOR TO STARTUP CALCULATION.
CUTTER DEFINITION NOT VALID.
UNABLE TO DETERMINE INITIAL MOTION DIRECTION VECTOR
OR ITS ORIENTATION.
DRIVE SURFACE AND CHECK SURFACE NOT TANGENT AS STATED.
CUT VECTOR ITERATION TO CHECK SURFACE FAILED.
WARNING - CUTTER IS MOVING AWAY FROM THE CHECK SURFACE.
CUT VECTOR ITERATION FATILED IN MOVE ALONG DS=PS
PLANES RESTART COUNT EXHAUSTED.

‘WARNING-CANNOT FIND CRITICAL MIDDLE POINT. CUT VEC-

TOR ACCEPTED.

5-AX1S ITERATION DID NOT COMVERGE. SEE COMPUTER
PROGRAMMER.

WARNING - CANNOT CALCULATE SATISFACTORY TOOL NORMAL.
CAN NOT FIND DIRECTION VECTOR THAT INTERSECTS THE
SURFACE. _

TRYING TO FIND A UNIT NORMAL TO A POINT, VECTOR, OR

- MATRIX.

TOO0I, CANNOT BE ITERATED INTO CONTROL SURFACE.
ANGLE BETWEEN TOOL AXIS AND POCKET PLANE NORMAL IS
TOO LARGE.

FIGURE 2.8 Selected Section II APT error messages.



used part-programming language for nuherical control. It is
likely also the most complex, and herein lie some of the chief
disadvantagés of the system.

APT has routines for elliptical cylinders, ruled surfaces,
and polyconic surfaces, among others, which occur rather infre-
quently in most work including the aercspace industry. Routines
such as this require the usc of large digital computers, in some
cases a core in excess of 256K bytes is needed. When only two
dimensional contouring is required, the APT system is redundant
in its operation because of its size and complexity. Point-to-
point work is handled very inefficiently when it comes to fixed
machining cycles such as tap and counterbore. In some of these
cases it is almost simpler to program manually than in APT, however
the aforementioned MACRO sygtems may be used to aid in this regard.

The language itself is_not really geared to an engineer's
or machinist's "jargon", on the contrary its similarity to FORTRAN
in syntax and logic infers that it is conceptually a mathematician's
language. Hence part-programmers are effectively required to im-
merse themselves in a different technology level in order to be
effective users of APT. The structure of the program (see Fig.

2.9), although it appears to be segnented, is distinctly non-
modular, the only detachable sections being the postprocessor
which are not really part of the system. Considering the system
size, this large, interrelated fixed format does not easily facil-

itate changes. Indeed, throughout the system listing there are
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frequent warnings to refer back to the'manual before making changes.

On the positive side though, it must be reiterated that
the APT system conceptually was far-sighted, in some casecs so
much so that proper implementation was not realized until the ad-
vent of the third generation, integrated circuit computer hardware.
Its capabilities are far reaching and it is perhaps best used when
a stack of part programs is submitted in one run.

The language itself, a weakness because of its verbosity,
and complexity, is nevertheless comprehensive. Through the use
of the Synonym capability the programmer may if he chooses, sub-
stitute his own terminology for some of the geometric definitions.
The strength and continued updating of the APT system is enhanced
by the organization and support of the ALRP.

Ong of the objectives of the APT system was a machine-~
independent language. A penalty is incurred with a machine inde-
pendent language in that another program, the postprocessor, is
needed to interpret certain instructions which do not pertain to
part geometry or continuous path tool motion. This effectively
means that once the part program data has been successfully pre-
pared by the APT processor, it must still be transformed completely
into specific machine codes by another program.

An alternative approach to this problem is of course to
“structure the language for a particular range of machine tools
which have similar coding requirements, resulting in a single-

pass processor, one which needs no additional encoding for machine
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utilization. This philosophy is generally termed "Single Pro-
cessor"” whereas the philosophy requiring a postprocessor is gen-
erally refered to as "General Processor". The problems of using
a single processor language manifest themseivcs as soon as the
user finds it advantageous to operate his shop with machine tools
of more than one brand name. The problems of a general processor
are primarily the initial cost of the software, which could be
high.

The inadequacies of the APT language and its inherent dis-
advantages to some users of NC (due to size and complexity) have
prompted many users to develop fheir own languages of lesser cap-
ability. These are in many cases derived in concept, and in vo-
cabulary, from the APT system and hence bear the designation
YAPT-1like"™ or "APT-compatible"”. Others are designed specifically
for a particular range of machine-tool operations. This means
that there will be languages of varying degrees of capability for
handling point-to~point work, contouring work only, and some apply
only to lathes.

This forms a basis for the study and comparison of other
part-programming languages, what their capabilities are (gcometri-
cally speaking) where they are used, and if possible, where they
may best be applied in industry.

2.3 The NC Language Explosion

As is frequently the case in instances where a problem

emerges in diffcrent locations simultaneously, a considerable



variation in approach is likely to be realized from one location
to another. This applies to the NC part programming languages as
well which have grown in number until a complete review of all
languages becomes a mere exercise in frustration. It should
however be of some value to potential NC users to have at their
disposal a list of the computer-assisted programming software
available together with some indication of the relative capabil-
ities and unique features of some of these systems.

In addition to catergorizing languages in terms of their
philosophy, i.e. single/general processor, they may also be slotted
according to capability. These capabilities may be segregated
into:

a) 5 axis contouring,

b) L4 axis contouring,

c¢) % axis contouring with Lth axis positioning (3%),

d) 3 axis contouring,

e) 2 axis contouring with 3rd axis positioning (2%),

f) 2 axis contouring,

g) multi-axis point-to-point,

h) 3 axis point-to-point,

i) 2 axis point-to-point;

where an axis is defined as a degree of freedom in motion, (fig. 2.10)

2.%3.1 Multi-Axis Contouring Languages

Multi-axis contouring languages are those which generally,‘
have 4 and 5 axis contouring capability. These laﬁguages are
highly sophisticated and require large computer systems for their
implementation and execution. With a few exceptions, they are
| basically the variations of APT III as structured by the various

computer hardware manufacturers for use in their large systems.
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Thus the differences may be slight but the significance of scme of
the differences may be the deciding factor in a choice between
systems.

2.3.1.1 6400/6600 APT

6400/6600 APT 2.2 Version 3.3 is the system described in
some detail in section 2.2.2, supplied to users of Control Data
Corporation computing hardware. It is fully compatible with APT
I1X and, as CDC is a member of the ALRP, incorporates changes in
the system through the use of its own internal update facility.
This is the system presently available in McMaster's own Data
Processing Center (See Appendix). It requires 65K words of core
storage in the 6400 series computer.

2.3.1.2 360 APT

360 APT NC Processor (360A-CN-10X) Version 4 is the IBM
proprietary system available to IEM users. Tt is perhaps the most
up-to-date version available from any computing facility at the
time of writing. The error diagnostics are the most comprehensive,
the mﬁlti-axis capabilities are perhaps at a higher level of de-
velopment and, due to IBM'S extremely high market penetration, the
system is perhaps more widely available than any other.

The 360 APT processor is generally well dbcumented,
(documentations available on request from IBM's local publications
department) and its instructions for its use are given in detail,
(see References 65, 66) core requirements of former systems of

ot

360 APT were very high; 256-262K on a model L0 or larger. The new
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system configuration recommended by IBM is: System 360 Model 20L0 H
(or 20%0H or larger if high usage of the APT system is anticipated)
with the appfopriate arithmetic capabilities, storage facilities
and input/output devices.
2.3.1.3 APT IV

Under developuent for some time, APT IV has at this time,
not yet made any "public" appearance. It is supposedly going to
be an advanced version of APT IIX. IITRI and the ALRP are engaged

in its development.

2.%5.2 Three Axis Contouring Processors.

Only a relatively small segment of the machine tool indus-
try using pnumerical control needs the processor capability of the
APT III system and its direct ccunterparts. Indeed, with a smaller
vocabulary, programming a part may in scme cases be simplified
since the programmer now need.only visualize one plane at a time as
agairst 3-dimensional contouring capable on the other machine. Doc-
umentation on this class of processors is not easily available in
every case, however sufficient information is available such that
a few of them may be ably compared.

2.3.2.1 AD-APT

AD-APT is an acronym for Air Material Command Developed APT.
This processor was written by IBM for the US Air Force when it was
found that many supplietvs simply could not cowply with the demands
of leasing or purchasing and maintaining a digital computer facility

of the size required by the APT processor. Rather than being a


http:purchasi.ng

TS

scaled-down version of APT, it has been redesigned so that it is

in many ways completely compatible with APT, the difference being
that it has 2 few teeth missing. These missing capabilities are

the MULTAX or multi-axis capabilities. Hence there is room for

a certain degree of interchangeability, AD-APT programs may be

run on an APT system, however not all APT programs may be run on
AD-APT. A more important reason for this flexibility rests on the
interchangeability of postprocessors betwecen APT and AD-APT, greatly
reducing the software requirements for implémenting a specific
machine.

In operation AD-APT is similar to APT however the structure
of AD-APT is much more flexible in terms of being able to expand
or tailor the language capabilities to the particular needs of a
manufacturer. This modular composition facilitates the use of
smaller computer systems {IBM 360/2030) with up to 4OK words of
core.

In its present form offered by IBM, the processor inciudes
the AUTOSPOT point-to-point positioning program, about which more
will be discussed in a later section. It is also available from
G.F., SDS, Honeywell, and other companies.

"The AD-APT language permits the specification of work op-
erations iInvolving points, circles, straight lines, and curves
passing through sets of points. The calculating ability of ihe
program includes arithmetic opefations as well as the functions of

sine, cosine, arc tangent, square root, exponentiation, tangents,
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and logarithms." (36) Macros are used as in APT.

The scope of AD-APT is sufficient to handle most two
dimensional contouring problems which account for ;he great major-
ity of situations. It is thus perhaps more useful than APT due to
its smaller requirements and in some of its versions, especially
when coupled with AUTOSPOT, handles point-to-point work much more
efficiently.

2.3.2.2 REMAPT

The REMAPT system is a version of AD-APT modified by the
General Electric Corporation for use in their Mark II time sharing
system. The REMAPT vocabulary has been altered and slightly re-
duced in size, however the facility of AD-APT still basically re-
mains. Continued development on this package has expanded the
point-to-point facility somewhat to the point where AUTOSPOT pro-
grams also may be run on this processor. As in AD-APT, a post-
processor is still needed in order to successfuly generate a ma-
chine control tape. The postprocessor may be for APT or AD-APT,
with suitable modifications to match the minor changes in vocabu-~
lary in the point~to-point areas. The POCKET routine is not yet
available on REMAPT although some moves toward including this fa-
cility exist.

Having noted some of the omissions in the REMAPT processor
it must be emphasized that the package is nevertheless extremely
desirable in terms of its availability. As with other time-shar-

ing systems, the need for a dedicated in-house computer no longer
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exists, the only reguiremeuts being a contract, acoustic coupler,
teletype and telephone. The MARK II1 system is extremely comprehen-
sive in its éoverage and is considered by some to be superior to
the batch processing systems of in-house computers. With time
sharing, tapes can be made in minutes close to the shop floor.
This flexibility may in many cases outweigh the limited vocabulary
(with respect to AD-APT) for those who do not have conputing fa-
cilities readily available.

In summary, REMAPT is a 2%, axis contouring Ge al Pro~
cessor language with 3% Axis Point-to-Point facility and is avail-
able on a time sharing basis.

2,3,2.3 UNIAPT

The United Computing Corporation (UCC) of California has
taken a radically different qpproach in terms of the acutal hard-
ware~software configuration. Recent developments in the data pro-
cessing industry have resulted in a new, compact unit popularly
dubbed as the "mini computer”. These are extremely versatile
units which generally do not require special air conditioned sur-
roundings for their operation. UCC héve restructured the APT pro-
cessor and successfully implemented it on the Digital Equipment
Corporation's PDP8 mini-computer. Other versions have been written
for the IBM 1130 and the GA 18/20.

The core menory of these units is a2 mere 12K words as com-
pared to the 256~262k required on large systems fnr-conventional

APT processing. This was acheived by extensive use of overlays,
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and the use of the disk storage unit aé an extension of the core
memory .

UCC claims APT compatibility for all 2, 3 and some 4 and 5
axis programs. Some minor differences exist in terms of POCKET
and PATERY definitions, areas in which APT III is not particularly
impressive. The program dces not have full 5.axis capability and
is presently marketed as a 3-axis cqntouring system. MACROS are
not yet available as in APT.

The advantages of this system may be cited as follows:

i) Immediate access to the company's own dedicated com-
puter in close proximity to the work stationj

ii) Low cost software and hardware compared to large
systems}

iii) Potential use of the shop floor computer for Direct
Numerical Control (DNC) completely bypassing the tape reader fa-
cility, and for other production control systems.

The cost of the system hardware is listed at 48,880 for
a minimum configuration {as suggested by UCC) which includes a
PDPS/I Computer with 12K memory and ASR 3% Teletype, Disk file
(6L4K) and controller, High speed paper tape reader and Punch and
the cabinet to house the hardware. This also includes the soft-
ware at $12,000. Adding an arithmetic unit, card reader-punch
and line-printer and a larger disk storage unit raises the cost to
nearvr ﬁYB,OOO. Leasing plans are also avaijlable. 11

UNIAPT is a gencral processor program and still rojquires
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a postprocessor for implementation. UéC claims to be able to
supply these at a cost ranging from $5OO to ﬁl,ﬁOO as they are not
compatible with other APT postprocessors. These systems are in
use and significant productivity increases have been realized by
some user firms.

2.%.2.4 SPLIT

A somewhat alternative approach to NC contour programming
has been taken by the Sunstrand Machine Company. They have, in
conjunction with IBM prepared a point-to-point contouring language
called SPLIT (Sundstrand Processing Language Internally Translated).
The rather major difference of the SPLIT processor is that it is
individually machine oriented and does not require further pro-
cessing in order to produce a machine control tape. The program
is operative on the IBM 7090, 1620, 620 and %60. The language
consists of 16 to 18 major statements and approximately 40 minor
statements in a semi-pidgin English.

The SPLIT language is capable of handling up to five axes
contouring but it is not as powerful as APT and is marketed as a
3é-axis contouring language. It is, due to its machine oriented
characteristics, a proprietary language basically restricted to
Sundstrand's machine tool custoﬁers. However, Sundstrand have also
prepared the system for use with Bendix Dynapath, G.E. Mark Century
and Mark Series control systems, with the result that a machine shop
using these controls may also use the SPLIT processor.

In terms of capability, SPLIT can handle canned cycles for



deep-hole drilling, boring and tapping; Matrices of holes may be
specified with but a few commands in addition to the translation
and rotation of coordinate system features available with most NC
processors. Some typical major instructions are CUT, MOVE and
CRINT (for circular interpolation) while minor operations are in-
itiated by mmemonics such as: COF (Coolant off) TOL, and LT (for
path of the table).

The real emphasis of the SPLIT language however is not
contouring - rathef it is designed as a multi-axis point-to-point
language with accompanying contouring capabilities built in.

2.%3.% Two- to Three-Axis Contouring

As the capability of the language becomes more restricted,
the syntax and vocabulary becomes invariably simpler, computer
core requirements for system operation are reduced, and the spec-
trum of processors available increases drastically. Some of the
languages here listed may no longer be in use, some are special
purpose (i.e. applicable primarily to lathes) and as before, some
are proprietary. Also in this section are listed some of the pro-
cessors developed in Europe and Great Britazin. These are not ne-
cessarjly available for use by Canadian industry.

2.%3.%.1 The EXAPT Family of Languages

The approach to NC-programming taken by the EXAPT Verein
of Germany carries the concept of organizing technological data
perhaps further than do most other part programming processors.
This association has to date produced two operable languages and

is executing final development of a third.
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A) EXAPT 1

EXAPT 1 is essentially a point-to-point processor. Its
language format is free, that is, all instructions could be major
in that almost any combination of instructions is possible. The
language definitjon capabilities arej straight line and circular
point patterns, and the transformation, mirroring or gathering of
these patterns. The power of the EXAPT concept is revealed in the
next step where EXAPT 1 may be called upon to automatically cal-
culate (1) feed and cutting speed

(2) Spindle withdrawal characteristics with deep holes

(3) Tools

(4) Work sequences (L2)
The processor also ensures that the effective length of the tool
is sufficient and that no interference is encountered during the
tool~-change cycle. Such calculations may of course only be ex-
ecuted with the aid of a tool file, a material file, and a machin-
ing file. Figure 2.11 shows graphically how the programming system
operates. EXAPT 1 is a 3-Axis point-tofpoint processor.

B) EXAPT 2

The EXAPT 2 processor was designed with lathe programming
in mind. The programmer is here called upon to describe the ge-
ometrics of the workpiece before and after machining. Programming
involves definition of the upper-half croés section by a series of
geometric elements connected by linking statements. %2 Machining
is invoked by calling up a predefined machining definition and a

part of the finished contour. Functions and movements of the tool
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path are determined by the processor.

The features of EXAPT 2 are:

1) Cﬁtting speed and feed calculations for most operations.

2) Depth of cut determination.

3) Cutting distribution with collision checking.

Figure 2.12 illustrates some of the programming and oper-
ational characteristics as applied to turning a shaft using
EXAPT 2. EXAPT 2 is essentially a g-axis contouring processor.

C) EXAPT 3

Under development at time of writing, the EXAPT 3 version
is intended to be a 2%‘axis contouring program. It will include
most of the capabilities of EXAPT 1 and 2 except for those which
are specific to lathes, with the inclusion of a POCKET milling
routine. 4%
As in all EXAPT processors, EXAPT 3 uses the basic APT
vocabulary, but the language format again is free, thus signifi-
cantly simplifying the required programming effort. Postprocessors
are available for EXAPT 1, 2 and are being developed with and for

EXAPT 3.

2.%.3.2 The NEL Family of Languages.

A parallel development to the EXAPT processors described
above were the 2CL, 2PL, and 2C languages developed by the National
Engineering Laboratorics in Great Britain. The initial approach
was one of nationalism, that is, the U.K. was to have its own
standard NC language. The result was, in the case of 2CL, another

version of AD-APT with a few modifications. Many of the APT
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names have been shortened from six letters to two for reduced pro-
gramming effort.

The development however does not include the technology
sections as in EXAPT, although attempts have been made recently
in this direction. In concept the languages have been structured
similarly to EXAPT however in this case the 2% AXIS 2CL program
was the first processor in operation (1969). A brief description
of each processor follows:

A) 2PL

2PL ( for 2 axes positioning, one linear) is a 2% axis
point-to-point program. It is a general processor program (as
are its sister programs).

In structure the program is composed of four sections;

1) decoding, 2) geometry, 3) Tool library, 4) motion. Of these

the tool library is perhaps significanf in that tools are entered
into a permanent file in the processor library and are subsequently
called up by library number. This file may be updated as desired
and required. Most of the syntax and vocabulary are taken from

the APT system however it is a much smaller processor than its

NEL counterparts.

B) 2C

A two-axis contouring processor, 2C, has been extracted
from the 2CL system for use in lathes. It has been implemented
on an ICL 1904 with 32K core store and four tape drives, although

it has also been programmed for the Univac 1108. A fcature of the
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2C program is the external tool file, gimilar in concept and exe-
cution to that of the tool file for the 2PL processor.

Area clearance facilities are also built in which with a
minimum of programming input remove a predetermined cylinder of
metal from the workpiece, the computer performing the task of cal-
culating the tool path.

C) 2cCL

Work on the original 2CL (two axes contouring, one linear)
system was begun in 1965 with a target date of 1967 however its
actual implementation was not achieved until late in 1969. It is
a 2% axis general processor, similar in concept to APT, however
with a drastically reduced core requirement (%2K of 24 bit words).
It is a multi-pass program, similar to APT. A flow diagram of
the 2CL processor is shown in fig 2.13.

These programs are all available at no cost to U.K. users,
for whom they were designed. In light of the long development
time and the inroads made by existing programs during this time
however, their acceptance has been rather limited.

2.3.3,% The General Electric Time Sharing Systems.

The philosophy at General Electric seems Eo be that the
largest market in terms of potential users of computer assisted
programming lies with the smaller firms who do a great deal of
point-to»point programming. Judging from their successes of re-
cent years it seems that this’has been a timely and well-thought-~

out program.
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A) The MARK I Point;to-Point S&stem

Three independent computer programs may be used to generate
control tapes for the MARK I system. An illustration of the system
operation is shown in Figure 2.1Lk. From the part drawing, the
programmer describes the part geometry. He then uses the NCPTSﬁ
program in the interactive mode to generate a point coordinate
file. Mnemonic Codes such as C3P, PAL, and PAC assist the pro-
grammer in defining hole coordinates (see fig. 2.15). Having
specified the coordinates of all the holes, the programmer saves
the file, He then either prepares or calls up a previously pre-~
pared Machine Tool Description File (MTDF) wherein the parameters
of the machine are listed in a sort of "plug in" type of program.
This done, he prepares a part program using a vocabulary which is
a free format language. Statements such as GOLINE and GOCIRC
facilitate the generation of points not listed in the point co-
ordinate file. Operating codes include those inserted into the
MIDF, as well as controlling statements such as ORIGIN, which
specifies the origin, and FINI which must appear at the end of a
program. Cycle files may also be written to execute a repeatable
sequence of operations.

Having done this, the programmer feeds these bits of in-
formation into the computer terminal and calls up the coordinating
program NCPPXﬁ which then either supplies a tape listing or punches
out an EIA coded tape as directed. The ASCII-EIA conversion is

performed by another program NCEIA%. Capability of this series is
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\
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Rn, magnitude
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Index of L4
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limited to 2% axis point-to-point.

B) The MARK II Time-Sharing System

The MARK II System is a vast improvement over the system
described above with capabilities ranging to 3 axis contouring
(with the employment of REMAPT, Section 2.3.2.2) and an .advertised
4 axis point-to-point capability.

In system configuration, th:ee programs may be used, al-
though only one is mnecessary. NCPTSS, referred to above is again
offered, in a slightly improved version, for point coordinate
calculations. A MTDF is prepared similarly té the MARK I system
and, with the use of the NCPPLS program, one is ready to generate
tapeé. Here the similarity ends and the power of the updated
system comes to the fore. A third program, NCUTIL may be employed
for one of four services. These are: 49

i) To search any line-numbered ASCII file for imbedded
non-printout characters which are not permissible in NCPPL$ pro-
cessing.

ii) To convert a REMAPT CLFILE (cutter Location File) to a
Points File which can be used as input to NCPPL§.

iii) Compile a permanent Cycle File with its MIDF in a binary
mode for an NCPPL$ quick start.

iv) Convert a REMAPT CL file to a Part File which can be
usaed as input to NCPPLS. NCPPL then becomes the REMAPT postprocessor.

The flexibility of this system is its main feature, facili-

tating adaptation to those machines which do not have postprocessors.
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The details of the various possibilities have been well-documented
(see Ref. 149).

2.3.%.). AUTOMAP

In 1964 IBM implemented a program for the IBM 1620 com-
puter. It was a two-axis, continuous path contouring program the
function of which was to develop instruction sets for milling.
Positioning capability may be had in 3% axes. The program is of
the general processor type and is APT compatible. Circular inter-
polation is included.

The main source program may be altered slightly to suit
user demands or requirements. It is available without charge to
useés of the IRM 1420.

2.%.%.5 ACTICON

Developed by Numerical Control Computing Services (NCCS),
ACTION is marketed as a2 2 axis continuous path processor. It
follows the gemeral processor philosophy, the postprocessors being
supplied by NCCS for a range of machine tools. Computer require-

ments are the IBM %60/3%0 with 64K or its equivalent.

2.%.%.6 PHILCON 5%

A special purpose language has been developed by the
Philips Research Laboratories in the Netherlands to control cam-
milling machines. No attempt was made to manually program such a
machine since the computations involved in fitting a Tth order or
Gth order polynomial and then subsequently generating coordinate

points and vectors from it would be too complex.
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Final implementation of the progfam was carried out on the
CDC 3600/3200 installation at the Philips Research facilities in
Eindhoven in the Netherlands. The approach to program design em-
ployed exclusively the polar coordinate system, dealing only with
R (radial distance) and € (angular displacement).

The language is extremely compact, consisting of 23 sym-
bols or statements, examples of which are: PPl (referring to a
specific ﬁachine controller); POLYNOMS (5th order polynomial);
and ENDFINI ( the end.of-program controller) to mention but a few.

In operation, the program accepts the card deck of PHILCON
statements and entexs thé section called MAIN, or the executive
progrém. Intermediate code files are set up, function libraries
are called which supply'data for file and cutter offset calculations.
These again are stored in separate files according to the nature
of the displacement, with the purpose of supplying~data for the
penultimate coordinate data file and the final tape generatiomn
(See Fig. 2.3). .

The program has been largely enveloped by the APT processor
however it is still operable on a small COBRA computer. It must
be noted that although it may have limited use, it performs a func-
tion that is virtually impossible to perform without a computer.

2.%.%.7 Other Contouring Languages.

The languages here described account for by far the most

contouring work, indeed a recent survey in the U.S.A. showed the

usage of APT to be as high as 44 per cent of all the NC languages. 3°
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While this figure seems high it should’be noted that the popularity
of the APT system has made it a de facto standard, not .only in the
U.S.A. but throughout much of the industrial world:

Other contouring languages of course, exist. Names such
as NUCOL, COCbMAT, AUTOPOL, IFAPT, and many others proliferate in
the never-ending development of this area of control. Numerous
attempts have been made to "standardize" in order to reduce devel-
opment coégs. Many processors have.fallen from grace, some such
as AUTOPROMPT have been entirely annexed and put to work inside
the APT system. Hencé a complete documentation of all contouring
(and point-to—pgint) processors would be useless and uncertain
in light of the constant flux of new and old ideas on the fringes

of this area of concern.

2.3.4 POINT-TO-POINT PROCESSORS

2.3.4.1 AUTOSPOT

In wuch the same manner that APT and AD-APT have become
the industry norms for contouring work, AUTO-SPOT has become the
model for point~to-point computer sssisted programming. It is
perhaps the most comprehensive processor written for point-to-
point work.

In terms of capability, AUTOSPOT is able to handle vir-
tually all point-to-point work, including 2 axis continuous path
contouring. It is applicable to machining centers as well as to
simple driiling machines.

AUTOSPOT (AUTCmatic System for POsitioning Tools) includes

in its repertoire allowances for all hole-making and finishing
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operations as well as auxiliary machiﬁe fﬁnctions such as auto-
matic tool changing, table indexing and coolant control.

Language structure is made up of four sections the func-
tions of which are: 5%

i) To define geometric entities,

ii) To describe machining operations,
1ii) To describe auxiliary machine tool functions,
iv) To define the operation Modes.

The elements of the AUTOSPOT language is revealed especially
when programming a matrix or pattern of holes. Having defined the
tooling earlier, one calling sequence can initiate a toolchange,
and perform a machining operation as well as manipulating (i.e.
rotating/transléting) a given predefined pattern ( See Fig. 2.17).
Single commands exist for the expansion or shrinking of a pattern.

A POCKET milling routine is available which is applicable to tri-
angles, four sided figures whose sides are parellel, or any shape
whose sides are of equal length with angles less than 180°.

Other polygonal shapes are also permissible as long as no more
than 210 cutter notions are required per pocket or not more than
20 points are required to define the pocket outline. The modifier
used is PMILL.

Other features of this processor are statements such as
EXCEPT where a list of points is to be acted upon except one or
more of the points. The Z avoidance feature facilitates program-

ming to ensure clearance of a protrusion on the work-piece. These

are but a few of the special features in this processor.
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PARTNO N/C 360 AUTOSPOT SAMPLE PART
. REMARK USE TOOLS 1212, 1214
- TOOL/SPDRL 1212 0.100 118.0 7. 0000 6. 9399 1200 7. 0 ONA
_ TOOL/DRILL 1214 0. 045 118. 0 7. 0000 6. 9730 1500 6. 0 ONA
. CL=0.115
| .DAA =100, 6.0, -18.75
*.'*Bémc PATERN/ AT(l 625, 2. 125) RADIUS (0.75) SA(5.0) $
" 1A(45. 0) NI(8) EXCEPT(2,4) '
PAT PATERN/SX(l 25) SY(0. 375) DX(O 25) NH(4)
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FIGURE 2.17
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Core requirements of AUTOSPOT are 32K on the IBM 560/50 or
the IEM 1620 computers. Many postprocessors exist for AUTOSPOT
among them Kearney and Trecker, Pratt and Whitney, Cintimatic and
Hughes controls. Costs for lease of software ave Sé,OOO/month
on an IBM 1620 and $7,200/month on the %60/30. *

2.%.h.2 AUTOPROPS

AUTOPROPS (for AUTOmatic PROgramming for Positioning §ystems)
is a genefal purpose program to handle point-to-point systems |
with X- and Y-axis control. It is a fixed format language devel-
oped for use on the IBM 1401 gemeral-purpose computer at a monthly
rental of about $2,000. 50 Information is entered into a manu-
script in a predefined sequence. This sequence consists of:
i) 1list of operations to be performed
ii) mode number and operation sequence
iii) number of holes
Having done this, the setup point on the machine tool bed
is recorded and the mode numbers are entered to execute thé pro-
gram, list the output, plot the output tool points, and generate
a control tape. Very little calculating ability is available in
AUTOPROPS, thus perhaps restricting its use. TIts advantage lies
in the extreme simplicity of its use and the attendant programming

ease.

2.3.4.3 COMPACT

Another company working in the time sharing field with
numerical control is Com-Share Corporation of Ann Arbor, Michigan.

The computer in use is a Scientific Data Systems 940 which serves
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eastern United States and Canada.

The COMPACT System (COM-Share's Program for Automatically
Controlled Téols) is of the 3-axis point-to-point variety with
the capability for some 2% axis contouring work. Continued de~
velopment of this language should increase its capability to that
of ADAPT. A fourth axis rotation routine is available for complex
workpieces.

An important feature of COMPACT is its debugging routine
QED which does not require the executive system for its operation,
hence saving expensive core time. At almost any time during the
compliation of the program, the programmer may call for a listing.
Error diagnostics are returned to the teletype as the program is
edited. Once on the system, an intermediate coordinate listing
may be called for.

The system itself operates in a manner similar to the
G.E. MARK systems described previously. A data file, or machine
tool link converts geometric, motion statements and auxiliary
function statements into a tape format applicable to a given
machine.

Many of the pattern manipulation routines as described in
AUTOSPOT are also offered in this system. Some users have described
it as similar to SPLIT in concept and execution, with perhaps a
little more attention given to contouring definitions and capabil-

ities.
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2.%.h. 4 QUICKPOINT-E

Quickpoint 8 is a numerical control tape preparation 5yS~
tem prepared by the Digital Equipment Corporation (DEC) for use on
the PDP-8 series mini computers. All that is required for the ex-
ecution of this system is a PDP-8 computer and a teletype unit,
The total cost of this system should be about $6,000 including
softwarc. It is & complete system, requiring no attendant external
hardware.

The program language is simple, easy to learn, performs
the coordinate hole calculations through the use of a few selected
mnemonic symbols and ultimately produces the control tape for the
machine. The output processors are made available by DEC for a
range of machine tools and in the opinion of the author, these
could also be prepared by the user if the proper interfacing
techniques were known.

The program is basically 2-axis point-to-point and does
not really compare to some of the sophisticated computational
giants as for instance AUTOSPOT. 1t offers a viable alternative
to those whose work is restricted to point-to-point and who prefer
a slightly higher overhead to a high monthly charge with low over-
head.

Coordinate input facilities are available as are offset
and permanent memory facilities. For short tapes, the input is
read and processed and the whole tape is gencrated in one pass.,
Longer tapes, however are processed line by line, thus enabling

the preparation of tapes using many blocks. The DEC sofiware


http:ecut:i.on

group has consistently produced detailed documentation of their
software acclaimed by scme as the best in the industry.

2.%.L.5 SNAP

One of the few "in-house" or machine-oriented point-to-
point languages has been prepared by Brown & Sharpe for their
Turr-E-Tape turret drill and for two-axis sue on their Hydro-
Tape machining centers. The control system used is G.E. Mark
Century. The program is operational on an IBM 1401 computer
which produces cards for the preparation of the control tape when
the part program is submitted to it.

This processor handles four types of patterns: 50
- a single hole with two coordinates (point)

- hole(s) on a radius {separated by a constant angle)
holes on a line separated by a constant incremental
di tance '

- a matrix of holes, parallel to and equidistant from
one another.

£ WD e
]

The numbers accompanying the above categories become the
code numbers for the programmer when he wishes to define a series
of patterns. Having defined the nature of the pattern, he then
adds necesaary data such as incremental angle (distance) and ra-
dius values in the case of a circle.

2-%.5 Summary

Much more could, and has been said about NC languages;
listing them all would have little value here. The selection
criterion of those languages listed were briefly:

1) Are they well knowa?
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2) Is information available?

%) Are the languages available to Canadian and American

users?

4) Is there anything unique in them?

Clearly not all four criterion could be applied in every
case and it is quite possible that serious omissions have been
made. However, it has not been the intention to include all the
languages, if indeed this were possible. Background work done
for this study and another one 41, resulted in the cataloging of
45 processors for numerical control tape preparation, the complete
documentation of which would be a monumental task.

The o;ganization of the languages into their categories
has not been strictly adhered to in those cases where families of
languages appear. The point~to-point processors of these cate-
gories are largely modules taken from one large comprehensive
processor and for this reason, these were included in their re-
spective groups, albeit not in their proper category.

Table 2.1 summarizes the languages and provides an "

at a
glance" comparison of some of the relevant properties of each

program.



LANGUAGE
NAME

APT ITI

2CL

EXAPT I
I1
111
ADAPT
AUTOSPOT
AUTOMAP

AUTOPROMPTg

SPLIT

2C

AUTOPOL

KIPPS

MILMAP
2PL

COCOMAT
CAMP 1V
SNAP

ROMANCE
SYMPAC
ACTION
UNIAPT

AUOTPROPS
PRONTO

5

NUMERICAL CONTROL LANGUAGE COMPARISON

CONTROL
CAPABILITY

CPC, PTP;

CPC, PTP

PTP
CcPC
PTP,CPC
CPC
PTP
CcPC
' CPC
CPC,PTP

CPC

CrPC
PTP
PTP
PTP

CPC
CPC, PTP
PTP
PTP
CPC
CPC
CPC

PTP
PTP

NUMBER

5,6

W W MW

3,4

2,5

N R
s

N

2,5

W OO W DN

n

TABLE 2.1

TYPE OF
OF AXES PROGRAM

GP»

GP

GP
GP
GP
GP

GP
GP
IMO,

GP

GP
GP
GP
G?P

GP
MO

GP
GP
GP

GP

GP
IMO

COMPUTER
AVATLABILITY

IBM,CDC,UNIVAC,
and other large
systems.

UNIVAC,ICT ,KDFQ,
ELLIOT 4100

GE,CDC,KDFQ,ICT,IBM
UNIVAC,Siemens

1BM
IBM
IBM 1620
IBM 7090

IBM,Honeywell,
and others.

Same systems as
2CL above.

IBM 360/30
KDF9

Same systems as
2C,2CL.

PL/1

1BM, CDC, UNIVAC.
1BM 1401

IBM 1130

UNIVAC 80, 90.
IBM %60/30

PDP 8, IBM 1130,
GA 18/30, GEPAC 4020.

IBM 1401.

GE 225
IBM 70k, T090.

«vsscontinued....
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NAME CAPABILITY AXES  TYPE COMPUTERS

PHILCON cam-milling 2 - IBM 650, CDC 3600.
NUCOL CPC 2% GP UNIVAC 1108

NCPPL cpc, PTP 2,3 My GE MARK II

NCPPX PTP 2% MF GE 225 MARK I
COMPACT cPC, PTP 2%, 3 MF SDS 940
QUICKPOINT &  PTP 2 - PDP 8

Legend:

1 ) CPC refers to Continuous Path Contuoring, and PIP defines
- Point-to~point machining.
2 ) GP is here defined as General Processor.
s ) No longer in common use, as many of its advanced features
have been combined into the APT language.
4 ) IMO is defined as Individually Machine Oriented.
s ) MF is defined as the Machine Tool File as used by some of

the time.sharing systems,.

TABLE 2.1
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2.4 THE FUNCTION AND OPERATION OF THE POST-PROCESSOR

2.4.1 Introduction

Of the 22 languages cataloged in section 2.3% all but two
are of the general processor variety, that is they are able to
calculate lines, point, circle and other geometric definition
orientations but they do not contain sufficient information, by
themselves) to produce a control tape. It is therefore necessary
to load the output information of the general processor onto a
file for subsequent processing by yet another computer program,
called the "post-processor'". The post-processor contains the
necessary logic to convert the auxiliary machine tool functions,
and other statements not acted upon by the first program, into a
code recognizable by a specific machine tool-controller combination.
This done, it must organlize the codes into a tape format deter-
mined by the construction of the reader-buffer on the controller
unit, and then supply the proper interfacing with a tape punch
unit to generate the control tape. (See fig. 2.18)

One of the problems of the post-processor from the indus-
trial user point of view is that of cost. Software packages for
complex machines using APT run into the thousands of dollars, in
some cases significantly adding to the purchase price. To com=-
pound this problem, the industrial salesman, whose duty it is to
ardently expound on the virtues of a machine, frequently is not too
clear himself on the details of its computer interface. Besides,

it is no doubt an extremely difficult task to convince a machine-
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tool buyer that he needs this five or éig thousand dollar reel of
magnetic tape for his newly purchased numerical control machine.

Of course, it goes much deeper than thatj computer pro-
grammers, while they abound in an academic environment, are seldom
brought face-to-face with the actual operation of the computer
itself. The post-processor must be able to recognize each bit of
information in the CL data file and it is at the interfacing level
of the two programs where many simply do not bother. A knowledge
of the machine assembler language and its use is a must, and
since each family of computers has its own, the number of inter-
facing programs becomes the product of the number of computer
assemblers and the number of machine tool controllers which must
be interchangeable.

One solution of course is to market the software for a
machine as an integral part of its purchase price. Many companies
do this but unfortunately not all of them. A different approach
is to set up modular skeleton processors ¥hich may be filled in
by the local part programmer with very little formal knowledge of
any computer language. The Machine Tool Description File of the
General Electric System is an example of this concept. Most
computer-programmed machines to date use "custom-made" postprocessors
which are»written in thelr entirety for a specific machine-computer
language combination. This is a more classic approach, than the

Ykit" form available from G.E. and Com-~Share, for instance.
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2.4.2 Structure of Conventional Postprocessors

Post«processors written in the early stage of NC develop-
ment were compiled in assembler language. As more computer man-
ufacturers entered the market, each with their own assembler, it
became obvious that a computer independent approach to postprocessor
writing would be highly desirable. This would of course require
a greater operating core.

In 1963 APT Postprocessor Standards were established by
IITRI for members of the ALRP. This was to ensure that:

1. Postprocessors would be modular, with common modules
in various postprocessors, lowering costs and increasing the in-
herent reliability,

2. Postprocessors_would be thoroughly documented, for
user's information and altération, if necessary,

%. Postprocessors would be similarly structured across
product lines to decrease user training time and costs. 67 S72 58

One manufacturer of NC machine controller units has
followed these guidelines to the point where many different ma-
chines may be operated each using the same basic controller. The
result is obviously lowered hardware and software costs.

In structure the standard postprocessor consists of two
phases. The first phase reads the CL tape and processes it, sets
flags and paramaters and may also store an output record in a
special intermediate array. When the END of FINI statement is

encountered the postprocessor begins the second phase which se-

quentially pProcesses the array and produces a control tape. The
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organization of the program is as follows:

i) Input and Control. CL tape records are read and
partially processed. If no errors exist in the record type,
those sections not processed are dealt with.

ii) Auziliary All the auxiliary machine functions -
spindle speed, feedrate, table rotation, and so on - are handled
by the auxiliary section, which set.the appropriate parameters
in terms of an output code

iii) Motjon. Part coordinates are converted to machine
coordinates, type of interpolation is determined, and non-axial
feedrates are established.

iv) Output (non.motion) - If the information transmitted
to the machine deals only with auxiliary machine functions the
output record is compileé and the tape is punched.

v) Output (motion) - total motion is broken into one or
more tape blocks setting feedrates and making certain that the
dynamics of the machine and controller have time to respond to
input commands.

This is of course a vastly oversimplified algorithm in
light of the myriad of features available on NC machines. It
serves to illustrate however, the magnitude and nature of the
tasks performed by the conventional postprocessor in the prepara-
tion of a machiﬁe control tape. It does mnot give details, which

are generally classified information.
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2.4.3 Postprocessor Construction Using the G.E. MARK II System.

Prior mention has been made of the time-sharing systems
offer by General Electric Corporation. The new NCPPL{ language
(for Numerical Control gpft-gpogramming Language, ﬁ denoted pro-
prietary system) is in effect a complete processor in a modular
form set up so that the user may make alterations to any part of
his system as he wishes.

The processor structure is a rather ma jor departure from
the fixed format, fixed vocabulary languages generally available.
A complete processor in NCPPLS may consist of as many as four
segments and the vocabulary may include terms specified and de-
by the programmer himself. The four segments are named:

1. Part Program File

2. Machine Tool Description File

3. Cycle File

4. Points File.

Of these four, the first two are mandatory‘with items 3
and L offered as extremely desirable options. Each time the
program is rﬁn, it asks the programmer to specify the files he is
using by name. These files must have been compiled, entered and
saved prior to calling NCPPL for successful execution of the pro-
gram. Having been supplied with the relevant bits of information,
the system returns with either an output listing or an output tape
(if no errors have been found), in response to the appropriate

command from the programmer.

Items 2 and 3% above together may be thought of as the
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postprocessor in this system, dependiné on how the cycle file is
to be used. The NCPPL Users Guide (Reference 49) contains com-
prehensive illustrations how cycle files may be prepared for spe-
cific purposes. Some samples listed illustrate the following:
i) Use of a Cycle File to mathematically relocate pro-

grammed points by transformation, rotation, or mirroring.

ii) Table Look-up logic for S-command value, and Feedrate
calculation ability for F-codes (IPR, IPM).

iii) A technique for repetitive programming such that a
pattern of points is repeated in a mesh or grid pattern of rows
or columms

iv) Incremental Machine Cycle, including:
a) Start-up logic
b) Twin-head compensation

c) Automatic segmentation of movements greater than

9.999 inches
d) Absolute printout at desired stages
e) automatic M-code formatting.
v) Absolute Machine Cycle including:
a) M and G code determination
b) Automatic gage length, clearance plame and cut
depth adjustments.
¢) Internally gencrated comments.
The cycle files employ a facility called a storage register.
This register is made up of 500 sequentially referenced locations
which may be used to contain a spindle speed table, for example,
and which are also used as output buffers for output "words" of

informatjon. These registers are therefore greater in size than

a computer word. They may also be used in computational work as
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the current location of a variable which is brought into the cals
culation cycle by its register address rather than its actual
value.

The NCPPL system includes in its repertoire ten arithmetic
operations. These are:

ADD - addition

SUB - subtraction

MPY - multiplication

DIV - division

POW - raise total to a power

SQR - square root

LOG -~ natural logarithm

NEG - reverse the existing sign

ABS - take the modulus of total

INT - truncate to a whole number

Trigonometric functions are also included (sine, cosine,
e.g. ). The register storage locations are entered and loaded by
means of USE n and PUT m commands. USE n calls up a specific number
n whereas USE/n refers to a previously located number in storage
position n, entered into that position by the command PUT n.
These facilities, in conjunction with the progranmer's expertise,
and the MIDF, facilitate the in-house writing of postprocessors,
as they are traditicnally called.

The MIDF of the NCPPL language is an expansion of the
MARK I system file described earlier, permitting a much greater
flexibility of input and output. This file provides the computer
with resident information on a particular machine tool. The

nature of the information called for follows:

i) Multi-valued vocabulary wordsj; examples CCOLNT, FEDRAT,



Single valued wordsy DRILL, MILL, EORE,

ii)
iii) Standard vocabulary words (these are unalterable)

GOTO, DPT,
iv) Coded output format options,

- leading, trailing zeros, tab, no tab, nature of
block codes,

v) Number of output registers,

vi) Output register address letters,
vii) Output register formats,
viii) Repeat codes for output registers,

-~ some machines require blocks of information to be
repeated, others do not,

ix) Register storage locations for multi-valued words,
single valued words,

x) Numerical values of single-valued words,
xi) Tape format. '
When this file is completed and saved, the programmer is
in a positipn to write his part program, with or without the aid
of the NCPTS point generation program.

2.4, 4 Summary

The traditional secrecy which blankets the postprocessor
in industry has generated some controversy among potential users
of NC equipment, and indeed may have turned some away from it
altogether. An attempt has here been made, not to destroy this
mystery, but to explain in part why it exists and to give one
evample of how it may be circumvented by the machine tool user

himself.
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3.0 TAPE FORMAT TRANSLATCR
3.1 Introduction
3.1.1 Existing Tape Formats

Four standard NC tape formats are presently in use.

These are: 1) Fixed Block, 2) Tab Sequential, 3) Word Address,
and 4) Universal.

The fixed block format requires that all the words or
code sets, be arranged in a constanﬁ, predetermined ovder. If a
number does not change it must still be entered, if no numerical
value is assigned to a location (or series thereof) zeros must
appear in those locations. Since a great deal of NC work requires
that only one or two parameters change in a block, this format
can result in excessively long tépes.

The tab sequential'format is perhaps the first step in
redu;ing the length of tape and the amount of information re~
quired for each block. The order in which the words appear re-
mains fixed but these are now separated by a TAB, wWhich has the
same effect as the TAB button on a typewriter. Only that infor-
mation which changes from one block to another must now be entered,
however a tab must still be inserted for each possible word
whether it appears or not. This also has the desirable effect of
organizing columns of coordinates and feedrate or miscellaneous
codes on a manuscript on the flexiwriter.

A more readable format is the word address wherein syw-

bolic letters prefix each of the wovds of the block., If a change
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is made in any of the parameters, the éymbolic letter and its

new numerical value appear, otherwise it is ignored entirely.
This format stems from the block address which specifies by a
numerical code, which words in the block are to appear. Block
address format is extremely confusing to read, hence the need for
word address.

The Universal format combines the features of word address
and tab scquential formats resultiné in properly aligned columns
of word addressed codes on the flexiwriter manuscript.

A comparison of the four basic control tape formats is
shown in figure 3.1,

3.1.2 Tape Translator! Problem Definition.

It is quite possible, due to the proliferation of NC ma-
chings on the market that a user firm may own two or more machines
with similar capabilities but with different control systems.
These may or may not read the same tape format. Some paper tape
reader units claim the ability to read two or more format® but in
actual practice this is quite rare.

It is furthermore a reality that at McMaster, the Engi-
neering Machine Shop now has a MOOG 8%-1000MC numerical control

machining center. The details of the machine are not relevant to

the subject presently under discuesion. The tape format, however,
is a non-standard fixed block system which doubles up to an effec-
tive 9, or 10 word system to position and control the Z.axis, The

format called for is extremely error-prone to manual-programming
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and is not known to be used with any of the popular machines.

It is therefore a desirable thing to be able to translate
paper machine control tapes from one format to another. Some
conversions are simple, for instance word address éo tab sequential
to universal, or any variation of these three.

It was decided that the initial conversion would be to
translate a tape encoded in the Universal format to that of the
MOOG, since perhaps the major share‘of the problems would occur
here. Situations may arise in which one block in Universal
must be converted to as wany as three in MOOG.

The objective of the Project then became: to design a
software package for a PDP.8/L which will translate the data of
an NC tape written in one of the standard formats into the format
of the MOOG and subsequently produce the MOOG tape.

Some of the anticipated difficulties at the start of the
project were:

1) The splitting up of the block into as many as three in
order to introduce all the relevant information into the MOOG
control system.

2) Many machines use more digits per word than the MOOG.

3) Various methods exist for coding feeds and speed.

4) A table selection routine should be instituted.

3.1.3% The PDP.8/I System

The machine on which this program was implemented was the

PDP-8/L computer with a 4K, 12 bit word memory. The auxiliary
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input/output devices include basically'the ASR 3% or %5 teletype
units, a Sykes Datatronics magnetic tape drive unit for cassette
data recording, and a high-speed paper tape reader-punch assembly.

It was considered advantageous, both from the academic
viewpoint, and that of saving core, to use the PDP machine assem-
bler language, PAL IIX. This language consists of mnemonic codes
which are directly translatable into machine language. There are
seven basic instructions and a full list of operating microinstruc-
tions which help to control various operations in the computer.
Figure %.% shows one of the installations used for the project.

The present versions of the PDP 8 utilize integrated cir-
cuitry, resulting in extremely rapid processing as long as core
capacity is not exceeded. Some of the problems with working in
machine language lie in the computational area, that is, whole
routines must be written to work in floating point arithﬁetic.
It is the preferred modus operandi, however, when data handling
routines are required. The advantage lies in that the designated
codes need not be in a form recognizable to the computer since
only binary numbers are used.

The software system used for compiling and debugging the
program consisted of:

1) A Symbolic Editor Program - to compile and correct the
logic and generate the symbolic take.

2) A Utility Program - another form of editor.

%) The PAL III Assembler - a three pass assembler which
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FIGURE 3.3

PDP 8/L installation used for the
MOOG translator program development
and operation.
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sorts out logical errors, produces & binary operating tape, and
supplies the user with complete cross-referenced documentation.

Extensive use was made of the DEC publication (reference 59)
to assist in the programming and proper operation of the machine.

3.2 Tape Translator Development

3.2.1 The Details of the Problem

Many machine tool controller units presently use the word
address or universal format for ease of reading and to facilitate
control unit storage location referencing. In fact, these two
formats, have become more or less industry standards due to their
readability and flexibility. It was decided therefore to use the
Universal format as input (althoggh word address works equally
well) to the computer. Figure 3.4 shows a coding sheet of the
proposed input format. Each group of numeric symbols is preceded
by a letter designating the function of the number or code. This
alpha-numeric string is called a "word".

Furthermoré, there may be as many as ten of these words in
the standard Universal block. By registers, their functions are:

i) Sequence number, preceded by N or H depending on con~
troller,

ii) Preparatory function code, preceded by G, which is a
ma jor instruction affecting the mode of machine operation (i.e.
drill cycle, linear-circular interpolation, or other ‘caoned’
cycles),

iif) X-axis register, preceded by X, to inform the machine



Sequence Preparatory] X-Axis Y-Axis | Feed Point| Final Depth Feedrate15pind1e Tool | Misc.
Number Function (X) Y (R) (2) () Speed | Funct | Funct
() (c) (s) (r) | ()

FIGURE 3.4 Coding Sheet of Proposed Universal Input Format
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of the desired X axis location,
iv) Y axis register, preceded by Y, to locate the desired
Y location,

v) “"Rapid-to" register, preceded by R, to inform the ma-
chine how far it can position at "rabid"rpositioning speed.

vi) Final depth register, preceded by Z, designates the
maximum Z axis travel at a controlled working feedrate,

vii) Feedrate register, preceded by F, supplies the controller
with a code which determines thebx, Y, and Z feedrates,
viii) Spindle speed register, preceded by S, again in code

informs the controller at what RPM the spindle is to turn,

ix) Tool functiorn register, preceded by T, calls up non-
sequenced tools by drum location or tool code,

x) Miscellaneous function, preceded by M, performs certain
switching functions such as tape rewind, coolant (on, off, mist,
flood) or end of program signals.

Having listed the input parameters, the attention must
now be focused on the desired output, or rather, the coding re-
quired for MOOG operation. Figure 3.5 shows that no address
letters are used and that there are but T registers per block,
to handle the functions that require 10 in the universal format.

A unique system is employed in that many of the registers
are able tc "double up" when certain bits of information are
called for. To emphagize this, a register-by~register function

description is again employed.
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Sequence
No.

Prep
Fct.

Feed Point| Final Dep.
X-AXIS Y-.AXIS
00.000 00.000

Res.
Fet.

Tool
Fet.
Code

Misc.
Fect.

FIGURE 3.5 MOOG Coding Blocks




i) Sequence number register, to give tape location,

ii) Preparatory function register, to determine cycle or
operation maae, and to control access to the Z or depth registers.
These codes are unique to the MOOG, and are not in compliance
with EIA standards. |

iii) X registers, to give X-axis location and to double
up as the "Rapid to" or Feedpoint register when so called for,

iv) Y register to locate the Y-position and inform the
machine of the working Z depth when this is needed,

v) a Reserve function register, not used,

vi) a "Tool Punction Code" register which handles- all the
codes for: a) tool dyrum locationms,

b) X, Y, 2 feedrates codes,

c) spindle speed code, in conjunction with the vii)
"Miscellaneous Function Code" which, in addition to performing
the switching functions as earlier described also determines which
code is in the tool function code register.

The end~of-~-block code, common to all tape formats is the
carriage return code generated by the flexiwriter. This code se¢-
parates one block of information from another.

The codes available for use on the MOOG are shown in
Figure %.6. Some EIA Standard codes are shown in Figures 2.2 and
2.3,

It should be reiterated that the Universal or Word Address

format does not repeat information which does not change, or con-
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MOOG HYDRA-POINT PROGRAM&ING DATA

Model 83-1000 Machining Center

Tool X,Y Axis
Funct. Feed
Code in/min
01 1.0
o2 1.9
03 2.7
Ol 4.0
05 5.5
06 7.2
o7 9.1
08 11.2
09 13.3%
10 16.0
11 18.6
12 21.5
13 oh. 7
14 27.9
15 31.5
16 35.6
17 39.7
18 L4.0

PREPARATORY FUNCTIONS

- Position only

- Tap-feed control
- Peck

- Drill

Mill

Bore

Tap-pitch control
Read Z

O 0= O\\J1 & =
1

Z Axis
Feed
in/min

1.0

2.1
3.6
23
8.1
10.3
1%.3%
16.L
20
25
20
%2
37
42
48
53
59
6l

Spindle Tool Spindle
Speed Funct. Speed
R. P. M. Code R. P. M.
65 21 525
75 22 625
o1 23 T60
105 2k 875
120 25 1015
140 26 1140
155 27 1300
175 28 1450
195 29 1610
215 30 1800
240 31 2000
270 32 2225
300 33 2470
3%0 3L 2740
3715 35 3100
415 36 3450
465 57 3830
495 38 L0%0

MISCELLANEOUS FUUCTIONS

00 -
02 -
06 -
07 -
08 -
09 -
80 -
81 -
& -
83 -
8y -
85 -
86 -
88 -
89 -

FIGURE %.6

Program stop

End of program

Tool change (manual)
Flood coolant on
Mist coolant on
Coolant off

No change

Partial retract om
Partiel retract off
Indexing workpiece
"X" Feed rate

"Y" Feed rate
Automnatic tool change
Spindle speed change
"Z" Feed rate
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versely, only those bits of informatioﬁ which change from one
block to another are enteredy those which remain constant from one
block to another are not repeated. TFixed block formats demand
exactly the opposite, that all parameters be listed each time
(except in certain code registers) regardless of their variability

from block to block.

%.2.2 The Requirements of the Conversion

3.2.2.1 Sequence Number

The sequence number is retained in the conversion, the
only change being the deletion of the address letter N. The
sequence number will repeat itself in cases where more than one
block of information of MOOG format is generated by one block of
universal format. This presents no difficulties for the MOOG
reader unit.

3.2.2.2 Preparatory Function

The Preparatory (or "G") functions of the EIA standard
codes in no way resemble those used by the MOOG. Hence, in addition
to deleting the address letter, a different number must be summoned
to activate the desired machine cycle.

Three other problems arise out of the Preparatory function
translation and these are further delineated:

i) There is no common EIA standard for a "MILL" cycle to
compare with the MOOG number 6 G function. Some prégfammers use
an unassigned G79 or G78 depending on the type of cycle desired

but this varies. The rcason for this is that many machining


http:difficulti.es

centers and NC milling machines assume milling to be the standard
mode, with canned cycles taking over drilling, tapping and boring
operations, among others. For this reason, the program in its
present form is strictly point~to-point in that it does not in-
clude the straight-line milling capability. Another difficulty
arises in the X and Y feedrate coding in this regard, which will
be elucidated later.

ii) When the Z axis instructionms are called for, the "9"
must be inserted in this location. This should hence be deter-~
mined, not by a "G" code, but rather by the existence of an "R"
or a "Z" in input.

iii) Sometimes an extra block of information is required

for one or more of the "M" functions, due to the rather limited
flexibility of the fixed block, and the great number of T-M code
combinations required to transmit the required information. When
this happens, the "G" function is normally a positioning block,
that is, only the switching function is called for in this par-
ticular block.
3.2.2.3 The X, ¥, R, Z, Registers

Two modifications are required in the translation from Un-
iversal format to MOOG of the actual numerical values which supply
the position informations for the X, Y, and Z axis movements.
The first modification is the deletion of the address letter. The
other is the truncation of the number from 6 digits to 5. A note

of explanation may be in order here.
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In most closed-loop control syétems of ﬁC machines, the
actual tool position is compared continually with the position
stored in the register. The closed~loop concept furthermore dec=-
pends on an error signal for its operation. To maintain accuracy
of say p .001 inch, the electrical resolution in an electromechan-
ical system must be ! .0001 inch. The MOOG system, dependent on
varying oil pressure for activating the axis movements, needs no
such .0001 resolution, hence the X, Y, R and Z inputs use only 3
decimal places instead of the L4 required by an electromechanical
NC control system.

The result is>that the last digit can be dropped in the
conversion. It was initially proposed to insert a rounding up
routine whenever the last digit had a value of 5 or more but the
problem of developing such a routine was deferred to allow for
initial debugging of the main logic. Hence the last digit is now
merely dropped. This has the effect of increasing the positional
error from an advertised M .00% inches to ! .004 inches, which is
still acceptable in NC machine tool technology. It was felt that
this error was a small price to pay for the initial reduction in
required programming effort.

Another problem, unrelated to the numerical values, arises
out of the split block system used on the MOOG. Whenever a G code
of 9 is used, the information following that block refers exciu-
sively to Z axis movements, that is feed point, final depth and

working feedrate of the tool. Herein also lies another problem
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with milling, although this is easily éircumvented, in that it is
difficult to separate out to which axis the feedrate applies.
Sophisticated machines do not require this sort of information as
they are able to determine feedrates in non-axial directions as
well as axial. The MOOG however requires separate coding for the
feedrates in each of the coordinate directions. 1In its present
form, the program only handles pointnto-point work so this is not
an issue at the present state of development.

3,2.2.4 The Reserve Function Register

A zero must be entered in this register. It has no

function at the present.

3.2:2.5 The F, S, T, M Repisters

These are here discussed as a group because in their im-
plementation on the MOOG, various combinations of Tool function
code and Miscellaneous fuunction designate which machine function
is to be controlled and what the input code of the controlled
function is to be. Figure 3.6 lists the combinations which can
be applied.

Herein also lies the greatest deficiency of the prograum.
The problem definition loosely states that a table of values be
consulted to relate the feedrate in inches per minute to tool
function code. To properly execute this part of the program it
must be able to recognize, and translate at least three different
types of feedrate-spindle speed codes in addition to that of the

MODG., These are:s
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i) EIA Magic 3 code. - This code gives as its first digit

the order of magnitude of the number (with its base as 1073).
That is if the first digit of the code is a 1, the feedrate is in
hundredths of an inch per minute. Each order of magnitude higher
increases this digit by one. Thus a feedrate of 2 inches per
minute would appear as 420 where the b indicates the magnitude of
the number and the 20 its numerical value.

1i) EIA Inverse time feed code.

"Inverse time feedrate coding provides the control with a

BCD feedrate code which is equal to the reciprocal of interpolation

time in minutes". 5® The code is calculated according to the
formula FC = % or % for linear interpolation and
o \
FC = T or iy for cicular interpolation
where Vector

v .

S Vector distance in inches
T = time in minutes
R

©

nou

]

arc radius in inches

and = arc length, in radians

In this case a feedrate of 2 inches per minute and an axis dis-

tance of 5 inches would be carried out as follows:

2.0 in_ 1 2 1

FC = min * Sin © Smin  2.5uin

or .h/min

iii) Bendix increased resolution}
The machines using Bendix increased resolution require a
slight modification of the above formula which effectively in-
crease the flexibility and accuracy of the coding.

For this sort of calculation, it is imperative that float-



ing point decimal numbers may be used. Since all of the calcula-
tions in the core ordinarily use BCD with 3 bit numbers, the rou-
tines requiréd to execute the functions above described would be
extremely complex. Here again, it was decided to forgo this whole
area and simply code in directly, the MOOG feedrate codes for the
F and S designations. Hence, the input to the program is removed
from the ideal by the lack of this code selection facility.

Some approaches which could be taken to include this fa-
cility are:

i) use of a polyncmial curve with coefficients such that
when a given feedrate-spindle speed is inserted into it, the
proper feed code is punched on the output tape. This is not
really the answer since very few machines read IPM or RPM directly.

ii) a comprehensive routine to: {a) sort out the type of
input code (Magic 3, Inverse Time, Bendix etc.), (b) relate it
to speed in inches per minute or revolutions per minute and (c)
select the proper tool function cede from a table of values.

The additions outlinced above would possibly require by
themselves as much time as was necessary to develop the main
program and its attendant subroutines. The problem in that case
needs to be redefined so that either a general program, or a spe-
cific input is to be dealt with. Some questions remain as to
whether the core storage is sufficient to handle these added cap-

abilities.
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4.3 Program Development

3.%.1 Basic Concept

The requirements of the MOOG basically are, in terms of

block variations:
i) A repeatable register for X and Y values
ii) A non-repeatable register for the Z axis values

iii) A register for auxiliary functions

Ttem (1i1i) may be considered optional but in terms of
program development it was included since in the Universal format
certain M functions may appear in the same block as spindle speed
and feedrate information. Due to the MOOG M and T function setup,
this is not possible to duplicate unless an extra {positioning)
block is programmed.

Since some bits of information in the Universal block
could by themselves prompt the output of a whole block of infor-
mation for the MOOG, it was considéred necessary to process the
incoming tape block by block rather than, perhaps bit by bit as
do some translation routines. With the above variations in mind,
the gencralized alorithm for the program became:

i)} Read a block of tape and store it in an input memory
ii) Process the information according to a predetermined
priority scale for each information word.

iii) Set up an output array (or arrays) and type it {them).

The three output memories, eéch exactly 20 characters

long (sce fig. 3.7), when filled and punched each constituted one
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INPUT MEMORY

NEWMEM

20003
2077

OUTPUT MEMORIES

50 ©
9 XYME M 1
S &
@ (1]

0
Sl ZMEM ©
~ ~
S |
S MCOOL o
N Ql
o N

FIGURE 3.7 HMEMORY STRUCTURE IN MOOG TRAHSLATOR
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block of MOOG information. Their contents are described above
in terms of requirements. The input memory is simply a catch-all
for all the information on the input tape. It must be cleared
when a block of tape has finished processing.

Due to the continuous recycling nature of the program,
there is no theoretical or actual limit to the physical length of
the tapes which it may be called upon to process.

3.%.2 PAL III Implementation

A listing of the entire processor as developed is given
in the appendix. Following is a listing of the symbols used and
their role in the program. In-program addresses, whose only role
is to locate 2 line (for a "Jump-to" statement for instance), are
not included. The computer language used is PAL J11I. The symbols
appear here in the order of their occurrence in the processor.
INDEX -denotes a special register (at address 10g) which
automatically increments a previously defined
counter each time it is called. This register

is used in the memory clearing subroutines.

TYPE ~the call symbol for the subroutine which operates
the teleprinter/punch unit.

EOB -call symbol for the punching of an end-of-block
code when one block of information has been
output.

COUNT . -~a location used to store and increment a cycle

counter (for clearing arrays).

XYMEM ~address 2100g. This is the starting address of
the X-Y output memory.

NEWMEM  -address 2000g. This is the starting address of
the input memory.
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MCOOL -address 2200g. This is the starting address of
the auxiliary (M) function memory.

ZMEM ~address 2140g. Starting address of the Z re-
gister memory.

XYCTR, MEMCTR, COOLCT, and ZCTR all hold counters which
determine locations in the above memories.

CR, END  -CR designates an octal T600, which is the
two's complement of END, an octal 200. The
octal 200 is repeatedly used to determine
when the end of an input block occurs, when an
output memory should be typed, and to separate
the blocks on the output tape.

ML, M2, M3, M5, M19, M18, -These symbols all refer to
counters which zero the accumulator after 1, 2,
3, 5, 19, 18 cycles respectively.

STOP 1, STOP 2, STOP %, STOP 5, STOP 50 -These are the lo-
cations which hold the counters referred to a-
bove.

K277, K243 o ASC II codes for use of the teleprinter in
the error message subroutines.

SIX, NINE, ZERO -The EIA codes require that only an odd
number of holes appear on tape for any given
symbol. For this reason a parity check is
added where the binary code would produce an
even number. These numbers refer to their octal
equivalents according to the EIA code.

MASK ~-used in a logical AND operation to ensure that
no hole will be punched on the eighth track of
the tape.

CHEX to AGAIN -~ with a few exceptions, these are links
which enable the page-oriented computer to move
from a core location on one Ypage" through a
location which is accessible from all parts of
the memory, to a predetermined locatioa on an-
other page.

Using the foregoing general vocabulary, and other local
temms, the algorithm used is given below: The numbers on the pro-

gram listing {see Appendix B) and the flowchart (fig. 3.8) corree
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spond to those here assigned to the sequence of operations.

#1.
';('20
3

L.

10.

11.

Clear locations 2000g to 2277g with an EIA zero
Punch a leader '

Deposit an octal 200 in the 20th location of each of
the output memories

Set output memory counters to their respective first
locations

Read a block of tape and deposit the contents in the
input memory (NEWMEM)

Reset the input memory to 2000g and search for an N
Cannot find N, return to 5 and/or type out an error
message number.

Found N, pick out the following three numbers and de-
posit in first three locations of XYMEM (Sequence
numbers)

Reset input memory and search for an M

Found M, go to:subroutine to process M and output a
suitable tape block, return to main program at 5 or
12, depending on.the type of input

No M, deposit an 80 in the last two valid locations

of XYMEM (MOOG code for no cﬁange)

12 Reset input memory and search for G

13.

1h.
* 15'
#16.

#17.
* 18.
19.

#20.

Found a G, jump to a subroutine to generate the appro-
priate code -
No G, continue

Search for an X

Found X, select next 5 characters and deposit in the -
assigned locations of XY memotry

No X; search for a Y

Found Y, repeat 16 for Y

No Y, search for a spindle (S) code

Found 5§, obtain code and transfer to XY memory register



21.
22.

23.

#2h,

25.
#26.

7‘:-27.

28.
#29.

The
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location

No S, check for an R

No R, clear input memory and return to 5

Found an R, organize sequence and preparatory function
registers.,

Allocate the R and Z values to their proper output
memory locations :
Search for an F, if none, go to 5

Found F, insert F code into tool function register
and type the contents of the Z memory (ZMEM)
Clear input memory

Return to 5 (to repeat steps 5 - 28)

Punch a trailer if a tape feed symbol {octal 177) is

encountered

search routines execute by comparing the two's com-

plement of the octal code with the input character. When the

character in question appears in the accumulator along with its

two's complement, the accumulator becomes zero. This then prompts

a call out of the loop to a subroutine or some other predefined

location in

the program. To protect the program an additional

counter is built in to make sure that not more than 50 cycles are

executed for any one search. When this number is reached a number

of things may happen

a) the program moves on to the next sequence

b) an error message is typed out

¢) a subroutine is called

The

operations preceded by an asterisk indicate that the

task {s performed at a location outside of the main program (see
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flowchart, fig. 3.8). Future additioné to the program, if desired,
could easily be,incorpofated by the insertion of more subroutines
with their appropriate links. In this way some of the aforemen-
tioned deficiencies could be amended without altering the logic

of the main program.

3.%.% Implementation on the POP8/L

The details of programming in the PAL II1 assembler lan-~
guage are well described in reference 9. The program was compiled
with the aid of a "Symbolic Editor" which facilitates writing,
correcting and editing of the symbolic tapes. These tapes are
then processed by a three pass service program which translates
the symbolic programs into binary programs. The functions of each
pass are given below.

Pass 1. A symbol table is compiled, and a check is made

for certain error modes.

Pass 2. The binary tape is generated using the symbol
table of pass 1 and a check is made for an illegal
reference error.

Pass 3. A complete assembly listing is either typed ox
punched which facilitates debugging and modifica-
tion of the program.

No attempt was made to aim for peak efficiency in program

execution since the output elements (i.e. the teleprinter/punch)
were so many orders of magnitude slo&cr than the operation of the

program itself that if it worked at all, it was always waiting for
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the punch unit.

A great deal of time was lost in dealing with the problems
of equipment breakdowns, both in the input/output devices and the
processor unit itself. The processor unit problems were mainly
restricted to insufficient voltages and related problems. The
1/0 breakdowns were largely mechanical in natrue due to the over-
use of this equipment.

3.3,4 Results

Approximately 80 hours of time were spent in the compiling
and debugging of the package as it exists in its present form.
Some early problems arose out of unfamiliarity with equipment and
as the program development progressed the logic errors became
prominent.

Many of the errors were detected by means of a "single
step” switch which permits the operator to manually advance the
computer through the sequence of operations while observing the
contents of the memory address, memory buffer, and accumulator
registers.

%.%.5 Observations

Fig. 3.9 shows a flexiwriter printout of (a) the input
tape and (b) the processed tape from the computer ready for the
MOOG. In accordance with the initial requirements, the following
details should be noted:

a) Ail X and Y values are repeated on the output tape re-

gardless vhether they change or not.
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b) Up to 3 blocks of information are generated in MOOG
format from one block of Universal format. When this happens, the
sequence register does not advance, rather it retains the number
assigned to the block from which it orginates on the input tape.
This was seen as an option but in this case a desirable one. It
enables the machine operator to use the program manuscript from
the Universal tape as a debugging aid without the need for ex=
amining the somewhat confusing MOOG format.

c¢) A 5 block leader and trailer is punéhed on the output
tape.

d) The program begins its actual cycle when it comes across
the first "N" character on the tape. It halts when a tape feed
character from the flexiwriter appears in the reader.

e) The resolution of the 6 digit input values is reduced
by a factor of ten. The numbers are truncated, not rounded off.

f) Error subroutines do appear in the program, but only
one is presently operational. It should return a f? No. 2" when
a toolchange is specified but no tool is given. An error subrou-
tine to point out the lack of an "N" éymbol was bypassed in the
progressive development of the program however it was decided to
leave it in there.as some other use might bé found for it later.
If now there is no N symbol on the input tape, the program will re-
cycle itself until it sees an octal 177 at which time it will halt.

g) The milling capability is not included in this program

It does however have all the positioning cycle capabilities of the
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MOOG.

h) Tool-function codes are merely F and S codes previously
selected from the MOOG speed and feed selection table with the
address letter deleted {also the tool number).

i) Separate blocks are punched for activating or de-ac-
tivating spindle coclant.

j) The program presently operates only with a low-speed
teleprinter/punch unit. It is possible however to convert it for
use in the high speed system. This might be desirable for gener-
ating very long control tapes. The only modifications are that
the TLS, TSF, KRB, and KSF micro instructions are replaced by
their high speed equivalents wherever they occur.

k) The program is presently loaded on magnetic tape for
convenience of handling and use.

3.%.6 How To Use the MOOG Translator

i) Turn PDP "power" switch to "on" position,
ii) Load cassette in tape reader,
iii) Set switch register to octal 1777, depress "LOAD
ADDRESS", depress start.
iv) Teletype returns with "READY", type "L MOOG",
v) Set switch register to 200,
vi) Load input tape in tape reader, turn reader to "START",
depress LSP "ON",
vii) Depress "LOAD ADDRESS", depress "START"

viii) Reader should read block by block while the MOOG tape



is generated. The program will halt itself.
ix) Remove tapes, turn POWER to "OFF".
x) (optional) mount output tape in flexiwriter to ob-

tain a listing of MOOG format.

Certain precautions should be taken when preparing a tape
for this program. Any symbol except a "TAPE FEED" character may
appear cn the leader of the input tape. One possibility is to
type a string of zeros on the tape, perhaps 20 or so, and then
begin the actual part program. Secondly, if the input tape is to
physically halt the program, the last block of information must be
followed by a carriage return on the flexiwriter and then the tape
feed button must be used. When the tape feed symbol enters the
processor it will cause a 5 block trailer to be punched and the
processing will stop.

%.%.7 The Applications and Physical Requirements of the PDP .. MOOG
Translator.

If a translator program such as the one here developed is
to be put to practical use certain basic requirecments are necessrry.
These are:

1) A Universal format control tape generating facility.

This may be a computer, a Flexiwriter, or a time-sharing terminal.
(It could also be Word Address format).
2) A PDP-8/L or 8/I computer with basic LK core and an

ASR33 Teleprinter/Punch unit. The program requires about 1.6K bits
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of core from address 10g to 222%g. Hence there is a large amount
of unused core which may serve in some future developments.

3) The need for a tramslator facility; that is two or
more machines with radically different control systems yet
which may be called upon to manufacture similar workpieces.

The problems of actually accomplishing the translation
to its fullest extent have already been discussed in an earlier
section. It should be noted however that there are a great many
different types and brand names of NC machine tools with perhaps
an equally great variation in the coding required to fully realize
the potential of each machine. This in itself may be considered
a justification for not persuing further the task of a fully gen-
eralized speed, feed and tool selection facility. Indeed, if it
were possible to include such a facility, the need for post-
processors described in a previous section could be called into
question.

A suggested operation mode of the system at McMaster would
be to

1) Prepare a Machine Tool Description File for the MOOG,
such that the tape generated would be of Universal or Word Address
format, but that the auxiliary function codes would be MOOG com-
patible.

2) Use this tape as an input to the PDP 8 computer program

here described to generate the control tape for the NC machine.


http:persui.ng

107

%.%.8 Suggestions for Furure Development.

Some of the omissionsror deficiencies of the present state
of the software have already received considerable.attention.

It may be desirable however to increase the usefulness and facility
of the system with the addition of the following capabilities:

a) The full incorporation of the MILL cycle {could be
triggered by a G79) with its axial X and Y feedrate instructions,

b) A speed and feed selection routine relating the MOOG
tables (fig. 3.6) to some standard code (such as the EIA Magic
Three).

c¢) High speed tape reader and generator capabilities.

The infancy of the NC machine tool technology has been
plagued with the same problems which have accompanied many other
areas of rising technological development, that is, an uncoordin-
ated, cancerous growth. One need only briefly survey the early
history of the automobile, when it was possible to see or drive
steam cars, electric cars as well as those powered by a wide var-
iation of iuternal combustion engine. It seems that in the man-
ufacturing industry, as in nature, those who are the most fit
survive.

The evolution of NC techmology has, in addition to pro-
viding the user with a rather confusing collection of machinery,
consistently disregarded or overpowered the attempts of some to

standardize the modes of input to these machines. In a few things



there are agreement , such as the use of a 1" wide eight track
paper tape, the general use of the EIA code {in North America),
and the application of a few standard codes for machine operation.

While this area of technology is sorting itself out, some
aids are required to assist the progrmmner/operator to in some
ceses interface one machine with another. A sister technology,
that of integrated circuit mini-computers lends itself well to
this application. These units are relatively inexpensive and
can, in addition to their roles as tape processing units, be used
as problem solvers in the shop.

The project undertaken here of writing a tape translator
program served to i1llustrate the following:

1) The use of the mini computer in its application to
non-academic problems,

2) An introduction to software design and the use of the
assembler language,

3) The need for a more cohesive, more binding set of stan-
dards if the NC concept is to survive in thé face of rising costs.
Avcounterargument may be raised with this point that standards
hinder development. In the rather common areas of information
handling this may be éspecially critical.

) A coordinated approach to the development of a more
universal information handling system for NC should be taken,
failing the establishment of standards as in 3.

5) Some of the problems involved in postprocessor writing.
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Some of the functions performed by the program here developed
have their direct counterparts in the postprocessor concept.
3:5 Conelusion.
The MOOG Tape Translator is one attempt to bridge the
gap between the various tape formats avajlable for NC machine tools.
In so doing, it must also try to cope with the machines themselves,
their peculiarities, and their specialties. In its present form,
the program is probably not too useful, and it would be most de-
sirable if the need for such a translator would disappear entirely.
It has however, been more than a mere academic exercise in that
the potentialities of the software-hardware combinations available
today need more publication, to gain more non-academic support.
Further development of this translator is better geared
to mating two specific machines, such as the impending MARWIN
and the MOOG, for simple parts. The translation of any of the
standard formats to any other as given in the Project Definition
will only multiply the difficulties brought to light in this

section.
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NOO1

NOOZ

NOO3 G81
NOOL
NOOS
NOC6
NOO7
NOO8
NOG9
NO10
NO1 1
NO12
NO13
NO1L
NO15
NC16
NO17
NO18
NO1¢S
NC20
NO21
NO22
NO23
NO2L
NO25
NO26

G80
G381

G30
G81

FIGURE 3.9(a)

X120000
X000C00
X027120
A0439060
X070840

X0ueio0
X027190
X300000
X0271¢0
X043060
X070940

X0L9060
XG27190
X000000
X0271S0
XOHE 060

XO70¢40

X04cS060
Xg271¢0
X120000

Y000000
YOL0560

Y0586¢0
YO76810

YG00000
YOL0560

Y0586¢0
YO076810

YG000GCOo
YOLu0O560

Y058690
Y076810

YOO0G000

R0O25030 2026660 F12 S$S31

RO16620 Z020370 FO# S31

R0OZ21310 Z023360 FOS S29

Input part program.
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TO1

T02

TC3

MO2
MOo
MO8

MOo

MC6
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001019000000000C002
0020000000000000186
C0300271390405600008
0035027190405603188
003902503026660128%
00450480604 05600080
0065049060586500080
0075045060768100080
0085048060768100080
00S50271207681006080
0100006000000000286
0115027190k05603188
0119010620203700489
01250438C60405600080
0135070Sk0405600080
014507084 0586900080
0155070840768106030
016504<c0o0768100080
0175027190768100080
018300000000C000386
01950271€0405602988
015C02131023360088¢
020504%060405602080
0215070S40405600080
022507C0e10586500080
0235070S40768100080
02L450L4c000768100080
02550271c0768100080
0260150000000000002
00CC0000C0d00000000

FIGURE 3.9/b) Output MOOG part program.
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4.0 TIME-SHARING SYSTEMS FOR TAPE GENERATION.

4.1 Introduction.

Another project for this thesis was loosely defined as
writing 2 postprocessor for the MOOG Hydra-Point which could be
used with the APT system available on the CDC A40C at McMaster.
Due to the rather considerable time spent on the translator and
its inherent problems it was decided to search for a system
which could be addapted to the operating requirements of the MOQG’
with a minimum of time and effort.

Subsequent investigations revealed that the General Elec-
tric Time Sharing system presently available on the terminal in
the Computer-~Aided Design room already contained a system for the
part programming of point-to-point NC machines with 23 axis ca-
pability., This system is briefly dealt with in a prior section
(2.%.3.3) of this thesis. I; was decided to prepare a program in
the G.E. system which would generate tapes for positioning and
straight line milling work on the MOOG, which is presently pro-
grammed by special purpose computer programs, 807 81 to cut math-
ematically defined curves.

This is not to call into question the work done by Mr.

Husemeyer®® and Mr. Wong®l, rather it is an effort to provide

b
the sort of simple progra2uming, which can be learmed quickly by

shop personnel, and appliecd directly to pfoducing control tapes

for the work going on in the Machine Shop at McMaster. The spe-
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cial purpose programs are useful in that they enable the machine
to do work for which it was not really designed.

4.2 Program Development

4.2.1 The Machine Tool Description File.

The Machine Tool Description File, or MIDF, has been dis-
cussed in terms of function, that is, to build up a machine-or-

iented vocabulary which can later be used to write a part program.

The specific items of information required are as follows: 48

cremental moves.

Determination as to the necessity of repeating a
register if the next value is identical to the one
currently used in the register.

Assigment of each register to its particular special
or standard vocabulary word.

Answering specific questions relating to special
registers and options.

i) Special vocabulary words.
ii) Standard vocabulary words.
if{i) Standard and special characters.
iv) Number of registers available on the NC controller.
v) Word address characters for each register, if appli-
cable, o
vi.) Output formats for each register specificd.
vii) Designating whether the machine has absolute or in-
i)

<
ot
[N
H

e
”
S

Fortunately for the potential user, a great deal of the
work has already been done in the preparation of the MIDF in the
form of a generalized MTDF called GENMAC. This file of which a
listing appears in figure L.1, can be summongd from the remote
terminal , modified and renamed to suit the requirements of the
user, on the remote terminal.

With reference to the foregoing necessary items of infor-

mation in the MTDF it should be noted that aill but item (ii) may
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be user specified. These usually unaitered vocabulary words ap-
pear in lines 180 through 230 of figure k.1,

4.2.2 The Preparation of the MOOG MIDF.

With the generous assistance of the numerical control
specialist at C. G. E. in Toronto ©3, a MIDF for the MOOG was
quicély prepared. Most of the information used was found in the
operators manual, a summary of which is found in Figure 3.6.
Figure 4.2 shows the present statusvof the MOOG MIDF (MCMOOG by
file name). A line by line description of the information and

required modifications follows.

Lines 100 - 130

The first three lines refer to registers which hold multi-
valued vocabulary words. There are fifteen such registers, all of
whigh are available for the purposes of the user. Commonly used
control words in this position of the MIDF could be, for example
feedrate, spindle, speed, tool number, coolant, to mention a few.
The MCMOOG MIDF does not require address letters and the multiple
values occur primarily in the tool function code column, hence it
was decided to set up a register "TFUNCT" to handle all codes for
feedrate, spindle speeds and tool humbers, the numbers to be de-
termined from the table.

The "COOLNT" control word was not basically modified,
however the "RETRCT" function may be called up to either turn the
spindle rctract facility on or off. The other words listed in

GENMAC (fig. L4.1) were deleted as their functions are now all
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taken over by the "IFUNCT" array.

Lines 130 - 170

The second group of control words is comprised of an
array of as many as 25 single-valued vocabulary words. That is,
calling up any one of these words by itself will cause a certain
control code to be inserted into an assigned register. In spe-
cifying these words care must be taken to ensure that %9:

1) They consist of from one to six éharacters delimited
by a space or a comma

2) The control words start with an alpha character (upper
case preferably). These may be followed by numeric symbols.

3) There is no duplication of these with the multi-valued
vocabulary words or any other words in the MIDF vocabulary.

These constraints apply also to the first block of data,
i.e. the multi-valued words.

The words assigned to execute the single valued codes
were again drawn from the operator's manual and condensed so as
to most appropriately describe their function. Of these, the
first eight words refer to preparatory function codes, thus con-
trolling the mode of machine operation by inserting the proper
numeric code in the fourth column of the block {following the se-
quence number). Refer to figure 3.6 for the reiationships.

The second series of nine words in this part of the MIDF,
beginning with PRSTOP in line 140 and ending with ZFEED in line

160 generate codes which are entered in the Miscellaneous function


http:dupHcati.on

124

register. These may require slightly more explanation, which fol-
lows:

PRSTOP -~ Program Stop - 00
ENDOFP - End of Program -~ 02

ATCHG - Automatic tool Change - 86

MTCHG - Manual tool Change -~ 06

NOCHNG -~ No Change in Miscellaneous Function - 80
XFEED - X-Feedrate code for milling - 8L

YFEED - Y feedrate coding - 85

SPINDL ~ Designates that the TFUNCY register refers to
spindle speed - 88

ZFEED - TFUNCT register controls Z-axis feedrate - 89,

The RESFCT word refers to the Reserve function column in
the MOOG block. This word must appear in the first executable
series of statements of the part program. The NOX and NOY words
(for no X and no Y) must be used when a non-motion block such as
a "Read Z" block is called for. If these are not used, the
strict format will be violated and the X and Y coordinates used
previously will appear in that block.

Line 170, and all other FUTURE words are eupty registers
which may be used.

Lines 180 - 220

The contents of this block of words is generally left as
is to form a basic vocabulary. Some of the motion Cgmmands such
as GOLINE and GOCIRC may be used to generate temporary hole pat-
terns, either linear or circular. All of the motion commands

cause a block of information to be executed, hence only one of

these should be specified, if it is required, per block instruction.

An added condition is that the motion comnand be given after all

other infoimation in the block has been specified.
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The ORIGIN statement permits tEe part programmer to use
a location on the workpiece for his program origin and then spe~
cify where the machine origin will lie with respect to that loca-
tion. Having done this the computer makes suitable additions and
subtractions to the output data to validate it for machine usage.

These are only brief comments about the actual function
and power of each statement. Reference 48 should be consulted
for more precise and detailed information.

The vocabulary for the Part Programmer is now ccomplete.
He must now supply the system with various other bits of information
concerning the actual formats, single valued word numeric values,
and so omn.

Line 230

Data Element 1 defines the TMARK register. The semicolon
is traditionally the end of block character and the asterisk in
the third location defines the "through" concept as in P1 through
P10. The remaining locations are system spares.

Line 240

The 2zero in the first location signifies that all trailing
zeros are to be included as for instance a 4.0 would always be
read as OLOOO. Other possible modifications are suppression of
leading or trailing zeros. The second data element again refers
to the end of block character. Since the MOOG does not require
a tab character or positive/negitive signs in its tape format the

remaining elements are left blank.
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Line 250
It has been established that there will be nine registers
to serve the following data inputs!

1. Sequence number

2. Preparatory function

. X coordinate register

Y coordinate register

Feedpoint or Rapto register

Final depth or FEEDTO register
Reserve function register

TFUNCT or Teool Function code register
. Miscellaneous function register.

\O 00—~ O\ =°\N

Because no address letters are used in the MOOG format,
all these locations are left blank.

Line 270

The formats of each register must be specified. The num-
ber preceding the decimal point refers to the size of the register
and the number following the cedimal indicates how many decimal
places the register contains. For example the number 15.60% has
a format of 5.3,

Line 280

An item which changes from one machine to another is the
repeatability or lack thereof, of the data in the block, regardless
of whether or not this changes. As stated previously, the MOOG
demands repeatability in everything except the Rapto and Feedto
registers, hence a "1" is entered for every register except these
two. This has the effect of necessitating only one call for a

code such as the RESFCT in order to insert it in every block.
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The register storage positions for the Multi-valued words,
are here specified. This now means that the COOLNT and RETRCT
codes will only appear in register 9 and the TFUNCT values will
be confined to register 8.

Line 300

A similar register storage designation must be applied to
the single-valued words. This involves assigning the first eight
words to register 2, the next nine words to register 9, the RESFCT
to register 7, and the NOX and NOY functions to the third and
fourth registers srepectively. The remaining words are "FUTURE"
and are gssigned Zero.

Line 310

The single valued words, having been assigned to their
locations also require numeric codes. These codes are specified
in the order that the words appear in lines 13%0 to 160 above.

Note especially that the RESFCT code is merely a zero and also
that the NOX and NOY words execute their function by inserting a
very high value into the register, coﬁsequently suppressing the
output.,

Line 320

The first five characters assign the sequence number, the
fifst and second coordinates, the rapid spindle feed, and the con-
trolled spindle feed to depth values to their proper registers.

The letter N means nothingj; some control systems have what is
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called an HBLOCK wherein the sequence humber is preceded by an
"H" address letter. This facilitates identification of certain
locations in the program for tape recycling. The ;nsertion of
anything but an H in this location suppresses this feature.
Single or double spacing of the part-program listing is controlled
by inserting either a 1 or a 2 in the location following the N.
In this case single spacing was called for. Since the MOOG does
not have a feedrate number calculation register, the next two
locations are zeros.

This completes the MIDF for the MOOG. The system is now
ready to generate control tapes/listings from a part program
manuscript.

4.% Part Programming in NCPPX with the MCMOOG MTDF.

To illustrate a few of the facilities available as well
as methods involved in programming a short part program was
written, shown in figure h.h. Again, as in the foregoing section,
a line-by-~line commentary will be given to elucidate the program.

Before the actual program was written, a brief sketch was
made of a sample part consisting of a line of holes and a bolt
hole circle (fig. 4.3). The points were generated and loaded onto
a file named KPTS by means of another G. E. program, called NCPTS.
This program is exclusively inﬁeractive (on the Mark 1 system)
andcalls for the typing of certain predefined mnemonic input codes
to specifly a given type of line or pattern. These are described

in detail as to function and usage in reference 48.
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DPT P16 ABS -3,8.,0

DPT P17 ABS 165850

ORIGIN -3,8,0 i

SEQNO 1,1 POSITHN RESFCT TFUNCT 66 PRSTOP GOTO P17
TFURCT @1 ATCHG GOTO P16
TFUNCT 0@ COOLNT #8% BLOCK

DRILL TFUNCT 2& SPINDL GOTO P2

ZREAD NOX NQOY RAPTO 2.4 FEEDTO 3.4 TFUNCT 12 ZFEED BLOCK
DRILL TFUNCT %9 NOCHNG GOTO P3 = P7

POSITHN TFUNCT @2 ATCHG GOTO Pi6

DRILL TFUNCT 21 SPINDL GOTO P9

ZREAD NOX NOY RAPTO 143 FEEDTO 4.0 TFUNCT ¢8 ZFEED BLOCK
DRILL TFUNCT ¢ NOCHMG GOTO P9 = P15

POSITN EWDOFP GUOTO P17

2U%FINI

FIGURE L.k Part-program for figure L4.3%
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For this workpiece the two codes used were PAL (for Points
Along a Line), which called for the slope, y intercept, x starting,
x stopping, and>incrementa1distance values, and PAC (for Points
Along a Circle), for which the center point, radius, starting
angle, stopping angle and incremental angle had to be specified.
This generated a total of 15 points which were entered in a file,
the listing of which appears in figure L4.5. Each point is des-
ignated by a Pn where n is a numbef to differentiate one point
from another.

Having established the points file, the attention is now
returned to the part program (fig. h.h)

Two more points are defined as P16 and P17. These points
refer to the “"toolchange" and "load" positions with respect to the
part origin respectively.

The orientation of the machine origin must be given with
respect to the part origin.

Line 50

The SEQNO statement with its attendant control characters
activates the program sequence countetr to an initial value of one
to be subsequently incremented by one for each block. The POSITN,
TFUNCT and PRSTOP are then entered to fill registers so that with
the motion instruction a full block of information is put out.

The GOTO statement fills in the X and Y registers and executes



10814
104249
10639
1ooad
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16160
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19154

FIGURE

Pl
P2
P3
P4
P5
P6
p7
P8
P9
P17
P11
P12
P13
P14
P15

4.5 Points file listing for figure L.3.

3500095
1. 606363
2. 000008
30506060
4008800
S5. 0600060
6 HHBHEA
5508300
4914214
3560000
2,085786
1 506700
2.0857867
3.5086608
400102140

5.860000
1.068000
1. 3a6049
VoBIBAGHY
1 .G2G356
1.0366006
1+ 502060
S.886000
G.A a2 4
T BFOBHG
6.414213
53300536
3.58857866
3. 00GGHG
3.585767
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the punch or print routine to generaté that block of information.

An automatic tool change is called for witb the TFURNCT
designating the tool drum position and P17 the tool change po~
sition.

Line 70

A separate block is generated to turn the mist coolant
on. There is no motion statement given here so a "BLOCK" state-
ment forces out the information given.

Line 80

The first DRILL cycle is called for, the spindle code is
given and the position of the first hole is designated. P2 locates
the first hole position.

Line 90

A separate block must now be generated to control the Z
axis movements. The NOX and NOY words suppress output of the X
and Y registers so that the block length is not violated. ZREAD
calls a "9" into the Preparatory function register and the TFUNCT
12 ZFEED specifies the Z axis feedrate. The RAPTO and FEEDTO
registers occupy the space normally taken by the X and Y registers.

Line 100

The next sequence of operations has no changes in the
machine functions, only the table positions, hence the DRILL,
which must be restated, the zero TFUNCT register and the NOCHNG.

GOTO P3 + PT7 genevates a scries of five blocks in a linear pattern.
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Linc 110
A new spindle speed is programmed for the next tool and
the operation begins on the Bolt hole circle.

Line 130

The Z axis information for the second series of drilling
instruction is given.

Line 140

The bolt hole circle is completed.

The table is moved to unload position and the program
stop code is punched, turning all machine functions off.

ine 160

t

A 20 s FTINT indicates to the computer that the end of
the part program has been reached, and the execution can begin.

It should be stressed that this is merely a sample program
which does not necessarily take full advantage of the available
facilities of the rather limited vocabulary (as compared to some
other languages). It should also be reiterated that tﬁis is only
a point~to-point system and as such should not be applied to gen-
eralized contours, indeed the language is restricted to this
type of machine. An output listing is shown in figure L4.6.

An alternative method of generating linear and circular
hole patterus without using a points file is the use of the
GOCIRC and COLINE statements, as stated previously. Certain re-

peatable saquences may be written into cycle files and called up



FNTER @ FOR LISTING OR 1 FOR TAPE? @

He13190033060030865 3
GA2eBupAnubnBoral 8665
BU3NBOEEBUREHARGHRUES
GuasBLbBBaTeEu52888;
GASGB2LAGH3BLBYB12893
GO65E500367T003UHAI80 5
GET526U30ATHEBAGAEES
GHESBTHREGHTOEOR0089 ;5
BUSsSH8EEBaTIaUNEEI80 ;s
BlESAQEGEHTEABOBA S
@11038068600040602865
g125679140158602188;
g139013803430838889 3
grasgio14p1 586060863
7155065800 100088680
Ble505B860 1566000803
B175045800368000083863
G1B80B486044 100443805
GlOSEOSHBESUONEEG8E 5
G2053T7T9VAGAL 1 AGBBGEES
BR1019008080BBHHH2 3
@22419080960353060H2 5
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ENTER @ TO STOP UR 1 TO PUNCH TAPE? 0O

FIGURE 4.6 Output listing of part program.
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as CYCLEl for instance when that sequence is desired. These
Ybuilt-in" facilities are all quite adequately documented in
reference L48.
4.l Summary

Much more could be said about the G. E. time sharing
systems. The MARK 11 system for instance has a rather larger
facility for the.MTDF, although the principle remains the same.
In this system it is possible to write a series of cyclic operations,
unique to the machine, and compile them into a Cycle File. The
combination of the Cycle File and the MIDF then becomes the posta
processor. This postprocessor can handle 5% axis point-~to-point
work and 24 axis contouring when used with the NCPPL language.
Reference L9 furnishes comprehensive documentation on the facil-

ities available.

The most significant development here then is that McMaster
is now able, through the use of the G. E. time-sharing system, 1
which has thé added advantage of the educational after hours dis-
count, to genmerate control tapes for its MOOG 8%-1000 machining
center with the aid of a2 computer. It is a highly recommended
system in its present form and with the proper prerequisites both
the MARK I and MARK II systems are available.

The generation of the tape takes place of course on the
teletype terminal in the user's office. G. E. has anticipated

that the wvequirements for more rapid tape generation will increase
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and to that end they now produce and market their own terminal
facility, the TERMINET which has the capability of producing NC
control tapes at the rate of 110 characters per second. This
would mean that the cutting of a 10 foot long control tape would
take on the order of one minute. The advertised speed of 110
chararters per second has not yet been achieved but in this in-
stance the delay lies in the telephone-terminal interface, and
not in the tape-punching unit.

It should be reiterated that the tape generation facility
at McMaster is now operable, according to the terms of reference
outlined in this section and the appropriate user manuals. Man-
ual programming the MOOG has in every case shown itself to be an
extremely tedious and error-prone task, and does not befit an or-
ganization such as CIM whose aim it is to demonstrate up-to-date
techniques to NC user firms.

With this in mind I highly recommend this part of the
project to further use and development by the people in CIM,

wherein some of their aims and goals may be better realized.
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5.0 Trends in NC

Much has here been made of the control tape from which
the machine control unit, and ultimately the NC machine, receives
its data. Judging from some of the work going on in the areca of
Direct Numerical Control (DNC) it may be that future machines
will be plagued less and less by the formatting and coding pro-
blems dealt with here.

The concept of DNC is not radically different from the
presently accepted norm, the difference being primarily the
elimination of fhe tape interface and its requirements. In prac-
tice, however, it provides for a much more flexible output con-
trol to the machine when a full-feedback system is used. Under
such a system a constant monitoring of the power inputs is main-
tained such that when these change due to, for instance tool wear
or comnposition changes in the metal, some predefined action will
be taken by the machine. This may involve a toolchange, or a
change in spindle speed, but it is still all inside one part
program.

Some areas of the NC machine tool industry prefer to let
the computer do all the work in producing a part. This may in-
volve the control and direction of a number of NC machines and
their associated material handling units in an optimized manner.
One such installation was displayed at thg Leipzig Spring fair
held in March of 1970. &4

Such systems ave of course extremely complex and require
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a great deal of time and effort in their execution and develop~
ment. On a lesser scale are mini-computer controlled systems
which with the use of a program interrupt facility are capable
of handling as many as eight machines performing similar oper-
ations simultanecously. ©3

Industry has thus far been reluctant to fully accept and
utilize DNC. It may have no choice in the future but to go the
DNC route in the face of rising coéts and overhead. It may how.
ever also arise out of need, as did the whole NC machining con-
cept. Whatever the circumstances, DNC promises to further re-
volutionize the machine tool industry. What its attendant draw-
backs and problems may be have not yet been clearly delineated,

but it does open up a whole new area of computer controlled

manufacture encompassing a complete manufacturing system.
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6.0 Conclusions

A great deal has been said and written about numerical
control in manufacture, its justification, its effect on industry,
advantages of , disadvantages of, and so on. Considerably less
has been said about some of the details, leaving potential users
at somewhat of a loss when problems related specifically to the
NC aspect of their operation arise.

In this thesis, three areas‘of problem have been dealt
with, not in any complete or absolute manner, as this is infeasible
to the point of impossibility. The first of these was the language
survey. Given the criterion in section 2.3.5 the author wishes to
emphasize that this was undertaken purely as a cataloging effort,
i.e. an exercise in bringing toéether in a rather more condensed
form than is presently available, information on the programming
languages which are specifically designed for NC manufacture. If
conclusions are to be drawn from this, they could be delineated
as follows:

1) There appears to be a trend away from the large systecms
to smaller systems, as more and more point-to-point users accept
the idea of computerized tape preparation,

2) There is still a considerable duplication of effort on
the part of many in the development of a language in many cases
for prestige reasons.

3) APT forms the basis for the m&jority of part-programmirg

languages.
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L) The advent of time-sharing has put the computer assist
within the reach of virtually anyone who has a telephone.

5) The considerable programming effort involved in the
development of a language is bound to preclude the further devel-
opment of still more languages.

Their numbers are likely to diminish, as they already have,
with the remaining languages adopting many of the desirable fea-
tures of those that were discarded.

Other conclusions and issues will no doubt arise, but
then the purpose here was information and not analytical discus-
sion. The second part, the Tape format Translator, (Sect;ons 3.0
- 3.%) forced out jinto the open some of the basic issues of con-
flict in this one area of NC machine controller design and con-
struction. These were:

1) Four of five distinctly different tape formats, al-
though the character coding was the same.

2) A confusing and sometimes conflicting disregard for
any established standard in the coding of feedrates and spindle
speeds (including preparatory functions).

3) Tape readers in use presently may be either pneumatic
(no parity check), electromechanical (slow, noisy) or light-sen-
sitive (very fast, reliable).

If any recommendations for machine control units are to
be drawn from this they are:

1) The control]er.should be programmed to read either
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Word address or Universal formats, as these are the most legible.

2) The controller should in its feedrate coding {and so
on) use one of the established codes, either EIA Magic Three,
EIA, or Bendix Inverse Time.

3) The controller should contain a separate register or
memoxry buffer for each parameter which it is to control.

4) The controller should read character-by-character,
stopping only when an end-of-block character is recognized. This
setup demands a slightly more complex buffer-reader combination
but it is much more efficient in operation and less prone to par-
tiy error. The MOOG ppeumatic reader is a case in point. It
reads block by block, but if the tape position on the reader
block is not within the tolerances, the spindle is bound to make
unscheduled and highly undesirable movements in the cutting of a
workpiece.

With these design parameters in mind, the difficulties in
developing a usable translator may be more clearly seen. If such
a project was again desired, it would be best related to two or
more specific machines, as the required inputs to the whole range
of machine tools are simply too diverse to handle in a project
this size. 1If such a gemeralized tape translator gould be devel-
oped, the necd for postprocessors would be greatly diminished.

It may also be desirable to work on a larger computer system,

in a higher level language.
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Many system breakdowns were exécrienced over the duration
of the translator project development, calling into question the
acclaimed reliability of the DEC PDP computer systems and their
attendant peripheral devices, and delaying the completion of the
project by weeks. Undoubtedly, many of these bfeakdowns resulted
from an overuse in an academic setting with a corresponding de-
ficiency in scheduled preventive maintenance. Unfortunately
other systems such as NOVA and the small, but more expensive IBM
and CDC units were not available, although it was felt by some
that these slightly more sophisticated processors might be the
answer.

The third major section of this thesis, the on-~line tape
generation facility was accomplished with considerable help from
the G. E. Information Services in Toronto. It was done with one
specific purpose in mind - to generate control tapes for the
MOOG for ordinary programming as quickly and painlessly as is
presently feasible. Whereas this section of the project may be
academically the least significant, it is perhaps the most bene-
ficial of the three herc attempted.

These then have been the areas covered, a survey, a soft-
ware development, and a direct application of an existing time-
sharing computer-assisted NC tape genevation facility at McMaster.
They range from the debatable to the coldly practical but in
every case the basic assumption or criterion has been to take

data processing out of the office into the digital computer to
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reduce part-program errors and their attendant consequences in

the manufacture of workpieces for commercial use.
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GLOSSARY OF NG TERMINOLOGY

Absolute System - A numerical-control system in which all posi-

tional dimensions, both input and feedback, are given with
respect to a common datum point. The alternative 1s the

incremental system.

Adaptive Control - A technique, in the process of development,

Address

with the aim of automatically adjusting cutting conditions
(feeds and speeds) to an optimum to satisfy some criterion,
such as minimum wmachining cost. It involves the in-pro-
cess meakurement of cutting parameters, together with an
on-line computer fed with information about the costs of
running the machine tool.

- In numerical-control programming, a symbol which in-
dicates the significance of the information immediately
following. For example, in the iustruction X01575, X is
the address signifying the digits 01575 as a co-ordinate

on the X axis.

Alphanumeric Coding - A code system in which the characters used

are the letters of the alphabet and the numerals O to 9.

Amplifier - A device for increasing the voltage, current, or

Analog

powver level of an electrical signal. In a numerical-con-
trol system, it is nommally the part of the servo-system
which amplifies the error signal and provides the power to
drive the machine slides or the servo-valve controlling a
hydraulic drive.
- One physical variable is the analog of another physical
variable if both variables have the same mathematical
characteristics.

In numerical control, the term analog applies to a sys=-
tem which utilizes electrical voltage magnitudes or ratios

to represent physical axis positions.

Auxiliary Function ~ A function of a machine other than the con-



147

trol of the coordinates of a wbrkpiece or cutter. Usually
on-off type operations such as starting and stopping a spin-
dle, coolant pump, lubricating pump, feeds, speeds, etc.

Axis «~ A principal direction along which the relative movements
of the tool and workpiece occur. There are usually three
linear axes, mutually at right-angles, designated X, Y,
and Z.

Binary Code . A code based on binary numbers.

Binary-Coded-

Decimal System - A system of number representation in which each
decimal digit is represented by a group of binary digits.

Block - A "word" or group of "words" considered as a unit sep-
arated from other such units by an "end of block” charac-
ter (EB). On a punched tape, it consists of one or more
characters or rows across the tape that collectively pro-
vide sufficient information for an operation.

Block Reader - A tape reader which will read a complete block
of information at the same time.

Buffer Storage =~ A place for storing information in a control
system or computer for antiéipated utilization. Informa
tion from the buffer storage section of a control system
can be transferred almost instantaneously to active stor-
age which is that portion of the control system commanding
the operation at the particular time. Buffer storage off-
ers the ability of a control system to act immediately on
stored information rather than wait for this information
to be read.into the machine via the tape reader which is
relatively slow.

Cartesian~-Co~ordinates - A means whereby the position of a point
can be defined with reference to a set of axes at right-
angles to each other.

Channel < Also known as level or track. A path parallel to the

edge of the tape along which information may be stored by
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the presence or absence of holes or magnetized areas. The
ETA standard l-inch-wide tape has eight channels.

Character - A number, letter or symbol read on onc line across
the tape.

Closed Loop System - A system in which the output, or some re-
sult of the output is measured and fed back for cocmparison
with the input. In a numerical control system, the output
would be the position of the table or head; the input would
be the tape information which ordinarily differs from the
output. This difference wodld be measured and result in
a machine movement to reduce and eliminate this variance.

Code =~ A system describing the formation of characters on a
tape for representing information in a language that can
be understood and handled by the control system.

Command -~ A signal or group of signals or pulses initiating one
step in the execution of a program.

Decode - To translate from coded language into an easily recog-
nizable language. (Opposite of encode)

E. I. A. Standard Cude ~ A standard code for positioning, straight-
cut, and contouring control systems proposed by the U. S.
Electronic Industries Association in their Standard RS.2Llk,
It uses eight-track paper tape, 1 in. wide, and is also
known as the 8-B code. It has been recognized by the Ger-
man V. D. I. and may possibly become a universal standard.
It has recently been accepted by the American Standards As-
sociation as an American standard for numerical control.

Encode - To translate from an easily recognizable language into
a coded language.

End-of-Block Character - A character indicating the end of a
block, used to stop the tape reader after a block of in-
formation has been read.

Error Signal ~ The difference between the output and input

signals in a servo-system.
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Feedback -~ The transmission of a signal from a late stage to an

earlier stage in a system. 1In a closed-loop numerically
controlled system, a signal, depending on the actual po-
sition of the machine slide, is fed back and compared with
the input signal which specifies the demanded position.
These two signals are compared and generate an error sige

nal.

Floating Zero (also described

as Free

Format

FORTRAN

Hardware

Floating Zero) - A characteristic of a numerical machine
tool control permitting the zero reference point on any
axis to be established readily at any point on the travel.
The control retains no information on the location of any
previously established zeros.

- Physical arrangement of the input media as possible lo=-
cations of holes on a punched tape or as magnetized areas
on a magnetic tape. Also the general order in which in-
formation appears on the iuput media.

~ FORmula TRANslation. A universal computing language
or autocode developed by IBM and used for describing num-
erical processes in such a way that they can be understood
both by human being and by computers. For a computer to
accept programs in FORTRAN, it has to have a compiler to
translate FORTRAN programs into machine (computer) code.
In the APT system, mathematical or logical calculations
not catered for in the APT program can be programmed in
FORTRAN.

-~ The component parts used to build a computer or con=-

trol system.

Incremental System -~ A control system in which each co-ordinate

or positional dimension, both input and feedback, is
taken from the last position, rather than from a common

datum point, as in the absolute system.
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Manuscript -~ A form used by the part programmner for listing the
detailed instructions which can be transcribed directly
by the tape preparation device or fed to a computer for
further caleculation.

Manual Data Input - A means of inserting data manually into the
control system. This data is identical to information
that could be inserted by means of a tape.

Open Loop System «~ A control system that has no means for com-
paring the output with the input for control purposes
(i.e., there is no feed—béck)

Parity Check ~ A hole punched in one of the channels whenever
the total number of holes representing a character would
be even. The net result would be an odd number of holes
in every character. This is utilized as a check when
reading the tape

Point-to-Point -~ A system in which controlled motion is required

Control System only to reach a given end point with no path

control during the transition from one end point
to the next. A typical application is in a numerically
controlled drill press.

Preparatory Function - A command on the tape changing the mode
of operation of the control which is generally noted at
the beginning of a block and consists of the letter
character "g", plus a two-digit number.

Programmer {Part-Programmer) - A person who prepares the planned
sequence of events for the operation of a numerically con-
trolled machine tocl. The programmer's principal tool is
the manuscript on which the instructions are recorded.

Reproducibility - The ability to be precise or repeatable over
a relatively long period of time.

Resolution - The least interval between twe adjacent discrete

details which can be distinguished one from the other.
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Input resolution:

The smallest increment of dimension that can be programmed
as input to the system. Helps to eleminate program "round
off error"

Feedback resolution:

The samllest increment of dimension that the feedback de-
vice can distinguish and reproduce as an electrical output.
Analog systems, such as ours, have what is termed infinite.
resolution. Any movement of the feedback device will re-
sult in an electrical output denoting that move.

Digital systems have a finite resolution in that a dis-
crete motion must occur before a pulse is created to re-
present, electrically, that motion. A typical resolution
for digital systems is..00002 in.

Software - Computer programs used as an assist in part programming.
The APT program is an example of an automatic programming
software package.

Storage -~ A device into which information can be introduced,
held, and then extracted at a later time.

Word ~ An ordered set of characters which may be used to cause
a specific action of a machine tool.

Word Address Format - Addressing each word in a block by one or

more characters which identify the meaning of the word.



APPENDIX II

ADAPT TEST PART AND
PART PROGRAM AS PREPARED FOR
THE 6400/6600 APT SYSTEM, AND
TAKEN FROM REFERENCE 36.
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APPENDIX ITI
TIMPLEMENTATION OF 6L00/6400 APT ON THE
McMASTER COMPUTING AND DATA CENIER.



IMPLEMENTATION OF 6400/6600 APT ON THE
MCMASTER UNIVERSITY CDC6400

McMaster computing center now has its own in~file version of APT lII.

The original system tapes were found unworkable in the as-received condition for

the following reasons:

1.

The APT I version put out by CDC is structured so as to conserve memory space,
that is, not all of the program is read into the core at any one time. Instead,

a short subroutine at the beginning of the program, written in COMPASS calls up
segments of the main program ag they are reqL‘Jired. These segments are called
"Overlays" and they may be addressed either by program name or by file number
and classification (See Publication #3.16, October 21, 1970, Data Processing
and Computing Center for further details on overlays).

It was assumed by the software people of CDC that this system would be loaded into
the peripheral processor library and would hence have all program names fully
accessible to the central processor. Due to the core requirements of this type
of installation and the relative infrequency of ifs use it was decided not to load
APT onto the system. This alternative usage, however, kept the program names
out of the reach of the central processor. The alteration to place APT on a
permanent tape file consisted of calling up the overlay segments by file name

and number rather than by program name.



Hence APT may now be simply called up with the following set of control cards:

Pl T FFDJrHW DECK
FQFTHW DHF!
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A long program will require a slight modification of these control cards.

E. Klaassen
13 August 1971
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91 GG
5191
2152
G123
9134
7195
7106
a137
72110
@il
7112
¢G113
2114
2115
7116
w17
a1 29
7121
B1a22
G123
z1aa
7125
%126
127
G135
71 31

G132

BETG

)
6341
5191
6346
730G
5508
GHAG
1302
1125
4199
5546
16353085
2199
CAGE
200
WD
2260
GA5D9
21 40
Bana
’(‘n‘j
Hena
777
7176
7775
7773
TI55

Ny

(“31
5y
1777
1a271
]>QH

%13

INDEX,

k109
TYPES

03,

COUNTS

KYMEM s
AYCTRs

NEWMEM
MEMCTRS

MCOOL s

CCOOLCTs

ZMEM s

ZOTRSs
CRs
[LND,
/B )
Vs
M3
MSs

¥19s

S5TOPT s

STOPZs

CHKY 5

.
ARV

F'”R:
L,QROA\’
J\t L\ETJ

MESLIRR,

9]

5]
TSF
JMP -“]
TLS
cLa CLL
JMP T TYPE
15
CLA
TAD
JME
JP
@
2129
5}
- 2300
8%
22G%

CLL
END
TYPE
I EGS

®

2149

3

=

7649
200
T
T176
TS
7773
TIR5

M C‘s}

oy oo

AN

I =)
W~

e VIR
o2

53

8]

177
1777
CHEKX
CHEKY
4%

CLEAR

FRR

RESTT

14508



71 56
G157
01 Ay

16
Gh] 62
G163
3164
2165
O WX
“1eT
@17%
“17
H17R
@173
a7 4

—

thas

w212
H213

72l 4
B2l
G2l e
G217
5124249
g2l
7222
az23
a2e4
g22s5
GRS
g227
o230
U231
710 32
w233
n234
2235
G236
237
zZ249
g2 a4l
a2 a2
B2 43

| ROYAY]
1224
16954
1871
1126
1206
1241
G429
2117
G323
1321
1235
apes
TT54

gaia

bS]
]

W= Oy

-2
[SNEY)

Lo = O
.
A= Ui

IR

o

L -
&

i

P
Ji U
F1 750 = iJi e

=

—
Ul = N3 = Ui
L) WU

W = L=

— L) Um0
n

—

1125
3521

1354
2123
1125
3523
1116
3117
1114
3115
1129
3121

1122
3123
6631

5235
£G36
35117
1517
1124
7459

SORTCGs
SORTX,
ITY s
SORTRS
SORTF »
VRITZ. WRTZED
PACHZ, PLK2
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