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- ABSTRACT

-~

' §?In this work a new NC -design, based on the: existing
APT syftem (processor and postprocesso;s) and consisting
of an é&ditfgnal front - end iﬁteréctive Basic preproéessor,
is presented. Software was deveioped.that eﬁables;a part
programmer to generate a part proggam on a f6 K minicompu-
ter (PDP11/34). In order %o fully exploit the off - line ca-
‘pabilities of an intelligent terminal, routines were writ -
éen that disp;gy the geometrical input. While verifying the

latter the user is offered the oppuartunity to instantaneous-

ly modify the.displéyed geometry if required.

-
-~

Subroutines of the APT part programming ;anguage (ma -
chos) were develoPed‘to cover basic geometricgl copfiguraF
tions of turned parts (bar stock andlfbrgihgsj and 2% axés
qilled pockets. This approach reducés part programming to

inserting dimensions of the workpiece and the technology

!
- ¥

involved. . o
‘As far as téchnology i concerﬁed, a milling optimiza;

routine was developéd that can.direct thefﬁsér in the selec-

tion of a cutterradius, feed and rotationél speed when ma -

chining pockets.

i
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CHAPTER 1.

Introduction.

1.1. Introduction to numerical control. Eﬁ,é,3,4,5§

Machine tools are one of the most essential items
in our society. The phrase : “The‘quantity and quality of
a nation's machiég-%ool industry’ is in direct proportion
to that nation's place in the world - pecking order.” &ﬁ
could not have accentuated the idea behind numerically
controlled machiné-tools any better, Besides rapid set -
up times and greatly reduced leadtimes, NC equipment also
gives superior accuracy and repeatability.

‘ In 1963 the total number of numerically controlled '
machine - tools installed in the US metalworking plants did
nqﬁ exceed & few hundred. In 1968 the US government statis-
tics show 14000 numerically contrglled machine - tools on
the job. In 1§?5 the American "‘Machinist's Inventory of me -~
talworking equipment reported nearly 3QQ000 items of nume - .
rical control equipment in place at that time. A rough es -
timate of the total amount of NC machlne tools 1nstalled
in North America today, would be 4#00C0. The same, treﬂh prﬁ—

vails in other major industrial areas, such as Europe and

. Japan. 4

note : numbers in between square brackets lndlcate reference -
works (see references ~ listing).



For nearly two decades numerically controlled
machine tools have become increasingly important in the
North American metalworking industry. Numerically donéroi—
ledimachine tools "can be proggamméd manually or by using
digital computer programs. Manual progfamming is carried
out conpletely by bhand using basic rules of mathenmatics.
In producing the tape the manual programmer intefprets
the design and converts its data into machining instruc-
tions. He ought to berfamiliar with the machine tool and
the control unit. The manual programmer not only calcula-
tes the cutter path but he also states the functions re-
quired for each machining operation (e.g. toolfunctions)
’and determines sgindle speeds and feedrates. Obviously,
this type of programming is tedious, timeconsuming and
prone to errors. _

In order to reduce the time for programminé, a
digita} computer program can be used to carry out the
calculations and format manipuiatigns. So in the last de-
céde a great\QQal of effort has been expended in the de-~
velopment of co;puter-aided programming methods in order
o make the most efficient use of this highly efficient
and expensive machinery.

Initially these efforts were quite expensive as

-

manpower was concerned, and so their applications were 1li-

mited to the aerospace industry. But in recent years the

concept of computer-aided programming has spread very ra-



pidly to the rest of industr; and has shown to be success-
ful. The term "part-programming" means nothing else but
inputting information to a disital computer program (e.g.
APT)“. This is done by writting a manuscript (called pgrt-
program) in 8 kind of pidgid engslish which is closer to
the programmer's own than is the basic machine lénguage
coding (a good comparison would be Fortran as opposed to
Assembly language). This input defines the geome%rical i
shape to be produced and also the method by which the cut-
ter will operate.

There are %wo broad categories of numerical con-
trol languages., machine-oriented lénggages and general:\
purpose languages. Machine-oriented langﬁages, as the name
implies, are "written to produce numerical control tapes .
that can be used for one specific combination of machine
and controller (e.g. SPLIT and SNAP). This type of langua-
mes takes into account the functions and limitations which
that particular machine is expected to perform. N

The general-purpose languages are desiéned to be
more universal. They describe programs to be used by égy
of a large number of diversified numerically controlled

machines. First, a generalized program (called "processor

program") compiles the part program and utilizes its.infor-

® APT is an acronym\for‘Automatip Programmed Tool, the
most widely used numerical control system,



t.
mation in order qg produqe the coordinates of ﬁhe cutter
centre path. However, it will not take into account any
machine characteristics. Finally, the output ffom the pro-
cessor is used as input for a further program, called
"postprocessor program", of which the output can be uti-
lized to control the machine tool. It -takes into account

“the specific characteristics of the machine tocl/comtrol
syséem, which the processor does not. An example of a ge-
neral-purpose computer program (language) is Automatic
Programmed Tools (APT). APT is not only the most widely
used of the computer languages for numerical control but
also the most powerful as it is capable of automatically
manipulating, trénsforming‘and scaling geometry and mo-

- D
tion statements.

Pgrt programming is significantly simplified
with computerized numerical control systems; where a
self-confained genéral-purpose digital computer with so-
phisticated software, such as APT, gan relieve the part-

Ed

programmer of much of his tedious calculations.
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1.2. State of the Art. [2 3,6,7, 8 9 10,11,12 3&-

l
N

h

-

, Up taﬁthis date the majority of the installed machine-
péﬁls is'gtill programmed manually (i.e. an erngrprone andv
timéconsumiﬁgﬁprocess). In paper [2; from TNO KMetaalinstituut,
it was estimated that the total demand for contrecl programs
approxinadsed é,OO0,000 programs/year, which on the average
would result in 5000 maqyears/year of actual manual program -~
ming effort. This illustrative examnple emphasizes the cumber -
some, laborous and timeconsuming aspect of manual programming.
A survey, carried out bytTNO Metaalinstituut (Netherlands) in
1975, revealed a 1/10'timeratio of part programming when using
their "oﬁ—-line" MITURN turning - part - programming §ystem ver-
sus manual part programming for aq‘averaga 440-—b106k-@tape.
It should be notiged that the above mentioned tiﬁgratio dras -~
tically increases for complicated parts. Indeed, a more gene -
réifsurvey, including various languageé and multiaxes program-—
ming, was execuied by the Numerical Céptrol Society (Michigan,
USA) and showed an average 1/20 ratio. [3] ' -

In many technicalﬁand commerciél fields,gthe digitgl
conmputer % s provided a powerful tool for solving problems.
For the lgst Pyo decades, its calculation and manipulation po-—-
wer has be utilized increasingiy by yarioﬁs industries.

Traditionally the digital comput;r has found its appli-
cation in several aspects of manufacturing.lln the process in-

dustries the dig ltal computer 1s often in charge of control and

data aéquisition,,In a2 large number of firms the dmgltal compu~—~

ter has already been applied to production and.inventory control.

T



More recently attention has been focussed on the automation
of part programming prodgétidn for NC machines(~
Eventhough NC devices are now becoming,very common in

metalwoyging;;ndustry; the application of computer - aided ma-
nufacturing has been slow. The demand for computing equipment
often originates in the finaﬁcial department of a company. An
interesting study by the NCS shows that many firms are already
limited to the computer they are presently using and must find/
a software package that can be run on the in- house machine.
The survey [3]: revealed that manufacturing managers are not
sufficiently represented at the time their firm chooses its
computer system and it also discloses that only 49% of the NC
managers had been adequabely consulted about their computatio -
nal needs in present and fuéure. Such a neglect reflects an >
obvious lack of communication betwsen the people who c¢dntrol
computer operations and the manufacturing managers. Too often
neither gréup is awére of the pgssibilities the computer can
offer manufacéuring departments. Fortunately, during'the last
decade a lqt of work has been performed sugcessfully to render
NC systems less computer - dependent. Especially the APT* syS —
tem (its general proceagp;(hés been written in Fortran IV) al-
lows easy interchangebility émong most computers, whicﬁ%-more
or less solves thé above mentioned problem.

J In contrast with othexr computer langﬁages such as For -
traﬁ; Basic and Cobol, the ﬁumerical contr61>langhages'éuch as

APT, ADAPT, etc... are used specifically to produce npmericél

control tapes. Numerical control languages are at a most sophi-

# ‘see fyrther
j
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sticated level as shown in Fig. 1.1. Indesed, the NC languages
reduire the greatest degree of compilation (translation) by
the computer before they actually can Qg processed at the bi-
nafy level. As mentioned_above, already some Né operating pro-
grams (processors) have been written in Fortran IV. Langusages,

such as APT IV, must first be translated by a compiler to For-

tran IV, then reduced to an, assembly language and then to bina-

ry code.
NC programs )
Greater APT, ADAPT, SPLIT, EXAPT, MITURN, ...
compu-
ter General - purpose computer languages
trans— FORTRAN, BASIC, ALGOL, ...
lation Assembly languages V
requi- FAP, UMAP, ... - ” v
) Greater
rement s
R Operational code program-
145 076 201 3 | ming
Binary code ) . - effor%
010100101110

Fig. 1.1. Hierarchy of computer languages

In 1972 the NC lathe computer programming languages havg
.been studied and classified by J. Tlusty and G. Dunsfamiﬁﬂ. They
based their classification of NC lathe languages on theileVel
of autqmatioh as suggested by Prof. J. Péggrs. The languages can
be divided into three,groups according to their automation level.
An appropriate définition of the automéfion level of a:lahguage

‘would be the number of 6peréﬁions that language integrates in



the program. The Opefaﬁions pertain to items such as the deter-
mination of tools, cuttiﬁg conditions (more general "technolo -

gy"), etc ...

s

In the fifst group the computer program provides thehcut—
ter location data (commonly referred to as CL data), using as
" input data only geometric definitions of the toolpath. This
.group includes APT and some APT - like languages (e.g. ADAPT,...).
APT was the first computer -~ assisted numerical control language
to become available to numerical control users. In 1956[}ﬂ, the
ff%st version of APT was produced. . at M.I.T., as a result of an
*overall project for the development of numericai control, lar-
gely sp;nsered by thé US airforce. The APT system was further
refined and developed at I.I.T. Research Institute (via & pro-
ject called APT 'Long Range program) while financed by corpéra~
tions and government agencies in the US, Canada and WGsteén Eu-
rope. APT is not only a powerful system for producing tapes for
numerically controlled machine tools, it is also a part program-
ming 1ad§uage, capable of perfbrming all the arithmetic and geo-
metric calculations, in order to describe parts, specify cutter
motions and machinetool functions. A more thorough analysis of
the APT system will be dealt with in cﬁapter 3.1,

In the second level of automation the geometric defini-
tions of raw material and finished part are sufficient for the
computer to prov1@e the cutterlocatlon data. Indeed the compu—h
ter subdivides the materlal to0 be removed 1nto .successive pas-
ses. Programming in & 1anguage such as APT often is timeconsu- ,
ming because of the lengthy input. This defficiency led to the
devéiopmenf of a second group of languages (e.g. COMPACT II, .



9,
CINTUﬁN% ;..). These languages, based on "canned-—cycleshxx,
let the computér rather than the part programmer decide how
operations should be carried out. Compaied to group I langua-
ges, the input is obviously reduced. ‘

COMPACT II, now capable of 5-—axis-=simulﬁaneous mo -

HEREHX

tion , has become a powerful and commonly - used numerical

_.control language in North America. Unlike some numericai con— )
trol languages (e.g. SPLITH™*  AcTTON II, etc...) it is not
restricted to a certain manufacturer's machine - tool and thus
apprlicable to:all numerical control machine - tools. Eventhough
the part programmer still has“to input toolradius, cutting
speed and feed, maximum depth df cutﬁand finishing allowance,
COMPACT II offers a series of systemmacros (containing yarious
cutting seguences) available to every programmer. So far this
flexibility is practically (except for one simplified pocketJ/
routine) non existant in APT.

In the third level of automation the computer integrates
into the cutterlocation programs all technological c¢command data
abo&t speeé;, feeds, canned - ¢ycles, etc... Nogsonly is the

part programmer relieved from his task of determining the tool-

# CINTURN is aﬁtually not a NC language, but rather a collec—
tion of macros.

3634 Canned-—cycles are special computerroutlnes designed to
generate a whole series of Operatlons from a8 single com-
mand.

% It needs to be empha51sed that 5-ax1s-81multaneous po-
sitioning 1é meant and not 5 - axis - simultaneous contou-
ring as is the .case with APT.

3 SPLIT : Sundstrand Processing Language Internally Trans-.
" e . latedn

>

7
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paths (like in group II languagas), but also,the "technologi-
cal parameters" &are calculated by the computer. Indeed, ana -
loguous to group II, the input data consist of geometrical
definitions of the initial and final profile, but additional
material, tooling and machine characteristics will enable the
computer to calculate the cutting cnnditions (technology).

most cases the computer is attached to on- line libraries which
contain the various material, tool and machine data- files.

An exampie of this group'of NC systems and meanwhile a
true example of the cooperationﬁin_European numerical control-
research and development, is the EXAPT system. The MITURN/GE ~
TURN system, also originally Euéopean, belongs also to this
(highest) level of automation §37 .

,Hlstonlcally, the trend in the usage of APT has been the
tailoring of a broad flexible languaga to specific needs. This
general approach as been amplified by the development of lan-
- guages based on APT, notably EXAPT. The EXAPT system, developed
at the technical institutes ‘of four major é%rman universities,
consists of three languages : EXAPT 1 is a point-—to-pd%nt and
straight path language, EXAPT 2 is for programming turning ope-
rations, and EXAPT 3 is a furtber-exten31on of EXAPT 1 and al -
lows the programming of contour milling operatlons. EXAPT 2 -
attempts to generate all the toolmotions from a simple descrip-
tion of the blank and a finished pa;f description. Of these
thrae languages, EXAPT 2 is the most widely used, while EXAPT 3

1s still in the research and development staga. Eﬂ
Flg. 1 2. époya the principal procedure for programmlng

and pr063551ng an EXAPT program in a computer. Based on data
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P
~ part program !
in - , Q
: . EXAPT P
. EXAPT — , 4
— Processor - ¥
. | Geometrical | -
L Progessor | o
. Libraries L3 - 1isting for
’
e CL TAPE 4 K ’ part programmer,
| tool | _ =7 S
(index '~ Technologicall _ a
=TT __-"M___Processor ) !
{'fné%é: I p -\ listing for
v rial b part programmer:
| Shaex | |oLmPE2 { ) part programmer|
\~‘___./ ~ i
| ' f
b : -
lpost processor 5
J ‘,i\ : - listing for
control / operator
LY

tape ~os

ﬁ?g. 1.2. Pfoduction of a control tape via EXAPT 2,

r .
given by the workpiece drawing (blueprint), the part program-
mer describes the workpiece in aﬁ APT;-like language. This part -
program is processed in two sections. In the first phase, the
general geometric and technological processing are carried out.
The technological déte are determinéd with the aid of the tool-.
and materialindeces (or files). Then the program is processed.
in the postprocessor in order to adapt the output to the requi-
rements of a specific NC machine - tool. The processing in the
postpfobessor produces the_ punched tape for the control of the

machine and an output -~ listing for the operator of the particu-
lar machiné - tool. "
The cdurrent status of the technological routines within

EXAPT 2 is mot known by the author at the present time, however,
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the amount of usage of the full system on complex parts has
been very limited. The reseaégh and development oﬂ.EXAPT’5‘
started in 1967 and has, to the author's knowledge, not yet
been ‘industrially applied and utilized at this poiné in time.
A recent EXAPT report (minutes 1976)[?4] states that the worlk
on EXAPT 3 has been terminated and soon will be published, as

is.

The MITURN Rrogramming system (Metaalinstituut Turning

program) was developed by the Centrum voor Metaalbewerking van

het Metaalinstituut TNO of the Netherlands. At the preseht,
the' General Electric ngpany has- taken over MITURN and offers
it on the General Electric Mark II Time - sharing networkqas'
GETURN. The present version of MI/GETURN has been released in
March 1973 and is being distributaﬁ compmercially to customer;
in North America, Europe and Japan through a worldwide Time -
sharing systém, with an intensity of usage of respectively 50,
41 and 9 bercent.m[el o

The fairlyAnew MI/GETURN system is specifically designéd
for lathes. This self-—contained programming system is in fact
a comprehensive production s&stem'composed of several'subsys-
tems which together make an impo#tanﬁ contribution to thenop~‘
timum'utilization of numerically controlled lathes. It is equip;
ped with bo#h geométricalhand tgﬁhnoldgical subsystemé which re-

sult in a high degree of automation, for instance, in GETURN :

—~ the optimum sequence of operations is determined

- the optimum depth of cut, feed and cutting speed
are determined per-cut

-~ étCo.o

N\

-*
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‘In order %o carry out the above mentioned functions,
GETURN is based on group technology for its input files., Tbesg'
files consist of a tool file, a methods file, a material file
and a machine file. These files stay fairly constant for a
long period of time but need occasionally be updated. The re -
" lationship betueen the genefal input and output of the GETURN
language is depicted in figure 1.3.A. . ‘

The programmﬁng effort (time ; money), while using the
EXAPT system, becores, comparab%y, as low as special "group
ﬁechnology"’systems. However, the EXAPT systém has greater
flexibility.and range of application. Furthermore, the modular
structure of the systenm is thé precondgtion foz constant adap-
- btation to fu;%her‘developments of the NC technigue. A compari-
son betﬁeeh EXAfT and a highly automated and sophisticated
"group technology" system is depiéted in Pig. 1.3.B. [jb]

Eventhough Ehe latest figures show that manual program-
ming is still in use for about 60- 70 %, the number of diffe -
rent programming systems for NC machine - too0ls has proliferated.
In 1976, a TNO papariﬂ2]estimated the number of existing NC
programming systems t@ be about 150. Eventhougﬁ the analysis of
this vast array of developments is obviously outside the sgope.
of this work, themauthor will discuss a few approéches to in-
teractive part programming aswell as review some integrated,ﬂ

T

' CAD/CAN systems in chaptér 2.4, - . T | \\\
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tool file .
methods file
material file

machine file

e »

part program

; constant for a
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Fig. 1.3.A. ’

Relationship between the general input
~and output of the GETURN language.
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1.3. Aims of this work. @,10,’15,14,157

An authentic example, in which a company had to decide
upon which TC system to choose, might be an interesting means
of introducing the aims of this work and the new design invol-
ved. A recent report [13] in the EXAPT Minutes 1975 on the in -
troduction and application of the EXAPT system in a middle —
sized German firm shows';n interesting economical (financial)
comparison between two numerical control systems. Because of

several reasons (including linited computer capacibty at a high

-«"

requirenent of paper tapes), -the firm decided against minicom-
puterlanguages. One of the reasons that their choice(betweep
APT and EXAPT) fell on EXAPT was that the latter syséem seemed
free of mathematical computation. The comparison betweeﬁ APT

and EXAPT 2 resulted as follows (Table\ 1.1.)

——— e ——— - = = = = - -

Designation units , APT " EXAPT 2
. N SV UPUREEY S, SR S .
: {
Number of statements % 166 86 §
' in the part program i ;
' « £
Preparation of the ; nin 300 160 g
part program | ' i
1 % 100 53
. H ' ] :
Costs for the program I DM , 180 l 160 |
SRR SUIS RIS S ]
Table 1.1.

¥ DM : Deutsche Mark
(West German monetary unit)



The following statement was made by the staff of the
firm's manufacturing departement : "The ;eduction of time for
the preparation of the part programs was of decisive importan-
ce to us.". This phrase clearly depicts the disadvantage o
the iess-—autémated APT system. Indeed, compared to the EXAPT
system, it took twice as long to prepére‘an APT part program,

However, when comparing both costs, one can obviously
notice the slight price difference (180 DM when using APT and
160 DM when employing EXAPT). Bearing in mind this almos%ﬁnqn—
significant price-diffe;énce, it might even have been the
company's affinity for a German NC system that inclined the
balance. Anticipating probable future expansions of the compa-
ny's manufacturing departement, it needs to be stated that the
APT postprocessors are far less expen51ve»§§an the EXAPT post-
processor, The new NC design, presented in this thesis, is bagﬂﬂ\
sed on the APT system and thus has intrinsically all the APT s
system advantages. It meanwhile possesses the high degn\? of /
automatlon peculiar to EXAPT. In the above mentioned table T\
(Table 1.1.), the number of statements aswell as the total
time of part progrém preparation would be approximately redu-—~
ced by a factor of 2 (thus comparable in time with an EXAPT
approach) Needless to say that their would be a fair reduc -
tion in cost 1nvolved too0 !

Wheg compared to the ambitious aims laid out in a mul-
titude of research papers (e.g. TIPS 1 [ﬁ#], Volume - building -
brick system {ﬁ5], ... ) it would seem that the work described

here is patﬁer mundane and'may be behind the-times as its fun- .

damental’is one of the oldest NC systems : APT. It should, how-



ever, be pointed out that tremendous economic gains are avai-
lable when slightly modifying the current existing APT systemn.
Our first aim is to upgrade the APT system to a semi -
automatic programming system without loosing the power and ver-
satility APT is known for. To date, APT is probably not only
the most powerful but also the most widely used NC language in
North America. An illustration of its popularity is the fact
that in 1971 the Army Material Command of the US Army [ﬁ] se-
lected AP as the standard NC language because the NC field
within the US Army had created a "Tower of Babel" situation
whith disabled almost all communication among several machine
shops and which inevitably brought down the overall efficiency.
Not only is the APT system machine-indep;ndent, but its pro -
cessor and postprocessor, written in Fortran IV, have béen’imple-
mented on more computers than any other language. Indeed, APT
is also édvantageous in terms of po tprocessiﬁg. At present,
méchinetool users often desire from/%he manufacturers the neces-
sary postprocessor for the programming language they are inter-
ested in. The predominant role of APT in the North American NC .
scene makes the APT postprocessor readily available for almost
any NC machinetool with a price remarkably lower cqmpared to
that of postprocessors of other NC systems. However: in contrast
with group II and group IIT 1anguages,!APT is not capable Of/iE:/
tomatically determining the various cutting pgrameters or opti-
mum sequence of cdt, nor does it have the capability ofﬁfelie-
ving the part programmer from the dull, repetitive work of defi-

ning all the subsequeht cuts, needed to machine a part. The ca-

rability of determining "workshoptechnology", such.as tooling,
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feeds, speeds, ... and the pfb{ibion of canned cycles (macros)

for automatically defining the operation sequences and tool-

paths to machinqﬁa part would turn APT into a superior system.

Our second objective 1is simple : to save money by redu-
cing part programming costs. Inputting data to a preprocessor
can be considerately shorter, and requires substant}al%y less
thought to write than the equivalent gull part program. Thyp
method allows computers to do what théy do best and, at the
same time, it leaves the programmer or engin;er free to be
creative, VWith thif tool the programmer should be more effec-
tive in carrying out his day -~ to -~ day task, Indeed,;for a re-
lative small financial effort a part program can be prepared
on & minicomputer, AABASIC preprocessor, that can handle both
a non - graphic and an interactive graphic front-—end input
format, would provide the existlng APT system w1th a conver—
sational and technological module. Moreover, beSLdes edltlng
capabilities and a proportionate degree of diagnostical ana-
lysis to spot the detectable e€rTors, the preprocessor inclu-
des a graphical part geometry verification module..

While applying this NC design, the user should have é
system at his di;posal that could cover a large range bf parts
in the 2% D domain. Indéed, the list of macros, developed up
to this stage, .is not complete, but the goal of this NC de-
sign is not having the almi 'ty capaﬁ}lity‘of machining every ¢
existing complex shape. Aécording to’a recent German paper
("Market Situation for EXAPT" out of "Minutes 1975") [10], the
authors claim that the EXAPT system, also limited to machlnlng

tasks up to 2% D, can deal w1th nore than 90%5 of all NC machl—
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ning tasks in the Federal Republic of Germaﬁy. The reader
shoul& bear iﬂ nind, howevér, that by "ﬁisconnecting" the
preprocessor from the front - end, the user would still be
capable of part programming complex shapes, utilizing APT's
full power ( > 2% D). '

Recently the APT programming system’has often been
implemented in central computer centers and made available
pra&tically everywhere through public telecommunication 1li-
nes (e.g. acoustic couplers). Not only does the simple and
versatile aFcessability bring‘theﬁuse of large cémputers con-
tadning powerful programming sysgéms to small plants but, in
contrastnﬁigh the batch processing mode, the turn- around ti-
me in between;fesubmissions is dréétiqal;y reduped. In this
environment our system can be depicted as an intelligent ter-
minal backing up the existing APT éystem by offering the user
the following extended off - line capabilities : .

- ‘interactivelly inputting the necessary information
for part programming preparation

N

- part geometry verification on CRT display

- +the proyision of -metalcutting téchnéldgy and opti-
mization routines ' ‘

'~ editing of system macros in p&rticular and part
programs in general

A simplified wiew of the procedure is depiéted‘in Fig. 1.4.

It shows the links between the various concepts in the sys-

tem.

[+
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CHAPTER 2

The selection of cutterradius, feed and circum-

ferential velocity in peripheral milling.

o ————— e g

2.1. Introduction.

As far as the semi - automatical stipulatioﬁ of technolo -
gical parameters during the preprocessor phase of this NC desiéﬁ
is concerned, so far only the selection of economic machiniﬂg
conditions in peripheral milling has been implemented. However,
parallel to this worl:, the optimization of multipass turning is *
being undertaken at the university. This knowledge canalater be
integrated in the preprocessor software package.

The selection of machining conditions in peripheral mil -
ling was dealt with in E19] and [éd]. The implementation of the
concepts, developed in these research papers, is undoubtately of
practical significance in the developmént of teéhnologiéal rou-
tines for NC programming. Both papers discuss the stipulation
of feedrate and velocit& for one milling cutter when radial
width and axial depth of cut are varied in a roughing‘operation.d
Before presenting the approach to the seleétionpof machining
conditions in a pocketing 6per§tion, it is ﬁecessary to briefly
explain the concepts undgrlying the development of a toollife
equation for pheripheral milling as presenééd in the above men-
tioned papers. ‘ C

The inheérent complexity ofoperipheral milling in compari-
son with turning results in an additional number of practical
vafiableé when assessiné toollife. Besides bgiﬁg diécontinuous,
which leads to a possibility of both thermal and mechanical

L3
.
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shock, the process is characterized by a variable chip thick-
ness auring cut. |

In [ﬂé] the aﬁthor, assuning a linear relation between
flankwear and cutter - tine and basing himself on the chip

thickness (S) - toothlife (T) relatlonshlp

’ \
(8 +A) . 1" = const. : (2.1)

with A and (' constants
as proposed by Kfonenbérg, created the concept of equivalent
feedréte’(s ) which, when maintained constant, would ‘yield
- the same average wearrate as the variablé chip thickness in

mllllng : ,

b B . :
I I /2! - » ’
Seq 5'{$; Jé g;fA) , d¢ ] A (2.2)

where Q) is the swept angle of cubts , |

*

* In -case of a "Taylor type" Felationship (ST’-const ), S oq is

glvengas , ‘
[ ‘&_ ﬁ . "
Eayar d¢\ ~ (2.3)
L¢s 0]

s expresses the influence of cutterdiameter, width of cut

eq
and feed per tooth on the geometry of the qut.

-

. The 1nf1uence of the intermittent nature of .the process
on toolllfe, predomlnantly thermal stress1ng, oan bﬁ~ xpressed

by the’ thermal fatlgue parameter, 1ntroduced by Yellowley in
[16]es .

(2.4)

where Ep is the range of tRermal strain for an arbzbrary
rake face temperat e.of 100

’

X
AN
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N
N 1is the cutter rotational speed (rpm)

x 1is the ratio of total cycletime to the time in cut
durin~ the cycle ‘
The thermal fatigue parameter talkes both the ranée of thermal
strain and number of cycles of thermsl strain per unit time into
account. ER characterizes the relationship Setween heating time,

cooling time and range of thermal strain. In iﬁj], the following

expression-vas suggested for Ep (see Fige 2.1.) :

Ep = 39 log t, - 23 log t, + 37.5 . ‘ . (2.5.)

where t. 1s the cooling time (msec)

t, dis the heating timy—(msec)
The ER values show very little dlfference for high speed steels
and carbide tool materials (for the same heating and cooling
times). ‘ ‘
! Assuming a "Taylor type™ relationship between active
toollife and velocity and taking into account the 1nterm1ttent'

nature of the process, the following active toollife (T ) equa~-

tion has been pronosed in [ﬁé] and [?Ql

- const. . . . | : : (2.6)

.Ta {X]m Eseq]n [v]P

"and consequently the actual toolllfe of the cutter (1) is

J

T _ 360 const ~ ~. (2J7)
3g [X] o [s Q] % WP '

Wwhere (P, is the swept angle of cut and V the circumferential

velocity. Tynicai exponent values for teollife equatlons (2 6)

and (2.7) are m=2, n=1 and p 2. These toollife equatlcns

'will - he used in furthsr investigations,
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2.2. Optimization of peripheral milling.
2.2:1. General,

Based on the above mentioned pape:qs; [’18] R [’19}, [26 as -
well as [aGJ and after an initial study of the problem carried
out on the CDC 6400 using the 3D plotting package and the OPTI-
SEP package [?2,23], which"confirmed the expected trends between
the objective'function (i.e. cost) and the indepen&ent variables
a minicomputer software*[?@} roﬁtine to perform the optimizatioq
of machining conditioﬁo in milling-has been constructed.

' The selection of the optimum machining‘conditioné, inolu;
J diné cutter diometer, in peripheral milling is unquestionably =2
cooplex task. A*typ?cal part which is t0 be machined using end-
mills can ¢onsist of the foilowing elements :
~ 1) - shoulders (see Fig. 2.2.) .

2) ”slofs (width of cut is equal to the cubtter diameter)

3) éookets .
Since the total problem- is excecedingly complex, a&s it consists
'of the op%imization of not only the feedrate, poriéheral speed,
the chozce of cutter diameter, but also of the method of volume
subdivision, the “s1mple" problem of dlameter selection was.

first examined in [?11.

2.2.2. Economios of the process,
‘ '

'“The costs associated with the milling process may be di-
vided 1nto fixed costs, attrlbutable to non - productlve time
and raw materlal costs and variable cost, composed of the fol-

© lowing e;ements : overhead gcost of maohlnlng,,poolgost and tool
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changing cost. The variable cost:pcr pert would be :

#

C/part =:ch. tmach + Cy . EE%EE + Cy . tct.-EE%EEv (2.8)
where ~C/part : wvariable cost per, part (3/part)
‘Ch : machining.rate.(S/nin)
% Y hach : machining time (min)
ey : cost per tool (3/tool)
tog : *tool changing time'(mib)
T : . cutter toollife (min)

In papers 539] and [2@: an interesting plof is depicted
(Pig. 2.3.), representing the ratios of permissible feéds per
tpdth'versus‘éuttcf immersion (ratio of width of cut to cutter
diamete?) for constant toollife, constant velecity and constant
axiq; depth of cut. Assuming ah pnconstrained.situation and'a \
small influence of feedrate on toollife .(€.g. n=,5), the feed
pér tooth in full immersion has to be double the feegd per tooth
in half immersion in order to obtain the same ‘real" tooliife
for both situatiogs, so that in the férmer case four times as

.nuc¢h metal has been removed during the toollife. However, a ma-

xiﬁum chip thickness constraint (see later) doésn't allow the
feed per tooth in full inmersion to ekceed the maxzmum feed per
tooth in half 1mmersmon. Notwa.thstandlnb that, the metal removal
rate in full 1mper51on, as compared to half’lmmer51on, will at
least be dougled, partially due to the velbcity‘increase‘in the
slotting situation. |

When observing uhelr eyperlmental data, the uuthoru of
E1é] concluded that "the active cutting life of a tool 1ncrea-

ses as the width of cut 1ncrehs¢s. Thus, in general, slottlng

gives the highest active cutting time, at otherwise identical’ .

- e

*
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cutting 60nditions“. The same_obsefvéfions were made in ear -
lier expeyimentsi as is evident from Fig. 2.4., fhat thg slot-
ting tests give a considcéable increase in'toothlife. Indeed,
the most significunt feature of the cxperiments is the large
increase in 1life which occurs in going from a half immersion
test to a full slotting test. This phenomenon has been attri-—
buted to the lowefing of the thermal stress and straips within
the cutter..

For aﬁy bocket configuration, as for instance depicted

in Fige. 3.3%.4., containing a certaln depth of cuu, the selec-

A

tion of the following parameters needs to be pursued : =

1) cutter radius
2) <feed per tooth

. 3) . cutting velocity '
4) width of cut -

5

It is in the nature of\ﬁhings that tﬁe first stroke in a pocke-
vting operation has to be a pass in full slotting. Eventhdhgh
- this might be a substantial portion of the total pocket, it
has not been taken into aécounﬁ during the subsequent deriva -
tion. The expression for the cost pef volume meterial removed
is : ] » | .

’ch - 'Cﬁ ‘ dh . tct

C/voiume = — + + . ~(2.9)

e

where C/volume cost per volune material removed (3/1n5)

v ! cutter traverse rate (in/min) -
a 1. axial.depth of cut (in).
) a. : radial depth of cut (in)

For a particgigr cutter radius, depth'of'bup; cutting velocity

. and ‘feed, it can easily be deducted from (2.9), that the lowest

o~
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.cost is obtained by machining with the largest widéh of cut
possible, if toollife werc to remain constant. iioreover, slob-
ting tests in iﬁ?j revecaled a considerable increasevin toollife
when going from half immersion to full slotting as czn be seen
from Tig. 2.5. and Fig. 2.4. . a

While establishing systemmacros that generate the todl—,
paths to macnine pockets, the knowledge of the beneflts to be
gained while full slotting, has been implemented whenever it
was realizable. In case of a éongtan% depth of cut throughout -
the pocket and bearing in nind thg conclusions drawn in the

above paragraph, the cost per,surface area can be deducted from

(2.9).

!

. ) c c T ey .t . i
Cost/area = 2 h,_ &t ,h Ctl , (2.10)
: 2R | v T.V T . v | :
where Cost/area : +the cost per pocket surface area (S/lng)
R - ¢ cubtter radius (in) X
L :* actual toollife (min)

In comparison with turning, the influence of velocity

- ds compared to feed on toollife will be greater in mildling.

It is thus evident, from equations (2.7) andn(2.10), that* any
approach to the specifiqation of machining conditions‘for a
certain cubter radius should firstly select the maximum value
of feed which satisfies the constraints and secondly select
~the velocity to give optimal too}li?e. In [ﬂé]‘and‘iEQ],
author, analogue with the turning operation, defines the oﬁti-

-mal topllife as :

-

®h - Tot t Ot

% L

- ' yi‘bh*z.e.:p-*-m

(2.11)

T(min. cost) = (z-1)

JREP—
[] I
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2.2.3., Constraints on the selection of machining conditions,

- 7 In practice the usual constraints which nust be consi -
dered are cutterbrgakage (i.e. toothbreakage or shunkbroukége),
spindle power and é@iﬁhle torque limitations. An extensive stu-
dy on e development of the various breaksze criteria, aswell
as' tie stipulation of a powver and torque constraint, was pre -
sented in [39] and [201. In this work the author will only de-
note the conclusions of these thorough anaiysis. The set ‘of
practical values for the constraints and linmitations, inserted
in the optimization routine implemented in the preprocessor,
will also be presented. . ¢

Toothbreakage might be avoided providing that the maxi-

mum undeformed chip thickness (Smax) is maintained below a cer-
x

tain limith i.e.

Sgesindy < Spae .for d <R

(2.12)
St< < .Smax -« for & >R

d, radial width of cut

R, cutter radius
St; feed per tooth
In the case of the assumption of a brittle failure where the
principal stress on the surface must be maintained below a cri-

. TN
tical vgiue, then the form of the constrii?t is as follows :

r o oum+ 2+ 1% < const, - o (2.13)

where M is the resulting moment on the cutter
"'p is the resulting torgue

Fraa

. ‘tan . .
component of the cutting for% and Fian the tangential component)

Assuming a practicéal case of = .3 (where Foag 18 the radial

.
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i

the author of L19. and [20_ stipulated the ratio of bending mo-

ment {I1) and torque (T) in the followin;; fashion

% - .97 (1-a/2) . (2.14)

where 1 is the flute length (in)
a is the axial depth of cut (in)
R is the cutter radius (in)

As far as the spindle power limitation is concerncd, the

following equation can easily be derived :

ok Bttt < Pay (D) (2.15)

where N 1is the number of teeth
n is the rotational speed (rpm)

The maximum torque (Tm in 1lb-in) available can be deducted

ax
from the value of the maximum power (Pmax) available and the

critical rotational speed of the spindle drive (Vq)
a. H..St.>d P

< T T = max (2.18)
2 max const .Vﬁ

T=Ko

where K is the specific cutting pressure (psi) -

ihe following set of realistic values for COnstrain#s
has been inserted in the routine. The maximum torque available,
the critical rotational velocity of the spindle drive, the ma-
ximum principal stress that the &utter can withstand~aqd the
makimum chip thickness have been choosen to be regpecti%ely
10 hp, 1CO rpm, 180,000 psi and .003", . ’

As far as the implementation of this obtimization routine
in the preprocessor is concerned, tﬁe practical aspects of in-r
serting the technological parameters can be~found in chapter 3.4.
while a detailed bYuild - up of the rouqine‘is presented in the

flowcharts.



CHAPTER 3

The design of the NC system

3.1, The APT system.

.

%.1.1. Introduction. [25]

In [25:1 the author truely states that "APT is as im-
portant to-part programming as' NC is to manufacturing".
Indagd, excluding APT from the North American NC scene'to-
day would be like taking away the roots from a tree.

The cbnceﬁ%zof part-description and the problems in-—
volved are considerably more important than they seem to be
at first. Indeed, it is often remarked that "a dfawing is
worth & thousand words", however, in many cases it is ne -
cessary to convey the image of a drawing in terms of words
and symbols.

This latter problem was first brought to light by
the advent of NC machines. The iPT language wate the first
approach adgptgd to the solutioﬁ of this préblem. Amazingly
eqough, among all NC languages, it is still one of the most

versatile and powerful means of part—-description. Indeed,

52

the number of'Vgrianté in the possible ways of defining geo-

metrical entities in APT is extremely large compared to ot-
her NC larguages and-hence the programmer has a great amount

of flexibility in the way in which he can describe a part.

[

-



To fully demonstrate APT's versatility would lead
us outside the scope of this work. However, stating that
" there are 12, 16 and 10 ways to define respectively a point,
a l%ne and a circle, scarcely manifests APT's power. Above
all this, the reader has to bear in mind that APT's capa-
bility of part—aescription constitutes only a small frac -

tion of the APT - NC -~ system.

3.1.2. The building of the APT system. [4,5,8,25,26]

The APT system is made up of two major elements :
the general processor and the postprocessor. The general
processor, written in Fortrgn IV, allows an easy inter -
changability among a larse number of computefs.

The\processing of an APT part program is #®Wthieved
in four seperate, sequential phases. This.four-step proce-
dure is supervised by a control prégram called “gection‘ﬁ"v
Besides controlling the informationflow and the sequence
of evehts among/ the four sections, the control section
(section @) assigns the aliowable space in the computer
gtorage section,

During the first phase (section I or translation
phasgl, the APT language statements are translated into a
numeric form more readily understandable by the phases
which follow. This "translation phase", vie the part pro-

gram, establishes the link between human.communication to

r

e
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the computer and NC prgcessor. In this section geometric
definitions are reduced to canonical form. Also locops and
macro - "calls" (see further) are fully expanded. The trans-
lation phase errors are the consequence of part program
language and syntax violations. Any error in the transla -
t;on phase will cause the processor to terminate the job
at~the conclusion of that phase. |

In section II, the arithmetic segtion, thé cutter
path, i.e. tool-endpoint-—locétionsQand tool axig vectors,
is calculated. In this phase the CL data, required to pro -
duce the part, are computed by means of the motionstate -
ments, shapg of the tool apd‘zhe specified tolerances (IN-
TOL and OUTTOL statements). During this phase‘TRANTOo com—
mands and multiple checksurfaces are also evaluéted.

In section III, the 1ést section of the general APT
processor or also called "editing phase', again a link is
established between part programmer and computer. Indeed,‘é
the final processor phase edits and prints a listing of the
cutter path coordinates (X,Y,2) generated by section II.
}fhis ﬁhase (section III),Ohowever, can also perform routine
data‘manipulation such as transformation of cutter locations.
This modification is able to take place when statements like

TRACUT, COPY,Jefé.... are programmed. Thus the part program-

°© PRANTO : Some branching options cennot be executed by the
processor before the %ime the cutter paths are computed.
Thus, the statement can only be acted upon on the basis of
the results of execuling a statement involving toolmovement.



mer'automafically obtains an output ffom %his section. If
the program does not contain a NbPOST stateﬁent, the sec -
tion III output is automatically fed to the postprocessor
(identified by the MACHIN/ statement).

Through the postprocessor (sectionQIV), the APT lan-
guage provides the part programmer with a means of control-
ling certain functions at the qachine—tool that are auxili-
ary to the cutter-path relationship; About half of the 300
vocabulafy words, that tﬁe APT language consists of, is o -
rientated to machinetool functions and transmitted by the
APT syst;m to the postprocessor (the other half is used to
define part geometry, to specify cutter geometry and cutter-
motions, and to command computer system functions). For in;
stance, through proper part program statements, the feedrate
is controlled, the spindle rpm (revolutipns per minute) can
be selected, the coolant can be tgrned on and off, and, if
the machine is so equipped, tﬁe tools can be changed. Typi-
‘cal examples of machinetool function statements are
‘ ' FEDRAT/20 | |

SPINDL/1000,CLY

COOLNT/ON

etc...

These statements are converted, by the postprocessor, into
codes required by the controller. Also, of course sectlon IV

. "translates" the required motions and functions 1nLo the cor-

rect format for the partlcular machlnetool. The level of sSo-—

~»
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phistication in the postprocessor may vary considerably,
"however must have the caﬁability of diagnosing.simple pro-
grammingﬂerrors, e.g. violation of machine limits, no pro-
grammed spindle speed, iﬁcorrect tool specification, etc...
Because of the gact that there are gapabilities and
restrictions peculiar to almost every machinetool/control%
- system combination in use Foday, not all systems recognize
all the postprocessor words available in the APT language.
Even different postprocessors,ﬁay intérpre% the same word
in a varigty of ways. For these reasons, the definition of
the postproéessor voéabulary Qords is meaningful only in

-

the environment of a particular postprocessof.



3.2 Advantages of the APT system macggs. E28]

Rél;tive to conventional ma&bine—tools, numeri-—
cal control machine tools are very expensive ( 8 10000
for a gonventional versus 3 50000 for a 2)¥ axis numerical
control milling machine ) but the latter can prove econo-
"mical if used correctly. Moreover, in the production of
complex shapes, digital computer programs must be used to
obtain the desired cutter path and to produce the neces-
sary input tape for the‘numeriCally controlled machine
tool.

In order to be able to write part programs, the’
part programmer is required to have the knowledge of the
-machining process, the geomeﬁry of the part and a substan-
tial notion of post-processor programs. A complex shape
would requife a part program of about 1000 iines‘ to des;

M . B
cribe the part (geometrical statements) and cutter path

(motion.statements) in such a way gs to produce the necps;
sary output from the computer. It is a fact.that in order
to produge a complex configuration, up to 50 hours of pro-
gramming (debugging, plotting and first_trial'included)
may be necessary to produce 1 hour of actual machining-

time on the machine tool. The problem of programming nume-—

rically controlled machine tools for the‘production'of ‘

L

-
.

‘@« Phe HC system developed in this thesis WOuld only require

a -dozen lines of part pnogrammlng.
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complex parts comes down to

a) the computer aided manufacturing language capable

of doing the job .
yb} the personnel capable of programming %hese com-
plex shapes
¢) the high,cqst of prbgramming
Indeed, it can be estimated that a part programmef costs
about 20 $/hour (wages (11 _$/hour) + 100% overhead). So
oﬁe can easily calculate the price of.a big program.
Needless to say that the high cost of programming can
make ag‘operation,on a nume;ically controlled machine
tool completely uneconomical.

The author attempted to solve the problem of
reducing programming time and, in addition,’to enable
part programmérs, having vefy little knowledge of digi-=
tal computer pfograms, to carry out the necessary calcu-
lations. APT contains provision for repetitive program-—
ming. Speéial computer routines are desiéned to generate
‘whole series of operations from a single commagd, Four

" techniques are provided in APT to elimirnate tedious,

P

monotonous "and repetitive part programming. These rou-

tines are PATTERN, LOOPST (and LOOFND), MACRO and COPY.
In both macros and loops APT al;owg,tﬁgyuse of conditio-~
nal’ﬁranching (IF statement) énd unc0nditionai bpapching
(JUMPTO statement). | o

’
A K
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4nalogous to calling a subroutine in a high le-
vel computer language, a macro can be called upAby a single
statement using the major word MACRO and the identifying
symbol of the macro. By doinz this a group of part)program—
ming statements, that fofm the macro, are called into ser-
vice. The macro contains varfables (dummies) in its call—.
up statement which can‘take different values each time the
macro is accessed. These variables could be.of several ty-
pes : a

a) geometry of the component
b) Eutter size o : \ -

], ¢) angle of rotation of the component —
d) translational coordinates of ,the origin

Sej surface fiﬁishing ailowancéz
f) postprocessor commands }

. g) motion commands, e.g. TLRGT (toolright), GODWN:
(godown) )

h) etC...

Moreover, the APT language pe¥mits the nesting
of macros by recognizing the CALL statement for one macro
within the definition of another macro. The maximum le%el
of nestiﬁg macios is five. Thé first macro can call the ‘
-second ohe,‘whiéh can}éall the third, and so on ﬁnfil.a
fifth macro has been called. The,fifth'macroﬂmust_then
- return control %o thé fourth célled macro before another
macro, can be called. The flowcharts (appendix_1) illus~

strate how the above features have been incorporated in
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the program.

The 'APT-macro approach'! was in%estigated and@
found to be the best apﬁrogch to the problem, especially
when dealing with a system that supports system macros,
System macros are macros of which the macro definition is
stored in a library so that subseque&tly executed part

programs can directly access them. Macro libraries are

,mostly stored on an on-line peripheral device of the lar-

ge-scale main computer; When a CALL statement to a system
macro is encountéred, the’mécr; is retrieved from stofége,
defined and executed. The relatively older version of the
APT ianguage (APT III).does not support system macros,
bué in‘the newer APT IV version one can call(up any sys-—

tem macrno from the attached macro library.



3.3, Implementation of APT system macros in the NC
design.
3.3.1. General description of system macro architecture.

A detailed description of the structure of each
system macro can be found in the flowpharts (appendix 1).
In the previous chapter (3.2.) the philosophy behind ma-
cros has been presented, while in this chapter the basic
approach will be introduced.

The division between milling macros and . turning
macros was not established on/purpose;'but more due to the
fact of a modest start. Indeed, chronol&éically the rela-
tively simpler turning macros (two dimentional cutting)
were developed first. Later on the more sophisticateé
milling routines were established. Small modifications
would allow the latter to be used for cszlex,turn;ng ope~
rations (e.é. undercuts). ' " : .

All macroé have been written.in.APT and are be-

ing executed on the CDC 6400 main computer,

A

]

4
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3.3.2. Introduction to pocketing (milling) macros. [ﬁ,5,29]

The special "POCKET" routine, available in APT III
and APT IV, can clean out an area bounded by a maximum of
20 straight lines: The routine is activated by a "POCKET"
statement in the part program which defines the points at ™\
the vertices of the configuration. APT calculates a cutter
centgr path that will clean out the enclosed ‘area and mo-
ves the;cﬁtter‘along that path until pocké%ing is comple-
ted. The"calculation of the cuttgr path‘is not based on a
real séiral, as i® the case with the roughing routine SPI-
RAL, developed in this thesis, but on a decreasing series
of concentric polygoneé.Eﬁgb 3.5.1. shows a pocket with
its outermost and next-outermost polygone.

-Automatic pgcketingqas described above can only be
done for straight—linemconfiéurations. One can bring up
that pocketing of configurations that include convex cur -
ves can be accomplished by appr§Ximating the pocket with
Etraight—line seéments by méchining an undersized pocket
(Fig. 3.3.2.). Not qﬁly will the programming of the ap -
proximatiﬁg étraightgaine_segments be laborous and prone
to errors because of the fact that the programmer has %o
calculate“the various points on the 6ircle-cir9umferencéf
but programming a detailed clean-up can be a real burden.
*ht'some inséances the proérammer only éefines a c¢ircle as

being tangent to two lIines and having a certain radius,
without even knowing.the coordinates of the center of the

circle. Needless to say that additional calculations have-
to be executed by the part programmer,
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Fig. 3.%2.1. The machining of a polygoensé
using the "POCKET" routine.

Notice the overlapping in order to avoid cusps.
(more details in section ¢ of 3.1.2.2.)

Fig. 3.3.2. Approximating the pocket
with straight-line segments
in order to be ablé &0 use
the "POCKET" routine. - -

Fig. 3.3.3. No concavity allowed in the

geometrical .configuration
. N ~ 1 an



ny

One should also notice that the approximation can be’es—
tablished using only a limited nuamber of straight—fline
segﬁqnts (a total of'éO). Moreover, no duplicate points
and no more than three points in a line can be used. The
most constraining however in this routine is that there
can be no concavity .in the pocket configuration (see Fi-
gure 3.3.3.).

To overcome the above mentioned problems, three
sets of macros were designed to produce "volume-—-elements"
rather thanetracing toolpaths along "line-elements'. This
"build - up - blocks" approach results in a reduction in
data input in most cases. In order to machine a volume -
element,ﬁone of the volume clearance routines oﬁéht to be
called up. The description which follows pertains to the

three volume clearance routines developped for pocketing.

They are oépable of handling two axis contouring in the

X-Y plane with incremenfal straight line motion in Z

- .
(2% axis contouring ). The/three pocketing procedures are
' - 2

1. TUnidirectional wutting (RGH1) Fig. 3.3.4.

Fig. 3.3.5.
o Fié\__?o3o6.
3 .

ny pocket configuration :

2. Zigzag cutting (RGHZ2)
3. Spiralling (SPIRAL)
RGH1 and RGH2 can handle almost

of sides on the polygone

»

*The term "2% axis_contouring" refers to the ability of car-
rying ouk normal 2 axis operations while the tool is posi -
tioned in a third plane. The third axis of motion is not si-
multaneous with the other axes (e.g. a screwmotion is not
possible.) R :

A
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home position
(C,D,E)

Fig. 3.3.4.a. (isometric)

clearance level
depth of cut

wbomb

Xstart
Ystart
Zstart
O
\\ //
-~
//
//
cusp - ®
T ®

Fig. 3.3:¢&b. (topview)

home
L2

- pllange

retract

——=— : rapid

s cut

uniform finishing allowance

Fig. 3.3.4. - Unidirectional pocketing routine RGH1.
(without considering a semi-roughing cut)
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2. The boundary of the pocket can consist of
" straight-line elements és well as circle-arcs.

5. There is no concavity constraint.

SPIRAL is comstrainted to a four - side polygone contai -
ning two parallel lines but, besides also having advan -
tages 2 and 3 (mentiﬁied above), there is no semirougbing
pass ngeded to clean up the cusps on the boundary (see
further), as is the case with RGH1 and RGHZ2.

In these three pocketing routines, but especially
in the SPIRAL set, a2 modular approach in haﬁdling complex
pocketshapes is persued. The example depicted in Figure
3.3.7.A. SHSQS how the SPIRAL system would gnable the ma-
chining of a "three - -generation" part ("grandfather" vo -
lume, "father" volume and two "son" volumes). Each of
fhem can havé a different depth of cut. A composite part
(Fige 3.3.7.A.), although consisting of several-indepen -

dent pockets, can be finished by ‘only calling up FINMAC

3.3.7.B.) sets would have been able to rough out these
shapes in one command (CALL/RGH1 or CALL/?GH2), provided
that the part programﬁer contours this 14 - boundary part

_flrst, and provided that they have a common partsurface.

The flexibility‘of célling up volume - clearance
réutines permits the part programmer to dévote mo?e time
optimizing the partifioning of the*comﬁiex shape.and'ﬁo
aexploit hlS knowledge and shopexperlence more ef£1c1ent—

|
1ly (e.gz. Flgp 3.%.8. Y. Indeed, the approach .of using ba-

46
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. once. It needs %o be stated that the RGH1 and RGH2 (Figu \



Fig. 3.3.5. Zipzag pocketing routine RGH2

3
r
y 4
_spiral - 5
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II IiT - 6
1S 3 7
\ s
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Q. -~ b
! ;
g\ax\@;/ ( spral; IIT 9
>~ " I
’ ’ 2 - i1
_— . ’ - . ]2 . ‘;u ’
- ) ; ) . 73
( _Spiral - : ] : :
N - _-7 I . s ; 1
> S 1z
» » i i \ n
Fig. 3.3.7.A. SPIRAL machi- Fig..%.3.7.B. RGH2 roughing -

ning & "3 generation” part. out a 14-bpundary pocket .



sic geometrical configurations to build up a complex part
enébles not only greater flexibility, but it also reduces
part programming to a minimum and it allows the part pro-
grammer to preserve his eneryy: and programningskills for
multiaxes (7 3) part programming.

In the three volume - clearance roubines the princi-
pal tool cutting direction can be along any line parallel
to the XY plane. This can easily be generalized to any li-
ne in space by inserting a TRACUT/ transformationmatrix
statement in fronﬁ of the motionstatements and a TRACUT/
NOMORE after. The ability of tranéforminé the cutterpath
points, carried out in ;he editing phase of the APT pro -
cessor, jﬁst prior to the postprocessing, shows once more
the treméndous power of the APT system. Begides transla -
tional and rotational transformatidn, thé APT user can ob-
tain mirrorimages of cutterlocatlons anq\the sectlon ITT

/
edltlng capablllty even allows him’ to ag?abllsh a "nested”

copying of his CIL data (Cutter Locatlon data).
;

*1 _— ’/rL

» ’ ’ .""’ , d M N
Figw'B;B.B,-‘Pér%i%ioning;a complex configuration.
« K . N . “ . ¥ N . »

~

48
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3.3.35. The function of auxiliary macros in part descrip -

tion analysis.

As mentioned in chapter 3.2., it is possible, by cre-
éting a library of APT.macroé, to reduce the time required
to program a component t? a mininum. Needless to szy that
there are a number of factors to be considered vhen writing
APT macros that calculate the cutter path of a "éeneralpocket
lay - out". The macros must be capable of accomodating any va -
Tiation of dimensions or positions that is necessary in order
to produce all of the configurapions required within the 1i -
mits of the basic geometry (e.g. 2 poéket (in milling) or e.g.
an external shoulder (in turning), etc...). Indeed, these ma-
cros must be written in suph a way as to cover varistions in
the number of sides (boundary-surfaces) of the pockef, kind
of boundary surface (gtraigﬁt—line segment or cirdleéérc),"
depfh of,cut,‘cutterradigs, spindle speed, feedrate, étc...

) In order to succeed in this complicated task, the main
macros (RGH1, RGH2 or éPIRAL) call up a common set of.auiili-
ary macro§; These supporting macros are MAC@, MAC1, MACZ2,
MAC#, MACS and the submacros (e.g. MACZ1). The lay- out of
the supporting macros is sketched briefly in the flowchart

of IRIT™ (=see appendix 1.1.2.).

The main function of the auxiliary macros is to digestv
the pocket information input (geometry‘and‘g%her) and pfepare'
it in ordgé to accomplish an easy access for the main rou-
ghing routines %o this info:matioh. |

e

PN



Regardless of which volume - clearance routines are
used, the geometric description of.machined featu}es is
always inpgt in the same fashion. The basic geometry of a
typical volume - element (handled by RGH1 and_ﬁGH2) is shown
in Fig. 3.3.10. Besides inputting the geometrical APT defi-
nition of every boundary surface, the pert ﬁrogrammer needs
to describe the pocket because the APT processor only recog-
nizes~full cireles and " straight lines of infinite length
(Fig. 3.3.9.). Recenfly Japanese research engineers have de-
velobed an APT like 1anguage.that'recognizesflinesegments
and circle-arcs. ‘ ' _ ‘

As w111 become clear in the examples offered in chap-
ter &4, the user ought to define the boundary surfacas at the
beginning "of the part program. Foxp 1nstance,‘ ‘ v

CS(1)=LINE/(POINT/0,0,0),ATANGL,135 |

S(2)=CIRCLE/CENTER; (POINT/-5,5,0) ,RADIUS,5

© 08(3)=LINE/PARLEL,CS(1),YLARGE, 5]

*

etc. ...
L J

N
. ®

Besides the APT surface definition iteelf (CSi), the other

[

basic geometry features of the volumé - element efe,input in-
 2e) apreys (KS, M and N). . | ’ : 4
~ The afrayelement KS refers'%o the surface type of

th

the i surface boundary (GS D). Meanwhlle, these arrayele—y

ments procure a concav1ty code :
KS:. = 0 ———->, CS represents a llne
‘Ksi 2 =1 ———p CS represents a concave -circle
"EKS; =41 - - e Csl represents a eonyex eirele
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" Pig. 3.3.9.

Fig. 3.3.11.

Fig. 3.3.10.

/ 053 1 \

N .’ lﬁ/f
ll

/
- - - - / ’
POCEET
. CS; .4 Anterieur
!
. Pig. 3.3.12.

Example to 111ustrate the
“on of N -
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The N; élemenps contain information pertaining'tne
intersection points Between the adjacent checksurfaces
CS;_4 and CS;. Based ‘on the APT vocabulary words XSMALL,
XLARGE, YSMALL and YLARGE a code was created to obtain, via
the auxiliary macros, tﬁe intersefZion_points and meanwhile

to establish a unique volume -~ element. The code works as

follows

XSMALL = Ni==-2
XLARGE_ : Ni==—1
‘YSMALL : N i= +1
- YLARGE Ni = +2 .t

and is illustrated by Fig. 5.5.?2. wﬁer; Ni;+1 and Ni+1=_1‘,
The M, élemen#s contain information pértaining the
directional ﬁodifieré, which select the proper path of tra-
vel, in every APT motion statement. In drﬁer to';bhieve the
sﬁibqlation of ahsemiroughing or a finishiﬁg éass, the

m kndwledge of those parameters is indispensable. The key to

tﬁis code is : . . 9
e . . . r
GOBCK = ¢ M, = -2
GOFWD : M;=~1
GOLFT |: . M, =41
GORGT : Mi =42 .

It ié rather obvious that the'élqp@gt*Mi and My 4 in Figu-

re 3.3;ﬂ2. carry the values +1'énd +é‘;éspectively;

. The auxiliary ‘macros will calculate the;vertices of
the ﬁock&ﬁ»(?i), the ofiseﬁ surféces (CAi) aswell és‘pther

| necessary ipformation,for—fﬁé clearance madrgs. Beéides @é-'
termining the verti?es Py and the offset surféées-CAi (see
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Fig. 3.3.11.), the auxiliary macros (MAC@, MAC1,...)also
calculate the limits‘of the cuttercenter -~ coordinates at
the pocket vertices. Fié. 3.3.45 shows an example of the
stipulation of these coordinate - points. It can easily be
noticed that for vertex - angles € 180°, the limit coordi—
nates are identical (X1 =X2; and Y1, = Y2,). Fig. 3.3.71.
gives an example of how the auxiliary macros have digestea
all input and defined the vélume element as a unique con-

figuration.

Practical .realisation :

by S S B S (S e e g S Tl S Y el S Yy QA T . S s

In our case, the APT part program was compiled and
exedu?ed by an APT processor and postprocessﬁr on-line,
via magnetic tape, at the McMaster Univeréity CDC 6400
large scale computer. However, &s will become clear iﬁ
chapter 3.4., a part ﬁrogram can: be established (aﬂd pre-
processed) on a smaller digital computer.

Upon investigaéion a minicomputer is found to be
very successful in Eupporting pért program preparation.f5df
Provided that the. part programmer has access to a general
purpose'digital minicomputer, computational algoritpmé and
software routines can be déveloped to relieve the part pro-
grammer of the burdenxof inputting small-detailed pogkgtf,_
information into the part prbgram,:ﬁhile letting the part
programmer, -in an interactive way, coﬁtour the pocket, the -

minicomputer software achieves all the necessary part pro-

gran information by manipulating the string variables, in-



put by the user. This represents in fact only one of the
minor advantages of conmputer - aided part program prepa -
ration. An analysis of the above mentioned minicomputer
software, developed by the author, as also a detailed stu-
dy of part program preparation by means of a supporting
minicomputer in a conversational mode, will be dealt with
in chapter 3.4. Provided that the part programner has ac -
cess to such a minicomputer, the preparatory information
to the volume - clearance routines (CSi, Mi, Ny and,KSi)is

inserted and edited automatically.

X 4242,

Figo 5.3-15. !
Example of the.various features
cdlculated by the auxiliary macros., *

It cen be noticed that for inner pocketangles smaller or equal
to 180°, the "11m1t-coord1nates" are equal : (X1, ,Y1 }’(XE Y2453



3.3.4. Architecture of the pocketing macros.[}B]

A well - outlined description of the volume - clea -
rance mnilling macros can be found in the flowcharts of
.appendix 1.

In establishing the general pocketing macros, in-
cluding FINMAC, the "inlayed drive surface" was found to
be the safest technique when generating toolpa;ﬁ state -
ments, Consider the toolmovement in Fig. 3.3.15.A.[§8]. In
order to continue along L2, the cutter does not have to
go all the way to P2. An auxiliary drive surface can beé
inlayed between I1 and Lg.(Fig. 3.3.13.B.). Fig. 3.3.14,
shows an exerpt from the semiroughing macro FINMAC. Pro-
vided the cutterradius is small (R1), the motionstateﬁents
presqpted %§ Fig. 5.5.14.A. will generate a correct tool-

motion. A larger cutter (R2), however, will make the pro-

cessor hang up and create an APT section II error message.

Fig. 3.3.14.B. represents the teéhnique implied in this
thesis.

In contrast with Tig. 3.3.14.A., one can notice in

. 3.3\J4.B. that the cuttermotion is directly defined
by the cuftercenter (TLON : tool on drivesuﬁface,-instgad
of : tooi right tangent to drivesurface during mo -
vement) This prevents the cutter, at the énd of the cut-
'termotlon,\of not belng in tolerance of the subsequent
drive surface. This burden was the inspiration for the ﬁse

of the CA; surfaces (see above).

a
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Fig. 3.3.13.A, Fig., 3.3.13%.B.

Pig. 3.3.13. %
TRANSFER OF TOOL FROM I1 TO L2

i A) DIRECT
-B) VIA INLAYED AUXILIARY DRIVE __
~—_ SURFACE , SN

TLRGT, GORGT/CS(I—1) PAST,8S(I) o TLON GORGT/CA(I~1)
TLRGT GOEFT/CS(I) mo cs(1+1) o ggIgCLE/s%NTER PSI) RADIUS,R)
. OFYWD/ ¢CIRCLE CENTLR
Fig. 3.3.14,A. . TLON, GOFwn/cA(I ON GACTH)
- . . ’ : Flg. 3.3."[4‘030



Fig. 3.3.16.

27

Thé reader should notice that the' need 'for imple -
menting the two phenomena mentioned above (inlayed drive
surface and CAj surfaces) is due to the fact that circle-
arcs are allowed as boundary surfaces. Needless to say
wthat the primitive built - in APT POCKET routiné does not

have to deal with these inconveniences.

3;5.4.1. The semiroughing macro : FINMAC.

Cusps remain at the boundary surfaces after ﬁaving
roughed out a pocket by one of the roughing routines RGH1
or RGH2 (Fig. 3.5{4.). In ordér to get rid of these uncut
portions, a semir&ughing cut ought to be held either before
or after the roughing cuts. A preceding sghiroughing cut
seems more favorable because it doesn't show the intermit-
tent cutting features of a\subséquen? semiroughing cut.

It needs to be stated that the semiroughing macro
FINMAC is capable of executing a finishing cut. Moreover,

a composite part (Fig. 3.3.16.), although consisting of se-
~4vera1,independent‘VOiﬁéeiiqlements, can be finished by only

one call to FINMAC.

.n:.n:.sh:.ng a composite pocket with only
one FINMAC call.

w2
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. 3.3.4.2. The philosophy behind and the mode or usage of RGH1.

As mentioned above the principal tool cutting di-
rection for the three volume -.clearance poutines(RGHﬂ,RGH2
and SPfRAL) is along the X - axis. Because of the versatility
of APT, a transformation of coordinates can make any line in
space be parallel to the X - axis.

The RGﬁﬁ‘roughing macro enables the machining of a
pocket while the cutter performs a sequential cutting motion
from the lefthandside (Ysmall) to the righthandside (Xlarge)
of the pocket ti.e. always in the digection of tﬁe positive
X - axis). In between the metal removal motions, the tool
is retracted to a height A (macro variable) above the sur -
face and shifted to (rapid horizontal movementj a point ver-
tically above its new starting position. After plunging to
the partsurface of the pocket, the cutting cycle repeats gt-
self (see Fig. 3.3.4.A.).

In order to ensure full slotting (axial width of
cut is twice the cutterradius), the subsequent cutterpaths
had to be parallgl and twice the cutterradius aparts Despite
 APT's limitgq*abiiities in performing some algebraic mani -
pulations, the total number of laps{(KB) to cover the whole
pockétarea is céiculated first (Fig. 3.3.17.). Subsequently
the starting points (U;) and end points (V;) of the various
laps are determined (Fig. 3.3.17.). After having stipulated
the necessary parameters, the actual cuttermotions are exe ~
cuted. In comparison with the software logic implemented in

RGH2, the RGH1 program built-up is far less sophisticated.
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Eventhoush the milling roughing macros RGH1 and
RGH2 can handle rather complex pocket shapes, partially
due to the section III TRACUT facility, they are not al-
mighty. In the local coordinate system of each pocket,
the highest and the lowest (Ylarge and Ysmall) point have
to be intersection points. When contouring clockwise, the
Y - value of points on the boun&ary surface must steadily
increase or stagnate' until the highest intersection point
is reached and from then on decrease (or stagnate) until
the lowest intersection point (starting point) is encoun-—

tered again.

Fig. 3.3.17. Example af the stipulation of the number .of
cutterpaths (K3=9 ) and their starting poiht
(U;) and endpoint (v).



60

3.3.4.3. The philosophy behind and mode of usage of RGH2.

The zigzag technique is often applied in pocketing.
The software logic involved is far more complicated than the
one implemented in RGH1. RGH2 is especially beneficial for

two reasons

* this volume - clearance facility machines a pocket
faster than any other method (for the same feedrate)

* it is also the method in which the tool almost al -
ways cuts under quasi - optimal conditions.

When making a comparison between the four different

‘'milling - volume - clearance routines, the superiority of RGH2
<

results in the shortest machining time. Indeed, compared to
{
RGH1, the tool only plunges once and isn't released from the

partsurface until after the job is termlnated In contrast

with\SPfRAL¢\RGH2 always machines in full slott?&gﬁgiég,wepxﬂw

e

ded, however, that, as is the case with RGH1, a semiroughing

pass precedes the aqtuél zigzag motion. Indded, as explained
in a previous paragraph (3.3.2,), the phenomenonof‘cusps oc-
curlng along the sides of the cutterpath has been av01ded by
executlng a preceding cut (see -also Flg 3.35. 15 ).

A powerful feature of this technlque (also practi-
cable by RGH1, not by SPIRAL though), is that this algorithm
can deal with islands economicall§ (ses Fig. 3.3.18.). An ex—
tended descrlptlon of this technlque can be found in flow-

,«[\

chart 1.1 3 3.

ALY
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3.%3.4.4. The philosophy behind and mode of usage of .SPIRAL.

The SPI%AL method is a typical offsetting techni -
que. It contains approximatel; the same philosophy as_the
APT POCKET routine. The latter pocketing algorithm.doesn't
really produce a spiraling cutterpath. It is constituted of
a series of concentric polygones (see Fig. 3;3.$;).
- ~Initially, our goal was to generate a generél‘pocke—
ting routine (containing circle - arcs aswell as straight 1i -

nes for boundary surfaces) in which the cutter would remove

material while performing a spiral - like cutter path. Very

soon we learnt that the generality of the problem gave rise
to tremendous complex geometrical calculations. To constrémnt
our technlque to a straight - line polygone (nevertheless 1QL-
cluding concavities) would bring its implementation very clo-
se to the already existing POCKET routine; and was rbjected
for this reason.:
Finally our preferencehwent to a moduler built - up
approach, consisting of elemehts <p0ckets) contaieipg only
4 boendary surfaées of which é are parallel. ;t is in the na-
ture of pecketing by this metﬁod, that uncut portions may're—
main if careful consideration is not. taken to see that succes-
sive cutter paths are not’ close enough to each other. As de -
picted in Fig. 3.3. 49. , the reader Wlll notlce that full
slotting does, not guarantee that there will be no cusps left
(except for the case in Fig.'3.3. 20. ) To safeguard agalnst
the flgure a cutter-offset has been

.2
programmed i¥o the SPIRAL rd&ktine. This feature checks for

a’

1eav1ng meterlal uncut in

.‘

A 4
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- the smallest angle in the. figure and reduces the cutter -
.offset accordingly. Indeed, the offset of subsequent con-
centric cutterpaths is detérmined by the smallest angle of
the quadrilateral configuration.

—If surfaces 1 and 3 in the fourL—sided configuration
are concave circle - arcs or straigh£-—1ine segments, the '
sméllest angle in the quadrilaterai figure is located on the
outer polygone.£¥ig. 3.3.21.). The calculafion of the smal -
lest angle encgijrered along theﬁcuttérpath becémes extre -
mely complicated when dealing with convex circle-—afcs as
boundary surfaces. As depicted in PFig. 3.3.22., one notices
that the inner angles of the conc¢entri¢ polygones dec;eaée B
when shifting towards the inside of the figure. Once the
smaLlést angle defgned, the minimum cutter - offset can be

calculated by the following formula
(AR)yim

i,

R=x (1 - sin%)

ninimum cutter:-offseﬁ in order not to lea-
ve any cusps along the cutterpath, (in)

-

(AR)Y;p

: cutter radius, (in) .
: smallest angle along the cutterpath _
A detailed c';aag.culation‘ of the offset (AR) and all bhe “auxa{—
liary geometr;cél manipulations can'be{found,in appendix 3.
n Having qglculated the width of cut, a grid can be con-

structed on wﬁich the cuttercentre will travel while roughing

out the pocket. The pattern will be slightly dependent .on whe-
ther or not there's an. even or uneven number of passes (qﬁaSi—

circles) involved. Fig, 3.3,21. and Fig. 3.3.22. dépict both -

4]
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cases. An extended analyéis of the SPIRAL sét of APT macros

is available in the flowcharts.
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2.%+.5. Analysis and architecture of the turning macres.E?]

Unlike other NC systems (e.g. EXAPT), the APT proces —
sor does.not nmake the distinction.begween milling and turning
operations. The post-processor (section IV) digests the CL
data (output section III) and is capable of producing .the NC
tape.

In contrast with three dimentional configurations, the
description of pure rotational components concerns only two
coordlnates, hence the APT language 1s based on deflnltlons
of p01nts, lines and circles, whjle the part surface always
remains the Z =0 plane (in the. part program coordinate system).

‘ In order to produce a turned part with thé existing
APT system; the relevant featufes of the component need 4o be
defined and the user then has to program toolmotion statements .
to gulde the tool in the required path. This is a rather sim-
ple task for a flnlshlng cut, however, programmlng a roughlng
cut in APT can be a real‘burden In o@ger to deal with thls
problem very often, turning - macrosgﬁi;e been developed (see
also chapter 3.2.). |

‘Most highly automated two - axis NC-—lanéuagés (sucp_as
COMPACT TI, MI/GETURN, EXAPT II, etc...) have been provided
with system - macros that are able of roughing and finishing
ghafts from a raw matefial barstock.or forging. This possibi;
1ity (flexibility), however, ié‘noq-existént in APT.

In.the auéhon's opinion, the input format should be an

easy - to - use tool. This infers that the input shonld be as

&
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conciseé as possible, This is especially important when des-
cribing a part for‘g}oduction purposes., Arising from this
feature, the decision was made to utilize a system of incre-
mental volume - elements to describe rotational parts. This
basic approach is consistent with the way in which produc -
tion engineers visual components aé an gddition of elements
rather than an overall shape which the designer‘may visuali-

ze. The merits of this approach lay. in

-~ the structuring of the system, because macros can be
written for each particular volume-eyément, thus
decreasing the compufation required.:

- the amount of data which,muét,be input.

Once the type of element (e.g» external shoulder oxr
faclng) has been deflned, only the amount of data

requlped for.that element needs to be entered;

In qrder to allow the~reader'to gpprecigte.the mea -
ning of increméntal volumes, a typical gompoheﬂt, sﬁiz; in
volumes is deﬂlcted in both rlg. 3.3. 23. and Fig. 3.3.24.
Hav1ng d601ded to develop a system based on volumes, two

- sets of turning macrcs,(boty'reprgsented in the drawings)
'were created for this thésisf'in both sets thé toolpaths are
generated stralght from the definition of the volumes.IOne
set serves for barstock turnlng and the other for forglngs.
The structure of these sets of macros 1s less-sophlstlcated

than the milling macros and consequently thelr implementa-

. tlon less general..
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As much as a series of 20 subsequént decreasing dia-
meters can be handled by both macros. This caﬁacity'can be
extended over 20 by intervening in the "RESERV/" statement
of the particular APT macro. Both macros have a four-stroke-
loop as basic geometry pattern of the cutterpath. This.type

of machining is commonly encountered in bar turning work.and

o

if consists of the following toolmotions (Fig. 3.3.25.) :
1) a pbéitioning motion where the tool is placed in
the correct position to take the cut.

2) the cutting stroke along the main drive surface
(in negative X ~ direction).

3) the cutting motion along the p#evious checksurfa-
ce (now drive surface) until the tool has retrac-
ted a distance of "DP" in the negative Ydirection.

4) return of the tool to a convenient position to

start the next positioning motion.

The disadvantage of APTvénly”recognizing fu11~6irdles
and infinite -~ length stralght 11nes created the 1ntroductlon 
of the‘aux1liary input variable KC(I) Analogue to its func—
tion in mllllng macros, KC(I) denotes the conoav1ty of a clr-; :
xcular checksurface, Without thls addxtlonal 1n£ormat10n, a
high probablllty of faulty four-stroke-—loops would occur ‘\

- (Fig. 3.3 26 ). In case of small convex clrcle—-arcs the. cut-
ter first cuts (1n.negatlve X - dirsction) until the center of
the circle is reaéhed and.sqbsequentlj the tool continueés tb;"
macﬁiné until. the actual surface is réached. Again,‘the'part’
programiet needs to be exfmemely careful'when'deglihg'with,}
large convex circle - arcs. Indeed, the o#&inéry:prqcédufeév

»
-4
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needs to be pursued in case the center of the circle in ques-
tion lays to the right of the initial cuytter position. How -
ever, when employing the macros described in thir work, the
user needs not to worry as the above mentioned éafety algo -
rithms are built - in.
= The first turning macro, dealt with in this thesis,
- "ROUGH" (Fig. 3.3.23.), can produée any configuration of
shafts (excluding undercuts and grooves). The second turning
macro, "SUPV1" (Fig. 3.3.24,), treats every volume - element’
(external shoulder or facing) as if it were smtuated in the
foupth quadrant (of the XY~ plane) adjacent to the orlgln._
A "TRACUT" statement transformé.all the CL data to their ac—”.
tual locatlon in the XY - plane. The creation of thls "forging"
’macro resulted from the fact that - the machlnlng of a stepped
shaft o&t of a forging is a very frequent occuring event. in
a machine shop. ‘ I .

Several auiiliarﬁ’machs to "ROUGH" and "SUPV1" have
béen wfitten, for instance to calculate the number of passes,
requzred to machlne each volume ~ element. The basic algorithm -
.on whlch the multlloop systems are based are built = in in the’
flowcharts,lvlven -in appendlx 1. . ‘ \

In the turnlng ver51on of COMP&CTIIEﬂ‘there are 'two ave-
';nues of approach open for the user. The fast turn cycle (Flgu~
.re 5r3.2;.B.) is mostly preferable over the. normal turn cycle
'(Fﬂg.'éué 27.A ) as lt has tbe power of cuttlng a series of .

‘ﬂilnterconnected dlameters. APT, toc, in connectlon with the abo-

vg developed  turning systemmacros, prov1d§s the part programmer‘

. B . -
. - . e ‘
. . - ! .
B - . -, -
L] LI
A
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v
with both systems. Indeed, due to APT's versatile section IIT edi-
ting facility, complex premachined shafts can be tufngd (Fig.3.3.28.)

' F §
ﬂ ‘ T F . i i
RD(1) RD(2) RD(3) RD|(4) RD(5)
RD(6)
cs(6)
cs(4)  ¢s(5) |}
‘ bs(3
cs(2) D (:>
cs(1) . <:>
Fig. 3.3.23.

Example of a typical component machined by
bar turning (application of "ROUGH" macros

Fig‘ 3‘3.24. .

Example of machining a stepped shaft out
~ _of a forging (hand%gd by_"SUPVﬂ") ‘
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Fig. 3.3.25.

Fig. 3.3.26. . "
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Fig. 3.3.27.B.
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3.4. The advantagés of preprocessing. .

3.4.1. General. [;aQO}

The statement that any NC machine-téol only operates
as faultlessly and efficiently as the pertinent program pun-
ched on tape directs it to do, is not a mere repetition of an
obvious truism. It is of paramount importance to ob£ain relia-
ble control tapes. A sequence of trial runs of the tape on the
actual machine is only acceptable for cases where'NC is used
for complicated workpieces in relative iarge quéntities or for
the produgction of uniquely difficult key-—parts which, without
the application of NG, could not be produced at all. Indeed,
machining testpieces, subsequently remofing errors, and opti-
mizing the program both kinematically and technologically in

‘order to render phe program reliable, cah more or less be tole-
rated in both ;;ses, mentioned above. However, it cannot bei
‘Justified in an environment where the NC machine is employed
as 8 means o; autogation in the everyday pro&uction of usual
workpieces in small lots. In the latter case, the initial tapé
must be of a consistently high quglity, if the company is to |
capitalize fully from the short set — up times. .

| The reliability of computer—-aided programming of NC
machine - tools may be analysed from the following. v1ewp01nts-
"hardware, ;ystem-software and part programming. The rellabl-
'llty of hardware is obV1ously of great importance, hqwever
thig is ougside the scoﬁe of this workJ'The diSCussiop‘of Sys—
‘tem-softﬁare's reliability certainly ﬁgst.inglude mhe‘préduéf

-ti&ity of producing reliable software. An interesting No:wégiéh
- = - 4 I Q
t



paper[40]~states that the software costs will soon count for
a méﬁor part of the total cost of a manufacturing system. Es-
timates made among others by the Japanese MUM - group indicate
a distribution of 70-—30 between software and hardware costs
in fdéure manufacturing systems. For instance, the US Airforce
System Command, certainly an established and experienced in-
stitution, incurs yearly an estimated expenditure of nearIy
31 500 000,000 (1.5 bllllon dollars) for computer software
alone . [6 !

Some misconceptions exist about software in general and
NC programming systemsoftware in particular. Much attention
is devoted to theoretical performances of particulér systéms,
often dealing in great de?ail with optimization’ of some speci-
fic factors. Sometimes this is presented in such a way, as if
convertlng loglcal flowcharts 1nto instructions for éﬁe compu~,
ter, were merely routlne. Unfortunately,*lt does not quite uork
that way, and anyone who has not the practlcal experience of
us1ng a computer,, w1ll be quite surprised by the amount of ti-
me and effort that is still needed at that stage, before an
industrially usaﬁle and consequently extremely expensive soft-
‘ware package becomes avallable. Unfortunately, only few quan-
titative data are avallable in the llterature, concernlns HC
softwarea. The'MI/GETURN processor, as an example of a compre-
hensive, highl& auﬁométea’Nc system, ié written in Fortran IV
"and contains 25000 éfétements. The more versatile ané powerful
APfisystem‘took morse thanAﬁOO man«-years\to develop and needs
at leasg‘a QSG‘K memofy'computer. , .” -

\}."

-
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A softvare package of any appreciable size with no
errors whatsoever does not exist, For example, the most tho-
roughly tested software ever, was probablyfthét of the Apollo
manned spaceflights. Yet, quite a few spéctacular software
failures, luckily without serious consequences, occured during
actual missions.

"The software systems, that the NC design of this thesis
is based on, are the APT gystem, the supporting APT system ma-
‘cros and the preprocessor~minicomputer software (see later).
For nearly two decades the APT system has been tested out and
improved. The latter two software packages have also been tho-
roughly debugged during the course of this work and tried out
on a multitude of configurations. Notwithstanding all this,
the basic difficulty remains, that any amount of testing can
only reveal the presence of errors, but not their absencs.

The problem of part pfﬁgramming reliability may be con-
sidered as one of the keyfactors in the NC applicatidén in ge-
neral. The number and frequency of part programming errors de-
pend prigeraly upon the concentration, motivation and cémpe-
teﬁce of the part programmer. The NC design, developed in this
thesis, effectively helps to evade errors, or, if already com-
mitted, it detects errors as much as possible: This desiE% is
based on the existing APT system, improved by g&stém mécros
(see chapter 3.2.) andlpreprocessing sﬁpport. Only the latter

will be analysed fur in this chapter.

T
N
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3.4.2. Implementation of preprocessing in the IIC design.Zg,gu,gq:

r

The computer\programs, that consfitute the preprocessor,
have been found ¢onvenient and useful in generatiné part pro -
gramming-text, in particular an APT part program. Our objecti-
ves arelsimple: to save.money by reducing part programm%ﬁéjco%t*“
and to upgrade the existing APT system to a highlyw-autohated
system conteining versatile systemmacros and capable of deter-
minigg technological data as a part of an integrated information -
processing system. The prggyocessor fundamentally consists of

\ S

four distinct functions :

1) Verification of input geometry

2) Calculation of cutting conditions and cutter radius
for milling (technology)

3) Calling up of macros

4) EFEditing of the part program
All of these functions are exscuted on a minicomputer.

Befo?e anélysing these various functions, the reader
should realise,that the preprocessor greatly simplifies the
part programming and cdhsequently substantially reduces the
part programming‘costs: The part programmer, only being human, )
is bound to make programming errors. Syntax errors, which in-~
clude violations of the grammar (such asg, incorrect Spelllng of
‘maJor or minor words in APT statements), could practically all
be dqtectable by & diagnostic preprocessing of tpe pert progranm.
ﬁcgicai errors arise when formally .correct APT stateﬁents con —
tradict among themselves or exceed limitations imposed by gao—
metry, technology or programming system. A comprehen31ve prepro-
ce551ng system skould include a proportionate degree of dlagnostlc

analysis to f£ind the’ detectable errors before the actual proces-
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sing begins. How this is realised in practice will booome clear.
in the following descrlptlon of our "preprocess1ng tood", /
As brlefly mentioned in chapter %.3%., a minicomputer/ 50]

was found to be very succesful as preproce331ng tool. The P

11/34, that the author had access to in the Nac Master Unlver—

H
sity CAD and CAM iaboratorles, is a stored program general pur-+

pose digital mlnmcomouter. In.lts aéﬁual configuration, this
stand-alone mlnﬁcomputer has a c¢ore memory of 16 K (16 bit
words), a hard popy terminal (type LA56 DEerlter), a dual de -
vice (RX11) floppy disk unlt a RK 05 fast disk drive and a GT46

graphics dlsplay. Over the last years we have noticed an intro-

duction of aJiarge number of lowpriced physically sma;l compu-

*

ters. These ‘so -~ called minicomputers have enjoyed a tremendous

success in the market for two reasons : low price and flexibility.
. x 4
The wide muse of int

‘rated circuits in today's computers has

kcice doWﬁ;5The flexibility of a ~general

LN

"uhfiver béen &oubted for it is established

-ose sc;entlflc tool. So it is not surprising

'

that NC has also turned to the mlnlcomputer. B651des part pro—

as a general pu

gramming preparatlon and veriflcatlon, another example is th@
trend of the lowcost minicomputer taking over the place of a.
speciél hard-wired céntfoller %or NC control funotions. Indged,
the mlnlcomputer has been found to be an attractlve and feasi -
ble approach to computerlzed NC. - 9 ’

" The language selected to run on the m1n100mputer was |
<BASIC, which is rapldly becomlng as popular as Fortran. Not only
'is BASIC easy to learn, but it 1s also 1gteract;zg;,mhls means |

that the computer and the user can carry on a WO - way conver-

»
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sation via the typewriter bfe&ie‘the CRT. The uset's progran
can direct the computer to print questlcns, thereby requesting
and labellng new data. Anothér advantage 1s that each entry is
examined as it is made. If‘tﬂe'user should answer a reguest for
a new value by typlng a non- dlglt or by an unrcasonable mﬁ}ue
the computer can reaect that 1nput print an errormessage, and
repeat the question. The author has established a software set
that especially exploits this facet of the BASiC language in
order to prevent gross errors vhen running the programs. One -
must admit that this BASIC feature greatly reduces debugging
time when writing software.[?4] - '

It is necessary that such errdfs are not only detected,
but also that their locatlon is properly 1nd1cated to the part
programmer, This offers the user the oppurtunlty to correct
them. One should realise that we have come & 1ong‘way from the'
diagnostical‘featufes in manuai programming, Apaft from the pa-
rity check on the punched tape there is no inherent diagnos —
tical properties in the codlng System for hand - programmlng.
This is why tape verification requires con31dereble efforts,
often occupying the actual machine-—todioiteeli.

. In”%ider to clearly show'the ecpnomical”aspectslof pre-
pnocessihg, the>following quantitative illustration is pfesen~-
\\ted to the reader. In HC programmlng systems wath a high degree
of preprocesszng, a great percentage of 1ncorrect programs has
been stopped early enough because most dlagnostlcal checks are
carrled out before any prdce351ng of the 1nput data has begun. R
&

Needless to say that thls tremendously limits the costs of abor-

tlve runs. Flg. 3 4. 1. shows the 1nfluence of preprocessmng 1n
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MI/GETURN, 'an example of a highly automated NC burn;ng&lan-
guage.&%

In this work the author has attempted to show{that,
with a reasonable cost expenditure, preprocgssing, inciuding
automated technology, contributes decisively ﬁowaras a high
degree of reliability of ﬁarﬁ programminé, while upéreding
the existing APT system to a highly automated design. However,
compared to very soPhisticated NC systenms, such‘és EXAPT and
MI/GETURN, which needed nhundreds of manyears”of‘rsséarch and
development, it is obv1ous that tPlS NC design has not yet
reached that hlgh level of development.

As a great deal of energy vent into establlshlng the
APT system macros (turning and milling), the development of
preproceséor miniCOmputér progfams has been limited to soft-
ware involving the ﬁfepgration of 2% D milling.part programs.
The user has two dlalogue—-f301lltles at his disposal : inter-~"
actlve graphlcs,_u51ng the CRT, and 1nteract1ve "conJersatzon ’
using the teletype. .

It also needs to be p01nted out that tape preparatlon
on a mlnlcomputer is no; a cure - all, It doesn't replace the
need for a skilled part programmer ‘when elabora?e\workplecgs
with complicated contdurs are required. Iﬁdeed eventhough
part programmlng technlques haye improved 1mmensely since the -
early days, tﬁe process of writing 2 Slzeable compllcated par%
progrﬁm and ?orrectlng errors remains a most dlfilcult act%—

[ | < P - "’(.\

. vity.

The Sklll noeded and the effort raqulred ﬁo establlsh

a eorrect,part program when employlng the NC system, developed -
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in thig'work, lies in fact between the two extremes. In con-
trast with part programming in a sophisticatea NC language;
such as A?T, a company will discover that even part - time
users,fwho are nét trained programmers, achieve to estabiish'
a correct paft program. In the literature the description cgﬁ
be found of a series éf "in - house - developed™" NC systéms.
Part prégramming(in these systems comes down to inserting a
variety of dimensions straight from the_blueﬁfigﬁ iﬁto the
computer. Anyone who can read a bluepriht is actually caﬁgble
of genefating‘é control tape withou; spending weeks learningl
how to prégfam.~1mplementing our éystem isﬁ't quite that sim- .
ple. One should ﬂgar in mind,'hdwever, tﬁat our design is ba-
sed on one of the most difficult ﬁugbalsb most powerful aﬁd:’
vepsatilé NC sysfems. Coﬁsequent}y our design contains all the
benefits from this (i.e. power + vepéatili%y). Té illustrate 3
the simplified input of this NG désign, a humberrof examples

T will be presented to the reader in’ chapter 4, It'll be clear
.to the reader that instead of using stralght APT, where the
main effort is put into the syntax, the user may concentrate
more on the semantlcs. The author would like to remark that
thzs des;gn relleves the expert part programmer, as all part

.programmlng will not funnel througp him anymore, but skllls

will stlll be neéded for campl1catad elaborate workpleees.

.-\

_ An economlc evaluatlon of the system can be penformed
,by comparlng thls NG d381gn wmtﬂ,tﬁe industrmally applled ml—ﬁ,
- cropFocessor approach to NC ~ The exlstxng mlcroproceSSOrs(e-g._y

\ Numerldex 7800, MDSI BAYERNG9, etc... ) 1ncludlng a hlgh speed

~

¥’
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reader aswell as a hard copy terminal, can now be purchased .
for a total of § 10,000. An industrial application of this
new NC design including a 16 K minicomputer, a hard copy ter-
minal, dual drive floppy disks (8 12,000), a high speed punch,
a high speed reader ($ 4,000) and an 2780 emulator (3 5,000)
would add up to $ 21,000. . “

As far as APT processing-on a time -~ sharing basis via
a éicroprocessor is concerned, the computing costs are tﬁoiold.
A reali;tio assessment Qould reveal that 50% o6f the computing
costs are due to on- line editing and storing aswell as the re--
gular terminal charges. The second source of costs (the other .
50%) are 1mputed to computer runs. The beneflts to bﬁ_galned
from the approach in thls work are OW1ng to the 0ff - lmne capa-
bllltles of our 1nte111gent terminal. Indeed, a reallstlc esti-—
mate shows that the flrst sort of computlng cost (menthneé a-~
bove) can -be reduced by 75% while the cost 1nvolv1ng comp3%ep
runs pfobably will be halved. This would approxlmately amount
to a 60% reductlon in computer cost per annum. In a typlcal ca— '
se of a system supportlng two part/programmers, an avarage‘of N
> 50,000 could be savedjper year. Thus, eventhough one would ha}
ve a gupplémentapz initial cost‘of's 11,000 and dlso a higheff'
service for a minicompufer compared t0 a'micropfooeséor, it can i

easily be deducted thaﬁ assumlng a flVe year economlc 11fe of,

of the project, the rate of return of 1nvestment w1ll be qulte

A

QY

'hrgh e 50%) | o ': ST I |
The equlpment that the author had access to has been deéil
plcted 1n flg. 1 4. It needs to be stated however thax 1n the “

1ndustr1al appimcatlon of thma deslgn the GRT dlsplay can be ;ﬁ}

¢
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replaced by a less expensive HPfflatbé@ plotter. Indeed lacking
the CRT display in this design would not mean an impossibility
of’ interactive geometry verification. The existing sofﬁyare can

economicaliy, via the EINMAC'APT macro, generate a contour of

v

the part.
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3.4.2.1. Verification of geométrical statements.{?,14,15,31,32,
. ) D

An effective means to find programming erroré that :
are not detected by syntax and logical checks and that remaln
even after addltlonal checks, ava11able¢§§ some NC systems[?J
(e.g. the built - in redundancy check™ in MI/GETURN) is plot-
ting or visual display. The aim of the geometrical verifica-
tion is to indicate major mistakes that are more likely to |
happen than errors in accuracy whlch cannot be seen on a plot
or on a dlsplay. ‘

Recently a large number of researchers have published
their achievements which put into practice ﬁhé ﬁrend of'inte-f
.grat‘i‘ng the CAD and CAM systems [31] . One éuthor]:az]stétes that
from the advent Sf the first CRT display caﬁadle of displayihg
vectors, the computer indusfry has been‘beéieéed with ideés
and 1nV1s1oned advances concernlng the possible uses of a gra-
phic console in . a production’ env;ronment A multltude of at- |
- tempts has béen made to achleve this goal [ﬁj]

The great 1mportance of using graphlcs, plots or CRT
dlsglays to develop and debug NC prqgrams is now beyond any
'doubt The follow1ng de31gns represent‘a fow of the many ap—
proaches to interactive part programmlng Wthh characterlzes
the NC-scene today. In the "Ecole Natlonale Superleure de
Technlques Avancees dé Paris™ (France)E@]thedlsplay of a ‘part
on a GRT and 1nteract1ve text-edlting of thé MINT - IEAPT sour-

ce (Nc)uprogram on a mlnlcomputer_have pgen prevmously dqvglo-.
E" Redundancy check the reason for thls dlagnostlcal feature'
is that the probability of making two errors instead of one,

in addition maklng these €rrors so that they compensate each
is
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ped with success but unfortunately this system lacks a‘few
. \ ”n . v

features that we did implement in our design. Nof.bnly is the
system limited to drilling operations, but the permanent pro-
grams, comprising the graphical operating system of the com -

‘puter, occupy almost double the core - size this design uses

" . and, iast but not least, there can be no interaction with thé

’ part programmer from the graphlcs dlsplay since the system.

does not offer re-entry facilities. Eventhough the MINI- IPAPT

language 1s conflned to ‘only 2% D machining, the de31gn has

P

the advantage of being able to execute preprocessing, proces—
sing and postproce331ng on that very seame minicomputer,
"In contrast with processing in a batch environment, the

American APT/IGS* system provides thé user with the capability

of’generating the censole tape of the desired part from the

; graphic consoleBé_].‘Inan 1nteract:,ve graphic environment, the

on - 11ne computer graphlcs are used to facmlltate the part pro-
grammers JOb and meanwhlle to reduce the number "of trial runs
-befOre produ01ng a’ good part. Indeed compared to proce581ng

in-a batch envmronment ;%ere it mlght take ;he user up tq ten -

"submltbals before one error free run through the APT processor

is made, the number of lteratlons of the batch mode is replaced.
iby a more dlrect interaction wlth the graphlcal terminal. Onf
should bear 1n mlnd that tpe use of 1nteractiVe programmmng

‘systeme based on a tmmesharlng baszs mlght not be economlcal
‘s\

~ since it 1nvolves ma;ntalnlng a termlnal'to the tlmesharlng

i
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One of the latest achievements which attempts to in-
tegrate CAD and CAl, is the Japanese TIPS1 system. The TIPS 14
program apparently first optimizes the design (as faf as area)”
volume, weight, center of gravity, moment of inertia, stress,
straih, etc... are concernced) and subsequently draws the part
and automnatically generuates the control tape in order to manu-
facture the desired part. Not only would the analysis of all
integrated CAIM- CAD systems (e.g. volume - brick technique,[15]
etc...), recently published in researchpapers, be exceedingly
extensive in volume, but it also needs to be stated that quite
a number of these developments, concerning this subject, deal
with specific applications. For well defined examples (such as
shafts, dies, bearings, gears, ...) or other items that repre-
sent a very rigid family Zf parﬁs, the development of CAD - CAl
integrated systems is beyond the scope of academic research.

Part - geonetry input verification, via an interactive
graphics terminal, can shorten and refine the procedure used
to produce a part. Indeed, for highly automated programming
systems, such as this design, which process the input semi -
automatically (via interaction with the part programmer), both
geometrically and t;chnologically, it seems to be more effi- .
cient to plot or displa% the input rather than the output.

It appears to be prefe?able, as is the case with other dia -
gnostiéal checks, that errors are detected before the agtual
processing begins. This implies that such highly automatod

systems produce a correct output if the input was found cor -

L 4
v

rect.



This NC design provides a visual indication of the manually -
entered data and a means for the part programmer to visually
confirm the input or to modify in case of discrerencies and
exrrors. The CRT display which has become an interactive con-
munication and display device, must be capable to permnit re-
freshing because the part programmer must, via the interac -
tive graphics tool, be able to create and®modify pictorial
information on the spot. Besides a detailed analysis in ap-
pendix 1 (flowcharts), the practical realisation of the in-
tegration of part - geometry verification in the preprocessor

Fa
" will be described in chapter 3.4.2.3.



5.4.2.2. Insertint of toolins and cutting conditions.
14

F

The automation of the technological aspect of cam* is,
bevond any doubt, a development of great economical, technolo -
gical and huran importance, Due to the evolution in data - pro -
cessing und computertechnolocy, the stipulation of technologi -
cal paramcters with aid of computer is facilitated creatly.
However, it needs to be pointed out that any intention to build
up a fully automated technological system should be abandoned.
The problem 1is not only enormous in volume but the final goal
is undesirable from human, technical and economical point of
view. We have learnt that we have to strive for combinations of
man, computer and production equipment in cooperating systems.
The use of dialogue systems such as interactive graphics and al~
phanumerical terminals, where man can use¢ his normal communica-
tionaids, is very important in determining technological data.

In this work the author attempts to show that, as far
as "technology" 1is concerned, it is possible to formulate appro-
ximate methods of selec%ing economic machining conditions for a
certain process, provided the knowledge of thé geometrical con-
figuration and the knowledge of the pertaining process (e.g.-
turning, miiling, etc.., ) are available.

Of this system, still in the development stage, only
the technology concerning milling operations has been applied.
Under the term "technology" cutting conditions and tool selec—\

tion are understood. Technology relates to features such as pre-

fered (optimized) machining sequences, toolradius, feed, rota -
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tional spindle speed, etc... The milling optiunization modulqs,
based upon the theoretical analysis of chapter 2, were written
in the BASIC language (minicomputer software) and intesrated
in the preprocessor software pachkage.

The practical realisation at the ninicomputer console is
perforred as follows. The preprocessor control progran calls a
technological program into memory (the milling optimization pro-
gram OPMIL3). Various geometrical and technological data files
(stored on floppy disk, disk drive or even casette) f{fst will
be searched for on the apprbpriate peripheral device and subse-
quently be opened (i.e. attached on- line). The desc§iption of
the geometry, input during a previous preprocessing sequence,
rearranged and stored on the geometrical data files, will now
be manipulated by the optimization program‘(e.g. OPIMIL3). Du-
ring the execution of the latter program, the cutting conditions
are computed via interaction with the machinability data, opera-
tion requirements, tooling available, etc..., stored on the
technological data files. .

The optimized cutting parameters widl not be jmposed upon
the usér but will appear in front of him on the console in tabu-
lar format. The part programmer, after letting his workshopexpe-
rience and human common -~ sense digest theycomputer output, se -
lects himself the cutting parameters and.tOOISpecif;pation from
the tabels on the teletype listing or from the tables depicted
on the CRT display. A clarifying illustration of how technology
is inserted duri;g the part program preparation w%ll be presen-

<

teé~inean example in chapter 4.

« R
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As mentioned earlier, only the milling optimization
routines (see chapter 2) have been implemented in this work
and integrated in the preprocessor software. The extension
of this approach to selecting economic machining conditions
in case of a turning process has not yet been realised, It
should, however, be pointed out that research concerning
multiple turning operation is being pursued at the universi-
ty. Generating BASIC software to integrate the latter in the
now existing ﬁreprocessor package could later easily be ac-
complished by a trained programmer.

The actual experience accumulated over the years is
of paramount importance for practical aspects of NC machine -
tool exploitation in a company. Due to the modularity of the
preprocessosk the user will be able to enter his own "know-
how" into the technological files, Through actualization
(updatlng) of the technologlcal data fllef the quickest possi-
ble adaptation to actual manufacturing conditions is achleved
One can conclude that- many benefits are to be gained from the

modular built - up of the preprocessor as this low -~ cost sys-

tem can be tailored to suit specific companies.

B
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3.4.2.3. Calling up systemmacros and editinc of the partg
program, '

Because of the continuously decreasing price of mini-
computers, the use oﬁxinteractive programming svstens, based
on minicomputers, becomes more and more w;thin the means of
medium size and small companies.

For this thesis, minicomputersoftware has been esta -
blished for part program preparation, It consists of thé fol -
lowing sets of programs. A first set asks appropriate questions
in sequences, which guide the user while h& enters his own pa-
rameters into the computer. A second Set of programs digests
the information, obtained by the first set, and, vié a number
of datafiles, edits the actual part program. This. special edi-
ting system provides an extremely rapid method of debugging
the input. The collection of all these programs constitutes
the preprocessor. The preprocessor contains spgcial modules
that analyse the information entered by the part programmer.
For instance, some modules will recognize inpuf geometry'in
the APT language, hanipulate the different pérts of the strings
(éonvért it into canonical form, if not already done by the |
part pfogrammer explicitely), transfamnthoserésults immedia7¢w
tely lnto pictorial information, dlsplay it on the screen and
edit the geometry data files until the part pra¥rammer is ' COM-~
pletely satisfied with the graphical dlsplgy.

+ The intaractiOnjbetween Fhe user and the cempﬁter may

occur in a conversational mode dsing the keyboard or usiﬁg the
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lightpen sensitive subpictures in a so - called menutechnique.
This ‘'implies that besides the minicomputer (16 K memory (16
bit words)) tge following two components are necessary as in-
tergotive input/output devices\: a- teletype terminal and gra-
phic terminal (the latter‘ﬁs in fact only strictly necessary
for the interactive part geometry verification), -

Most of the teletypes available today feature an alpha-
nuneric keyboard aswell as function keys which can be used fop
interactive conversational type of programming. The CRT disjﬁ\
plays must be of the interactive graphic type (hot a passive
CRT display) because onl& the former type enables the user to
input data using cursors, lightpens and graphic tablets.

The following will illustrate how various information
or logical decisioﬁs can be obtained from conversation between
the part programmer and an interactive graphics pe;}phepal de-
vice. The CRT display (screen) can be subdivided iﬁto as many
lightpen sensitive subpictures asOneeded. Any lightpen hit
within a subpicture wili be recorded and a certain course of
action will be taken accordingly (e.g. coordinates of a point
where the lightpen hits may be recorded, etc...).

Some of the programs of the preprocessor software pack-

age take care of calling up the desired APT macros (and the

matching "REéERY/" statement), inserting them in an appropri -
ate spot of the part pfogram! Subsequently, control is trans -
ferred to other programs responsible for éhe final editing of
the part program. The actual editing - phase on the.minicompu-

ter consists of opening cergain files (e.g. geometrical data

St ——————_ ———r 8
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files, cutting condition data files, etc...), extracting

from those files the necessary information for the part pro-
gram and last but not least, arranging the various accesso -
ries, in order to obtain the final lay - out of the part pro-
gram. The programmer, subseduentlj, acquires the hFT part
probram listing on the teletype which automatically 1naicates
the termination of the preprocessing.

As far as reliability of the output part program is
concerned, we may eay éﬁat the edited part program not only
contains, almost certain, correct geometrical statements but
we can also, with a high probability, proclaim that the tool-
motionstatements are right because of the implementation of
the systemmacro - concept. '

dyhe editing phase of the preprocessor, in which the
actual text is generated, is well worth its inclusion in the

preprocessor as it avoids the error - prone editing of tapes

and carddecks.

P
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CHAPTER &4

Examples of the usage of the NC system. EA,5,8126,55]

The purpose of this chapter is the simple demopstration

of the capabilities of the system. Three examples will be pre-~

sented. The first example illustrates the part program genera-
tion of a composite part on the PDP 11/3&4 minicompuye% via the
preprocessor software packgge. The second and third e&ample
de&l with control tape generation via the APT processoéor and

Tespectively a NC lathe and a NC milling machine postprocessor.

Example 1.

The part program of a composite part (Fig. 4.1.), con-
gsisting of two pockets of different depths of cut, will be es-
tablished by the preprocessor software package via a part pro-
grammer ~ teletype — CRT display three — way conversation., Since
the macro is stored in the APT system library (when supported
by APT IV), the amount of programming that the part programmer
must carry out, is reduced to a minimum. Besides inputting the
geometrical statements, the only task that is left him to per-
Aform is inserting a number of values. ' o

In this example the usex typed in a "N" (i;e; No) in re-
ply to the qheséion "Are you satisfied with the (displayed) geo-
metry ?", He subsequen£ly reenters thengeometry he wants to mo -
dify. Automatically, due to the refreshed CRT display, the newv
geometry is being displayed (Fig. 4#.2. and Fig. 4.3.) and the
above ‘mentioned question will keep on appearing on the teletype
uﬁtil the user is completely ;atisfied and wants to continue

the "conversation”. T
o N ) . -

.
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Fig, 4.1.

As showvn in the flowcharts,'only two Qoint-, three line-
and two oifcle—AIH?4 definitions can be employed to input geo -
metrical statements. Eventhough the names of the boundary sur -
faces (also called checksurfaces) of the pocket(s) ought to be
cs(1), the user can enter any name he wishes to. N

When generating the paggiprogram for a turncd part, the
ucer should bear in mind thatizie simplicity of tHe stepped
shaft approach allows him to shortcut the‘normal input procedure
and enter theﬁpreprocessof not in APTP, as is generally doné,
but in program APTURN or program BEN1. In the latter case, the
part program will be created interactivgly with the CRT display.

As far as the generation of'milling part programs in-a

" "conversational" mode with the CRT display is concerned, the con-

f
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versation between the usér and the milling Optimization program
has not yet been established on the screen. The interaction com-
pletely occurs on the teletype. fhe optimization routine, so far,
only works wﬁth one set of parameters, such as a certain maximum
power(e.é.‘H)hp),stréssconstraint(e.g.180900psi),etc.m.However,
anticipating futﬁre extensions, files havé been created that con -
tain the necessary input parameters for the optimization routine.
Software has also been written in order to modify or update the
existing files in an interactive way via a lightpensenéitive CRT

« display.

During the preprocessing the hser m%ght come across the
following‘concepts. The "Relieve height" is the height (in inches)
above the Z = O plane at which the cutter can travel in rapid tra-
verse mode without any danger for collision. The "Angle of rota-
tion" represints the angle at which the coordinate system needs
to be rotated in order to exercise the first cut in the positive
X - direction. The angle increases positively counterclockwise from
the positive X - axis. |

The "geometric language" creaﬁed’for describing the pocket
might at first seem awkward to the reader but;ﬁhe rhilosophy behind
it has proven to be successful in various highly automated two axes
languages. In the EXAPT II language, @he part programmer contours
the blank and the finished part in-.order t; detgrmine the material
that qugﬁt to be rembved(“CONTUR“statemgnt)[}éL.When defining the
pocket, one should bear in mind to number the boundary surfaces
clockwise stprting frqm the loweét intersection pdint. The dontod—’
ring statements are in & straight—forwafd AFPT-like 1an§uage._Thé
following pages illustrate howltheﬂpart programmer wvould gzperaté
tﬁe part program of a typical cpmposite part via the preprocessor

-

e » package,
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PF2=FOINT/0y~10+0

PLI=LINE/F 1y ATANGL »%0

PL2=LINE/F2yATANGLy 30 .

?C1=CIRCLE/XI.ARGE yL1yYLARGE yL2 sy RADIUS, 3

PL3=LINE/CANDNsOs1,0,5

?L4=LINE/CANONs1+0:0,10 -

TC2=CIRCLE/CANONs0s0s0,050,1,+1i0

TLS=LINE/FLsF2

TENID ’

CRROR OIOR K K BOK IO R KOO AOK XOC0r 5ok HoKokk kekox
GEOMETR., DEF. OF FalkT FROGR., (WZRSIGN 1)
SKEOR K AR RORORRROR KR KKK AR KKK AR R K Z KRR FORAKKKACR Kk -

Fl=FOINT/-10+0,0 >

F2sFOINT/0y—10+0

L1=I_INE/CANON» ~ 8648025y +S00021+,0:3.,64000 !
L2=LINE/CANON, =59 . 88402590, ~-8,446026
13=LINE/CANON,Qs140,5°

LA=LINE/CANONy1+y0»0>10
ILS=LINE/CANONSy « 707107, .7071C7:0,-7.07107
Cl=CIRCILE/CANONy-15.4641y—-312,4%4150+05091+3
C2=CIRCLE/CANONIQ+»0»0-0»0,1,10

FINI -

KO SKOK KO ACK SR KAOKIOR ORGSR K RO RCR AKX K EOIOOICICR oK KoK
GEOMETR. DEF. OF FART FPROGR. (VERSIOM 2)
KOO 3CRCKK R RCHORORNOKRACK HOK IR K Z AKX XK HOOR KK XK

F1=FOINT/-1070:0
FR=FOINT/0y~10s0 i
LI=LINC/F1sATANGL »60 .

D INE/FR2 s ATANGE » 30
ClmCIRCLE/XLARGE L1 »YLARGE »L2yRADIIUS» 3
L3=LINE/CQNON707LrO75
1.4=LINE/CANON, L7020y 1O
Co=CIRCLE/CANON, Gy D »0,0+0¢ 15190 o
LS=L INE/F1,P2

FINI

AKE YOU SATTSITIED WITH THE 2Za0v iRy (F Qi iy 7N

HOM MANT LEOMICTRLICAL STaArE 73 0O YOU tair f06 Funtly @
71

INFUT THE MNEW GLORETRICAL &
FL3=LINE/LANONG» 150,10

ATERTINTS

95

PE—



OKOKOR ACIRICKCR R SOR ¥ T VAR K Ok O KRR A Kok yoloh iy
GEOMETR. DEF, OF PoRT FROGK, (YERSTOM 1)
- JCRACHRSOR ACK R AR GCIOR KAk ok (‘.\\'(n()f ARRCHR R K

-

FL=FOINT/~10+s0:90
FR=PQLINT/0y~-10+0
L1=LINL/CANONy =2 8680205 s 500001 yQy 8,640 ’
_2$LINE/CQNONr—.bv;B)QOJQyOy*J.ééo“Ag/
[L3=LINE/CANON»Osy 120,10

L4:-LINE/CANON»150+0,10
L51LINE/C6N0N7.7O71077.70?107:0777.0710?
C1=CIRCLE/CANONy~153.,4641,~15.4464150505051,73
C§=CIRCLE/CANONp0709Or0!0v1110_
FINI

KKOROR K HOE R KACK KROK KR A KROKOK KoK R KK K or Kok oK kR
GEOHETR,., DEF. OF FART PROGR. (VERSIOM 2)

. **W*%*********&****ﬂ****& R RROOKHOR YRR K K

i

P1=PDINT/~1oyo,o 5 ;
F2=FOINT/0s=1050 '

Li=LINE/P1,ATANGL 60" .
L2=1_INE/F2,ATANGL » 30 . ,
C1=CIRCLE/XLARGE L1y YLARGE yL2 7 RADIUS 3
1.3=LINE/CANON»Os1-0510"

LLA=LINE/ZCANONy 1 90y Q210 ,
‘"CIRCLF/CQNDN!O;@vaOvOr1 10 -
S=LINE/FPLF2 N

FINI ’ .

ARE YOU SATISFIED WITH THE GEOMETRY (Y OR.N) 7Y
_DU YOU WANT TO INFUT THE VARIQUS INFORMATION WITH
INTERACTIVE GRAFHICS (Y OR M) 7PN

WHAT KIND OF ORERATTION (MILLING(M) QR TURNIMG(T) ) %

P
.*’.‘
N

I'U‘;E\EH oF tUL RKETS :"

LEFTH OQF - CUT IN FOCKET 1 7.2

HUMBER OF CHECKSURFACES IN FOCKET 1 T4
ROTATION AMGLE OF FOQCKCT 1 930

-

-




KauIus FELUD
(L CIni/ MiND
o L J0O.750
o L2 32,8994
o L20 35.39218
y L34 35,4335
02 3‘}.{;359
24 22,4119
o 25 DAY 7
326 . 34,0837
o 3 29.7429
;| 22,446
+A49 18.435%24
5 24,0184
ool 23,9475
o6 20.0153
8 14,8969
874 13.5307
+ 875 . 16.4837
876 16,4649
o7 16,0259
r 14,301

3+ FEEXD-

DEFTH OF CUT IN FOCKET
NUMRBRER OF CHECKSURFACES IN FOCKET 2 71
ROTATION ANGLE OF FOCKET 2

RanpIus
{(IN)
o 1
124
125

126

e

* s
W24
+ 25
e 26
3

+ 4

49
v O

IS
cé A

°l

FEED
CIN/ZMIND
14,6947
15.9647
17.5475
17.5938
17,7235
18,1602
18,8571
18,1319
15,7143

Jd1.7857

W, 462099

L 9.4285:

9.2437
7.85714
6473469
5.89286
5.39392
5.39775
£.38161

5,2380%

471409 -

-

?

-

VEL,
AFi)
180
1ol
177
176
151
53
144,
144
145
144
147
130
130
130
129

“at25y

128
117
117
117 .
116

2 7.7

T-4%
h~ ]

VEL. COSTZIN™
(FFM) ($/IN"2)
178 140295
171 120001
188 . .108028
188 .- 107269
1855 L 0668435
141 _.0542904
143 £.0497775
133 0482508
104 043565
“77 L 0394708
77 0398604
51 .03461839
51 s 0341874
51 c03462234
=1 0362351
51 03562823 .
S5 03428245
45 LO354027
-4l 03586075
47 L035755
52

CUST/ el ”
(+/7ENT2)

LOZ73508

0380698
0520993
L 0510598
0340525
LQ335123
L0264639

026584

L0244185
. 0241983
.0251281
0195725
0195737
10198417
. 0197189
.0197981
, 019855

01463505
V0163513
.0163701
01464449

LIMITEIY BY MAX. 8STRESS.

Q0363537

"$! FEFED LIHITEN ®Y MAX. STRESS.
PUELUCITY LIMITEDR RY MAX.

: FOUER.
¥ OFEED LIMITED EY MaX., TORQOUR.

|

=
4

~ >
a

TORGUEK
kL
33

2

63

&5 -

183
220
305
317
356 ~
488
o98
P16
235 ¢
1100
1283
1484
14602
213%
2141
2200
2444

TORQUE
(F-1)
85
99
101
103
518
515
575
&40
948
171%
2094
3203
3272
3850
4491
5133
5600
6302

B302

&302
6302

FrouwER

(Hof"t) )

1.85
2.09%

2.73

L 2.74

4.19
4.25
.33
9,33
5.37
Tl
5044

722
7.22

L ey
7.22

7.16

716

70 11
8.66
8.66
8.4%
8.59

FOWER
(HoF o)
3,52
4,17
4,63
4,67
7.47
?.18
10

10

10

10

10

10

10
10
10

10

10
10
10
10
10

179979

Ak
£
APL8T ¥
»
+
3
¥

STRENS 9?

(FS1)

179999
180000
179999
180000
133199

93847

1158681
lLo7241
891288
446371
31142
44874
431890

. 31352

23124
17759
14505
19828
19733
18752
15217

STRESS
(FSI)
179999
17999y
179999
179999
179999
179992,

179999
179999
145063
PRE1F &
3389 #
138450 %
102067 &
76113
58921

P

55643
G5452
o Slc o

P ——

e -

$374605

K

b

R L R R

IR S

g

3 3¢




Q

BHICH CUMTERRARIUS (IN) L0 YOU CHNOSE FOr
WHICH FEEIN (IM/MIN) 716

WHICH VELOCITY (FT/7MIN) 71L7 .
WHTICH CUTTERRADIUS (IN) TO YOU CHOOSE FOR
WHICH FEED (IN/MINY 75

WHICH VELOCITY (FTI/MIN) 745

-

GENERAL TNFORMATION

INNERTOLERAIICE (IN) 7?.0005

OQUITERTOLERANCE (1N) ?.0005

FEED FOR FLUNGING (IN/MIN) 7?10

FEED FOR RETRACTING (IN/MINY 720

RELIEVE MEIGHT (IN)Y 74 .

STARTING X COORDINATE (IN) 70

STARTING Y COORDIMNATE (IN) 70

STARTING Z COORDINATE (IN) 75

WHICH MILLING METHOO (RGH1-RGH2 OR SFIRAL)

H

Iy

IMCKET 1 ?.870

FOCKET 2

TRGH2

EXAMFLE OF CONTOURIMNG @ GOFM&/Li:INTﬁF;YLARGE

CONTOUR FOCKET 1™
PHOFWL/CLy INTOF » XSHALL

I8 THIS SURFACE CONCAVE (-1) OR CONVEX (+1) 71

TEOFWI/ZLLy INTOF » XSHNLL .
TGORGT/CRy INTQF » XSHMALL

IS THIS SURFACE CONCAVE {(-1)-DR CONVEX (+1
TBORGT/L25 INTOF y XLARGE

CONTOUR FOCKNET 2
PGORGTAC2 y INTOF » XSMALL

IS THIS SURFACE CONCAVE (-1) OF CONVEX (F1)

THUFWL/LLS _—
PGORGT/L Ay INTQF » XLNARGL
PEHOFWI/C2y INTOF » XLARGE

IS TH1IS SURFACE CONCAVE (-i)JGH CONVEX (1)

FOORGT /LGy INTOF » X5MaLL

INIUT YOUR IDENTIFICATION OR MARTNO STATEMINT TEXAMFLE

-

-3
I
s

)

<3
i

" 1

)

ol

o8

c
P




303084 UJS8933UU3L83383851888 - 99
fall PROSEAM (IFOCNET » :
38985133888 393893.3933338813493

FARTNG IIXaMFILL FART

MALHIN/CINACL - 320 CTRUCUL « 1 5 - :
RESERV/COsPsRS-F Ny PG rF Oy DML 2y UM, 95 UMy ¢y DUMY 1 P $
Xe@s¥sPrT1r9,T2r25A1L, 0Ny WP vrie Py LA P59, 4

QrP 2 X1 P9y¥1rT s X27Fs ¥ 2vFr .

UrS0sV250 . ’ .
IT-: S.00000E-04

0T= 5.,00200E~-04

FOW= 10
FUF= 20
= 1 L

CALL/INITOyA=IT 5=0T

L= 2 ’ ¢
Kl= 4 i .

AG= 30 -

k= .875

Fo= 14

RF= 235

KS¢ 1 )= 1

NS¢ 2 )= 0

NSC 3 )=-1

KS( 4 )= 0 -

MO 1 )=-1 ) '

MO 2 )=-1 -

MO 3 dm 27 -

MG 4 )= 2 .
N( 1 )-=~1

N( 2 )=-2

N¢ 3 y==2

NC 4 )==2

CALL/INITL,A=AG ‘ -7
€S{ 1 )=CIRCLL/XLARGEsL1,YLANGE,L2,RATTUS,3 ©  $3C1

CS¢ 2 y=LINE/FLsATANGEL, 40 $511 .

C5( 3 )" CIRCLE/CANONs0+0,050:051510 BHC2

S 4 :

Y=LINE/PZyATANGL » 30 $41.2
CALL/INIT2 s ER=K1 .

o

FROMZ7C(FOINTS O » O 5 5

»

TRAGUT /110

‘CHLL/ Fiowiag .

vablbl ki il? ‘ ‘\' :
CFRINT, Srallll N

FrenCus e H0iu i




o

(‘, LY

K 7 - o

l\ l. :; -

AG -~ 45

K- 875

Fa- U

Ri*= 0

KRG6¢ 1 >»- 1 )

RS( 2 )= 0

KG¢ 3 )= O

KRS( 4 )= 1

KSC S5 )= O . ,
T N

M({ 2 )e—1i

M( 3 Ye 3

MO 4 y=-i

MC 5 )= 2

‘0

NC 1 )=-2 ° )

N( 2 )=-2

NC 3 )= 0O

NE 4 du=-)

N S Y=-1 .

CALL/INIT1sA-AD :

C5(¢ 1 ) =CIRCLE/CANINSO20505050+1410" $C2
€3¢ 2 )-LINE/CANUNYQ»1+0510 413 ~

CSC 3 H)=LINE/CANONy1,030y10 AL 4

(8¢ 4 )=CIRCLE/CANON»0,0/070-151,10 $3C2

CSC 5 )=LIHE/F1FP2 $$LS . . )

LAIL/INIT”:BBmhl

TRACUT /0 '

CALL/F INMAC

CALL/RGH2 N

FRINYT/3salL ’ s

TRACU T /i 10n0Niz

CALL/EINAL )

FNIt ( , ‘

FINC : ~ |

LY

kX

L

100
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Example 2.

]

L a

’
ThHe component to be machined is depicted in Fig. &4.4.

The igﬁut o and thé(ogﬁput from the APT sysgem are given on

- the'iaées which follow. The nature of the oﬁfput gives a fair-

ly good iﬁp”ession of the amount of QOrklthat'would‘have been
involved in the detalled calculatlons of the motlonstatenents.
Fortunately, thls is all taken care of in the APT systemmacros,
developed in this werk. ¢ : ¥
Thls example deals with the machining (roughing) of a

tu;;ed part from a bar stock shaft (blank). While finishing the
gart, the user should bear in mind that there is a small excess
of material at the intersection of certain boundary surfaces.

Indeed, the toolmotion‘sfatement ((:) in Fig. 4.5»)

t

TLIFT,GOLFT/CS(I) ,PAST, (LINE/PARLEL,IX,YSMALL,B)

which is a gart of the fouJ-stroke-—loop,'cannot be implemented
in the first machining cycle of a sectlon because the pos31b111—
ty exists that the'previous boundary surface CS(I-1) would be

uhdercut .The folloW1ng toolmotlon statements have been 1nserted
1nstead ((:) in, Plg. 4 5. ) ‘

TLLFT, GOLrT/cs(I) TO (LIRE/PARLEL, LY, XSMALL ,X)

LLFT GOLFT/(LINE/PA L,LY,XSMALL,X) ,PAST,
QE/PARLLL IX, YSMATL B)

v

EventHough a small amount of material is left uncut, the size
of the cusp does not require an addltlonal semifinishing pass.
Flgure 4.6., fmgure 4.,7. and flgure 4. Bzyrespectlvely
4

repfesent the part program itself, a section IV. hard copy out-

put and-a section IV plot.

- -
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Fig. 4.7. Hard copy of section IV output (part 1)
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Example 5.. ' Qé.{.

[
Aocompllcated milling part such as the one depicted

in Fig. 4#.9. can only be handled by the programmlng sets RGH1

and RGH2:(not by the SPIRAL set). Thls configuration consists

of 7 boundary surfaces. Because of the abundance of CL data .

. the printing of the section III output was omitted in this
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Fig. 4#.10.A. Section IV plot describing toolpath of pocket
.example in X - Y plane.
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 APPENDICES.

APPENpIX 1 : Flowcharts. . ‘

1. APT system macrp‘architecture.
1.1. The milling macros.

1.1.1. General structure of the milling programs.

1,1.2. Common preparatory macros for the milling
- macros RGH71, RGHZ2 and SPIRAL.

1.1.3. The main pocketing macros. . |

A 1 %.1. Flowchart FINMAC. .-
T 1.1.%3.2. Flowchart RGH1.
4. .53.3. Flowchart RGH2. ‘
1.1.3.4. Flowchart SPIRAL.

1.2. The turning macros.

1.2. 1. -Flowchart ROUGH.
1.2, 2. hFlowchart SUFPV1.

2. The preprocessqQr software ﬁackagé architecture.

General lay - out. -
Flowcharts.

APPENDIX 2 : Program listings.

1. APT software

1 1. Milling macros.

1.1.17. Gommon preparatory macros for the milling
. macros.

1.1.2. The main ﬂpaketlng macros.

1.1.2.1. FINMAC, - 4
1.1.2.2. RGHT. . -

1.1.2.3. RGHZ2.
’.1 )‘ 2 q'o SPIRAL.

1.2, Turning macros. N i
1.2.1. Barstock turning macro : ROUGH. )
1.2.2. *Macro .for machining forgings : SUPV1. S

~ + ".
3 * R . B 1,

2 Preprocessof.(minicomputer) softWarer"

_ APPENDIX 3 : Auxiliary calculabions concerning the SPIRAL macro.

-



Appendix 1 : FLOWCHARTS
1. APT system macro architecture
1.1. The milling macros .
1.1.17.Gensral structure of the milling programs » |

( — :
START

Input general information for thg part program :

IT : innertolerance (in)

OT : outertolerance (in)

FUP : retracting feedrate (in/min)

FDW : plunging feedrate (in/min)

A : relieve height above Z=0 plane (in) .
Cc : X coordinate of starting position (in)
D : Y coordinate of starting position ing
E : Z coordinate of starting position (in

E

Y .
Calling up the first initialization macro : INITQ

CALL/INIT@,A=IT,B=0T )

Input specific informat#on for the first pocket :

depth of c¢ut «(in)

. 3 number of boundary elements

AG : angle of rotation (°).

FD : cutting feedrate.(in/min)

R : cutterradius (in)

RP : rotational speed per minute (rpm)

rd

@ _ » For I=1 to I=K1)

3

o
LI XY

&

//Input Bpecific 1nformatlcn of\every boundary element /7
/

of this pocket :

K&(I): kind of surface (e.g. linesegment T 0,
convelx circle~arc : 1 ;...
motioncommand at Ith intersection
+1 ; GOBCK H "‘2 ’..O)

ion of intersection I

/

<

M(I)

N(I)

* me




<;£>< Next I ‘

Calling up the second initializationmacro : INIT
CALL/INIT1,A=AG

y

~(For I=1 to I=K1 >

L

Input the definition of Ith boundary surface
e.g. C8(I)=CIRCLE/XSMALL,L2,YLARGE,I1,RADIUS, .625

—< Nex; I >

R -
_-— -~

4

Calling up the third initializationmacro : INIT2
CALL/INIT2,BB=K1

FROM/ (POINT/C,D,E)

This gives the exact original location of the
tool so that the computer will have a reference
point from which to calculate the first move

*
TRACUT/M@

This statement transfarms the cutter center coordinates
following this statement until TRACUT/NOMORE is reached

¥
Input the cutting mode

Unidirectional pocketing :

CALL/FINMAC (first semiroughing)’
CALL/RGH1

/ or
Zigzag pocketing

CALL/FINMAC (first semlroughlng)
CALL/RGH2

Spiraling :
CALL/SPIRAL

" or

>

TRACUT/NOMORE _ .. |-
Termination of TRACUT




3

A3
Note : Total number of pockets is K
No ////J\\\ Yes
K=1>
J' \\\<;///ﬁ
—>= For J=1 to J=K-1 >
)
Input specific information for the jth pocket :¥
B ;3 K1 3 AG 3 FD ; R ;3 RP
i, \
——+<For I=1 to I=K1>
Input specific information for the ith boundary -
element in this pocket :
KS(1) ; M(I) ; N(I)
Calling up the second initializationmacro ; INIT1
CALL/INIT1,A=AG
'——)<For I-1 to I=K1)>
////Input the definition of the lth‘boundary surface ///x
—_—
Next I
Calling up the third initializationmacro : INIT2
CALL/INIT2,BB=K1
¥
TRACUT/M@ . >
. T ] v
Input the cutting mode : Calling up the final macro
that turns coolant and spin-
) gﬁ%%?géngC dle off amd that brings the
or cutter back to home position
CALL/FINMAC
or CATL/RGH2 . l CALL/FINAL
CALL/SPIRAL
3 T ' < END
TRACUT/NOMORE FINI
Y
"NEXT J
. - . END

after all the pockets are machined




1.1.2.Common preparatory macros fgr the
milling macros RGH1,RGH2 and \SPIRAL

v

) INITO : »<: START ::)

l-.-..———_——--.- - - —— . - .-

e
Define the innertolerance

A

-

l Define the outertolerance I

— i g - i+ ot e

. L T

>

Tell computer to print the section III ‘
output (print cutterlocatlons)

|

Y

Turn the spindle on

~r~
+

e e Y
Turn the coolant on

1 ’ ”
(:' TERMAC j)
| INITY : O\ K\ - ( smarT V:)
PSS — \ {

1
{ ﬂbbflne the cutterdlameter !

- ]

i
i

. —— Se ”' -
f Define thq feedrate {
‘""‘ﬁZfine the X-axis and Y-axis

———— v < e s e
f

] | N
l . Define the rotationmatrix i
i 3 -

- ” T

© REFSYS/ (}1=MATRIX/INVERS,H@)
This statement defines a new reference system
- so that the boundary surfaces, that are input .
after this statement, will constitute a pocket
with cutting dlrectlon.parallel to the X42218

(:V TERHAC ':>u
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INIT2 : <:. START j)
: : |
Y

! . ‘REFSYS/NOiORE

Rermination of
| REFSYS/(M1=MATRIX/INVERS ,M®)

,

MACZ and MAC1 are cdlled up : . e

CALL/MAC@,A=BB
CALL/MACA ,A=P,B=BB

The intersection points P(I) (vertices) of adjacent
boundary surfaces are calculated (FIG 3.3.15)

note : MACO calls up supporting macros MAC@1 and M@9¢2

l

MAC2 is called up :
CALL/MAC2,A=BB .

The tangents M™(I) and T2(I) in vertex P(I) are
defined and also the angles that these tangents
make with the positive X-axis (FIG 3.3.15)

noté~: MAC2 calls up & supporting macro MAC21

MAC4 is called up :
CALL/MAC4 ,A=BB

The surfaces CA(I) are defined.
These surfaces are parallel or concentric
to the CS(I) surfaces but with an offset R
(cutterradius) inwards the pocket (FIG 3.3.15)

&

ﬂACB is called up :
CALL/MACS,A=BB

Thé Y limits of the cutter at each intersection
point is calculated (see chapter 3) (FIG 3.3.15)

note : MACS5 calls up a supporting macro MAOS5S1

t
(: TERMAG ‘:)

1% 4

v ———



1.1.3. The main pocketing<=macros.

1.1.3.1. Flowchart FINMAC (semiroughing macro)

and auxiliary macros FIN1 and FIN2

( sTART ) )

-Go fapidly to a péﬁht vertically
above the starting point (RAPID)

-Plunge to the partsurface
(Feedrate : FDVW)

-Re-orientation of the cutter by
means of start-up, statement

J counts the boun-
dary surfaces

K1 : number of
boundary surfaces

MCI) = -1
|
GOFWD:at i

®

M(JT) = =1
GOFWD at j

-

or

FI'"

p—
i
‘-”'
) B \

Change in direction~- _

. ?
~ ‘\//’/
M(I) =1 or GOLFT at i

I

e T~ .
__ Change in direction ..
motion at vertex j .-
\1 ? "

M(J) = 1 or | GOLFT at J

>

<of motion at vertex i »---

M(I) = +2 or
|
GORGT%at i

@ .

M(I) =2
GORGT at J

s . AR BT Y N A <t




M(J) = =1
GOFWD at

P——— et

Change in cirection
of .2otion at vertex J e
- [

~ o ”
-~ Y -
-5 -

M(J) =1
GOIFT at.«j
|

—— e Y

[TLON,GOFWD/CA(J),TANTO,CA(I)J

1

Y

Cm e s < ——

P s .

M(J) = 2
GORGT at J

|

i
' !
‘TLOK,GORGT/CA(J),T&NTO,CA(I)l




e " Change in direction
of motion .t vertex J

PRPIPAN o)

M(J) = - M(T) = 1
GOFWD at j GOLFT at j
b e - aw
— Y
CALL/FIN2

»

i
)
A supporting macro i
is called to execute '
the motion i

H(I) = 2
GORGT at

B B

CALL/FIi2

A supporting macro
is called to execute
the motion

A8

I T &

|

IUSRDUEON N5 S



e o i i s sy

. CALL/FINA
i This auxiliary macro

will execute step (1) .
and step (2) {

step 2

or

CALL/FIN1

This auxiliary macro
will execute step (1)
and step (2)

i - ——

o

step 2

Step ]

i
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1.1.3.2. Flowchart RGH1 (unidirectional roughing macro)
(note : see FIG %.3.17)

——— it e o — -

U S

w¢ For I=1 to —KB‘\

y

Define the starting point U(I) of each cut

i (i.e. on the

e ——

left hand side of the pocket)

e.g. U(1) = POINT/U, ., Uy o
= I
UEQ) POI\TT/UE.Y, Uy,g * 2R
| : : :
i USI) = PO?NT/Uizx’ U1,y + 2% R= (I-1)
: U(X3)= POINT/UKB,X,U,],y + 2% Rx (K3-1)
_ 1
Define the endpoints V(I) of each cut,
(i.e. on the right hand side of the pocket) |
e.g. V(1) = POINT/V, w0 Va.y g
v(2) = 1>omf.r:/v2 o> Vg + 2R |
V(I) = Pomr/vl %7 Vig * 2# Rx (I-1)
. v .
| V(K3)= POINT/ Vi Vg o + 2% Rx (K3-1)




= e — -

A 11
/)
' GO RAPIDLY TO A POI:IT VERTICALLY (BOVE U(1)
RAPID .
GO TO/(POLIT/U,I,:{, U,l,y,‘A)
S -
e “r ~*\
~. For I=1 to I=K3 —— - —_—
" o d— ’Y; ——— e -~ -
‘ 3
, - ;
Actual Tool Cutting Motions gr\
-AT U(I) : PLUNGE TO PARTSURFACE (Feedrate : FDY) %
-CUT FROM U(I) TO V(I) (Feedrate : FD) L
~RETRACT TO HEIGHT 'A' ABOVE SURFACE (Feedrate : FUP) ?
Yes i,
- \\I = KB/ R
-
no \_’
i : Y
' GO RAPIDLY TO A POINT VERTICALLY'ABOVE U(I+1)
RAPID ) - ;
i
D, - J
-
' Y
: Next I P e
! < e ;
L

TERMAC )




-~
.

b

T.1.3.3.

A 12
™

Flowchart RGHZ2 and auxiliary macros

MACS MAC9 MAC82, NACSB MAC84 ,MACO2 ,MACO3, MACO4 , ADD1

(zigzag roughing macro)

: ST4RT *

[PO— - - - -

 SRSEUSUUN - —

- et . vt i

@ e e am e ea

Calculate the number of zigzag passes : K53

‘ <: For I=1.~EP_“E:%3 P

i

N

Calculate the. Y level(YA) at which the tool
w111 cut from left to right or visa versa

YA = Y1(I)»+ (I-1) = 2 ® R

NI SR J? - R S
CALL/MACS | ,f CALL/MAC9'
N T o
'—-——:L———- ’ —1_ -
T =1 ! — /<5 J = ~1!
< Next-wf_

J=1 : the tool cuts in
the positive x-direction
and climbs up theé right
hand side of the pocket
by a distance .of y=2%R

4

J==1 : the tool cuts in
the negative x-direction
and climbs up the left
hand side of the pocket
by a distance of y=2xR

Retract the tool to a height 1A' above the Z=0 level
GODLTA/0O, O, (B+A), FUP

— b




!
1

—_———r

' The cutter goes P ) A <ZY2(K)

“onto CACK-1) | 4 —\ P
SR ‘ ‘

/}"\‘ ‘ o ‘ . . 8 . ‘. —L—‘. -

.=~ What klnd,ogﬁ\‘ : . ‘K = K41 'L : a
boundary surface : .

———— — .

R

S

A 13
Flowchart MACS ..
and aux111ary macros MAC82 NACS;,MA084

‘a START

l

m T T — et 7 -
As the cutter machines from the rlght .
hand side of the pocket to the left '

. hand side, the arrival location on the I

' left hand side needs to ‘be calculated i

-—.—.__»—-._-—.—_.__..__-.._[._._..._.«..qm_——..‘

?

— I
t dn order not to overload the flowchart,
a simplified model for cutterarrival has [
been depicted (e.g. boundary surface : K),

. .
— b e — e e s me aee—— —— dren et . i ——— v —— ——

‘“ - ! -
. 1 \ - ’
. AN
— == —
Yes | /;\ . No . N
T YA A .

. - A < Y1(K)

,-/ ’ : H ]




99

KS(K-1)=-1 - KS(K—M =0 KS (K=1)=+1

concave line convex :

circle . i . circle . ) '
¥ l‘ i e -

Go to first intersection,

-INDIRV/-1,0,0-.
-GO/ON, CA(K-ﬂ) PSIS ON

3

(LINE/PARLEL LX YLARGE YA)

cle CA(K-1)

~DNTCUT
-GO/ON, (LINE/(POINT/CENTER,
CA(X-1)),PARTEL,LY) ,PSIS,

—INDIRV/—1,0,0
~GO/ON,CA(K=1), PSIS ,ON,

(LINE/PARLEL,IX YLARGE YA)
~CUT

Imagine the cutter first going
onto a vertical: line that goes
through tlhe center of the cir-

S

S

ON, (LINE/PARLDL X, YLARGE YA)

S

Y

o
poam wrmamadmrrt we

Y
~

- The cutter goes onto the inlayed

drive surface on the left hand-

side of the pocket at verfex P(X)

~-GO/ON,{CIRCLE/CENTER, P(K)
RADIUS ,R),PSIS,ON,
(LINE/PARLEL LX YIARGE IA)

N N

s
S

-

YA = YA + 2 % R,

14

'
v . e T
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Climb up the left hand side of the
pocket so that Y-cutter becomes YA

e.g.

In order to accomplish this
. .} supporting macros need
~ _to.be called up -

" CALL/MAC82 ‘
| CALL/MACS3 ,
| CALL/MACSH -

¥
1
‘

Tras

LTS BT




16
N

a

) Fiowchart‘MAC9
and auxiliary macros MAC92,MAC93 ,MACO4 ,ADD

~—

(: START _:)'

AE the cutter machines from the Yeft
hand side of the pocket to the right
hand side, the arrivgl location on the
right hand side needs/to be calculated

4""’"\'

7

T

No

I
ﬁ\(first

A\l

!——.—._—.—m_—-—m“

In order not to overload f
} the flowchart, & simplifiead |

- e vy -

Yes

= 1
pass) -~

pian e et Gt won—e  am— ._!—-—........-—.-_3._... a
Special start-up macro
is called up (ADD1), in
order to facilitate the .
orientation of the cut-

model for cutterarrival has |
| been depicted (e.g. bounda-[
.,_ry surface : K) '

— e e deye e J e, e o e e teees o
o
. -4’

»
-

. -

ter at the beginning of -
the first pass

— ey b

- e - - ama s ow

<

~

y

CALL/ADD,II,J3,KK,IL | .-

]
.

SN e

e e e T e e g
-7 ey P

¥ -, P ]



.
@ "
bl ’
——
\ t

' The cutter goes
y  onto CA(K) 1

-_-—-—.——j-.——-—.—_—..

?
R T

ES(K)=-1

concave
circle

——What kind of : ‘
[ﬂ‘\ boundary surface:::>*‘"““”“ |

e

line

L

§ N

‘} -

KS(K)=0

Go to the first
intersection

. | -INDIRV/4,0 .

- |-go/oN, cAixi PSIS,
. ON, (LINE/PARLEL,

IX, YLARGE, YA)

-3
3

U

,//71\\\\ ‘No .
<YA < Y1(XK)—
o~ !

K = K-ﬂf

Yes ' '

] ’ - \f

KS(K)=+1

convex !

circle
= )

§
'
¥
¢

1

" CA(K)

Imsgine the cutter
firat going onto a
vertical line thab
goes through the
center, of circle

~DNTCUT. .
~GO/ON, (LINE/POINT/ -8
CENTER,CA(K)),PARLEL,S
IY),PSIS,ON, (LINE/. S
PARLEL, X, YLARGE IA)
~INDIRV/1,0,0 ;\r
~GO/ON, calkd,psis,on, s

(LINE/PARLEL,IX, | S
YLARGE YA)

- =CUT
T

¥

The cutter goes sonto the
inlayed checksurface on
-the right hand side: of
the pocket at vertex P(K)

.~GO70ON, (CIRCLE/CENTER, P(K) s
RADIUS R),PSIS,O

N
(LINE/PARLEL L& YLARGE, YA)

-

A 17



(5 0 e
PR
, Y s
ll Ta = fA + 2. R
! ~
Climb up the right hand side of the
pocket so that Y-cutter becomes YA
e.B. . - :
, ' | /}’::-\\ ™\
YA after Lo T LTI
’ et ‘.:__ - —t \g”i \‘
) ) . 1 /I,
—
'
YApefo T = y
efone
| belt K* .
— . - Lr'
>
:
- In order to accomplish
o this suppoxrting macros
need to be called up ’ S
CALL/MAC92 I
~ CALL/MAGCO3 -
St . CALL/MACO94
. ) ) :
] . .
: . (::TERMAC ::)ﬁ
.. o
1 A . B / e '

e

-




—

1.1.3.4,. Flowchart SPIRAL

(:‘szﬁm _:)

CALL/SPIR2,J=1

A 19

CALL/SPIR2 J=3

¢4
Macro SPIRZ2 -

-~ determines the auxiliary
(boundary surfaces CB(J) when
the first or third surface

I

Y

I

CALL/SPIR4-4——+>(::>

. is convex

N CS(2)=CB(2)

\cary)
A CS(3/ <
Wae (3)5CB(3

CS(l)

CSM) CB(4)

“CALL/SPIR1 Jd=dJ :
-CALL/SPIRB JJ=J,AA=XTLARGE

" Hf:

% .

Macro SPIR1 _Macro SPIR3

The 1nner angles The maxlmum dis-
"H(J) and H(J+1) tance in the left-
are determined over areas is .be- -

ing calculated

Macro SPIR4

-the smallest inner

angle is determined
AX

~the width "of*cut is

calculated in order

not to have any cusps

left-over when machi-=

. ning with cutterra—‘

dius R
width = 2% R3*. s1n(-2-)

e.g. for a rectangu-
lar pocket : AX=90°
width = .854 R

~the number of quasi-

cireles in the spiral
are being calculated

| ~e.g. ‘CALL/SPIRS, $

JJT=1,AA=XLARGE ,

H2)  H3 - ' e

i

CHO).HE))

‘Macro SPIRS

| New offset boundary

surfaces are calcu-
lated CB(J) -

. N
.- - . *
g A o z e o - — - JU
; . : - s o L G, Rl = N
P retrs o - Ty 3 ; . .
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T e e n v . me e m—— S —— S S — —— — A— —

e S gt it n mh e A o bt my b —

‘ T o= .
- téctug} quigp statements .1
Start-up statements o
~ RAPID movement to a  point
above the starting position | ~-
-~ Sink to the psrtsurface
(feedrate : FDW) R

— 3 I .

even Is the Humber - uneven

<< of passes T~
evqugr uneven ,
? .

. B L\——\ N/ ¢
-~ Rough out the pocket y éngh out the*pocket . '
- = e

I = t
= ===l
I —— — ——— :
| r = AA f;[**“"f“'”—“”lt
* " B o o P = \ “ I — D — o —— — A
3 l { L_________,_’___.____J 1 L_‘__-_______)___ _______ __,(—\
L S - |
I I i i ettt '
/ - X B "
{For K6=1 —><For K6=1 to K6=K3

to K6=KB Ht—
. - .

Machine a quasi-~circle
(the K6-th "gpiral loop")

{ Next K6 >—-

Y
Machine a quasi-circle
‘(the K6-th "spiral loop")-

—Next K6

,‘ -

T e e e,

e



Yes

A

CALL/SPIR6,JJ=1
CALL/SPIR9
CALL/SPIR1T - |

Is boundary surface
¢S(1) convex
-2

2 . A 21

e "/f
tho ’

/

L

Macro SPIR9 and
-— macro SPIR11

Rough out the material
left on left hand side
of the pocket in case

cS(1) is convex

"{ CALL/SPIR?

H

Macro SPIR?

an auxiliary macro
to macro SPIRS

—

N4

Macro SPIR6

Calculates the num-
ber of passes to be
taken on the left
hand side

Yes

4

CALL/SPIRG,JJ=3

Semirough boﬂn:\s
dary surface CS(2

~~Is boundary
_ surface CS( )
convex

? -

No

CALL/SPIR10
CALL/SPIRM2

Kl

Macro SPIR10 and
macro SPIRﬂQf'

side of the pocket in’
(case CS(3) is comnvex

Rough out the materiall
left on the right handj.

"I CALL/SPIRS

Macro SPIR6

Calculatdy the num-
ber.of passes to bs
taken on'the right
hand side |

- o —— oy

41

Macro SPIR8
‘an auxiliary macro

0 macro SPIRﬂO

et a8 =

-

. g



1
- 1.2. The turning macros

1.2.1. Flowchart ROUGH ,
" o '(Barstock turning macro) - %

(note-: see FIG 3.3.25)
<;START 'j)
A ,

Cubter definition .
Feedrate definition i

. r
- RAPID motion from home to starting position
T X i
[y --L.;._. y
P T =1 R
' note : I counts the check-
T surfaces, Each checksurface
X E_:_Efij . . is a potential external
T e f shoulder .
_— S ¥

- - "
Calculate the intersection points P(I)

S RD(E) - RD(T1) > 20
. ? ,

!

;/ . Print :

No grooving possi-
ble in this. macro. .

LCalculate the number of
| passes- that need to be

| taken in order to machi-
ne external shoulder I

——— —— m——

LY

r -
STOP j) y - '
(j ’ | o= BD(I) RD(I+1)
) MDP
to . .- MDP : maximum .
depth of cut

2 -

No

) §
T o= INDGI) + 1 | .
L ——

3




‘ Depth of cut ; DP T
Number of passes : J

' _DFP 3
!

U U A

Executing the J passes in :
the external Ith shoulder !
J1 is the counter N

.
L T U T e S s T - .

'

———

K

S
-

'<J1=4v‘-t0‘:f’i=&> . g

e Go dlstance DP in posi- ‘
. tive. Y-dlrectlon (RAPID)

i =

3. — e e e 4 e P \-m.,.--—.lw._:*.p [P

B is.a variable that stands for the
radius of workpiece at this stage -

!
% B = RD(I+1) + DP ¥ (J-37)
Y
! Calculate the spindle speed in order

to have ,a circumferencial velooity
of VEL surface .feet . per minute

(e.g. VEL = 200 ft/m)

\ _ i
SPINDLE(RPM) = —-——-YED . B
2 (12®B) -

| :

—— —— — — ....._...I.._.—._,.-.__...._-_..‘ w f

g Cut from right to left until |
', the checksdbf&ce is reached | B

—— mm—— - - mm e e - i o &

- 3

not . a speclal routine is
o drive the cutter to the
econd intersection in case
f convex checksurface where

X center circle > 0 )




Yes No

i
R ¥ i
.Go along CS(I) to a ver- iGo along CS(I) past tﬁé“]

ftical line through P(I) . subsequent drive surface
'Retract tool !

!

1

1

i i
- '

L — T ]

Go rapidly in the positive X-direc-
tion, past the face of workpiece

L

l Go rapidly in positive Y
direction : step : DP

J

ry S

- Next J1 > ,
Ho /K Yes
- ~ I = B

‘l

-,

. . l Tool goes home (SP)
’ | in rapid motion |

-

e me b e e

A 24

e

- %%
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A

1.:2.2. Flowchart SUPV1

and supporting macros FACMAC and RGHMAGC

(Turning a stepped shaft from a forging)

(:g STAR? ::)

o

Define cutterradius

Define rotational spindle speed

Turn coolant on

Print section III output (at end of program)

]
'

]

Go to a safe starting point

RAPID
GO TO/(POINT/O,-RAD,0)

’ , I counts the total
I =0 ] number of facing

operations

[ T ;'I+57

—— w—ban o A — S——— mte " pumma . . w— — ——

{Determine the dimensions (A and B) |
L_of the ith facing volume element |

—— et ey a—— Sn— S— — e — et mam  wm—— ma——y

:

3

A = FR(I-1) - FR(I)

A = RAD - FR(I)}

L o[B = DA(I) - FA(D}—

|The CL data are calculated (in section II) ]

jas if
‘takes

all the facing of the volume-elementsl
place at the "origin. The following |

TRACUT statement shifts the-CL data to their
lreal position (as found in section III) I

.:ERACUT/(HATRIX/TRANSL,—FA(I),;FR(I),O |

— e = — —— — — — —— e A




@ A

ACMAC faces the ith &
olume element ‘

FACMAC=MACRO/AA , BB

(_smrr ) SN

l_Calculate' the depth of cut DP
(given the maximum depth of
cut : MDP) . v
~Calculate the number of passes J

3 <

=7

H.= 0
H counts the num-
ber of passes in
the fdcing opera-
tion

B = H+1

° [

1'

Take the Hth pass in the Ith fa-
cing operation (for more detailed
description of how every pass is
machined seé APT part program lis-
ting) ) ‘

s e S ek bl A ——int, meh | gl st Sttt bt

limensions of the ith
external shoulder {volume eleément)

—— ——— —— o— ——

'?Determine the

x
-1 .

o e e e iy — e e
Led . . : ’

~(CALL/FAGHAC,AA=A,BB=B|

. 1

End of the transforma-

;tion of CL data
'PRACUT/NOMORE

26

¥es

number of

rations

Y

Retract tool to a safe -
position :

.
k]

K1 is total

\ facing ope-

‘RAPID

GO TO/(POINT/—FA(Kﬂ), 3
""FR('] ) , 0

lE;chining of K1 external

‘ shoulders

-~

N
-
I=20
\ N

=

I

A

= I+1

-

s - \\1\3?51/
r =

1A = DA(I)-DA(TH1)]| = A = mAgl ) ‘
iB = FRiIg-DB I) B = FR(I)-DR{I) SPINDL/OFF
¢ = DA(I+) G =0 . .

" |COOLNT/OFF

.
. e ™
.

Y
)

S
.i;

(3:)
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!The CL data are calculated (in section II) as if all the
roughing of the external shoulder (volume-elements) takes:
Iplace at the origin. The following TRACUT statement shifts
Ijthe CL data to their real position (as found in appendix IIIL)

-

.
-—-—l———l.—-———.——l.——&———-——.—-—-—-———‘

1 . TRACUT/(MATRIX/TRANSL,-C -DR(I) o) B

.
.—-—-ﬂ—.———.;——.—-——.—u———--a—.»—h._._—c——_
.

——-\—.—.‘_—.-—_——..—_—._——._—-‘h——_

Y
End of transformation
of CL data

. TRACUT/NOMORE

°

CALL/RGHFAC, Ad=A, BBnBﬁ: » .

RGHMAC rougys out the ith
external|shoulder

" RGHMAC=MACRO/AA,BB

Combe )

i .
S
4

v’

~GCalculate. the depth of cut DP
(givén the maximum depth of
cut : MDP)

-Calculate the number of pas-
Ses : J {

y .
Go to the starting position -

Eor—roughlng out ﬁhls exter- 4
nal segment

X . Lt . -

N p .
‘ftake the Hth pass in th§ Ith
external -segment operation
(for a more detailed -descrip- |
tion of how every pdss is ta- °
ken, see-APT" part program lis—
ting)

~ . Te
N -
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2. The preprocessor softwaieibackage architecture.
" * General lay-out. '

{couN®] - - !

R s
l.main control program

.ﬁ} B
Q

b
1») h )

i
|
%

»
.. ww,

1,

{

e e nm nes ey -y =

m l CANLIN

— o ¢ T ;
-.CANLIN . : e .

‘ Al APTURN | ¢ BEN] (TURN|
. 3 N B X f‘ T | T ' . . o’ .

-..-,‘.?\
“ . ' . -
] BEN3 ] g
. . - e
] - - ’ ot - 5
f . B N
. ‘ . - . =
. d_;_L program. K : =
’ R ; . o ’ :"". ‘ :' ‘.' e : - > . < ' “ ’ ', "'.'g,-.
N H .o . ’ . * ’ * DR '
L I;Mx-file : e L . .
N K - - - - - - . -‘
b ) P “‘ '4" i '.\ ; " ,.§ :;
‘ . : L S , A - ko
- » N . - . . P hd - .i . ~¢‘-'-_.



Flowéhart APTP

. (smarr )
l -
b

/// Input scale factors for the CRT display //’
v Input the geometrical statements s

Y

| /  Open file 6 (COUNT) Write the CRT display
"scale factors-onto the file (of redl numbers) //
- Open file 1 (PART1) Write the geometrical /
statements (maximum 64 characters per string-
variable) onto the file (of stringvariables% .
— . : T
Ve (4) = 1° ‘ ' VF6(4) is counter

which is interchan-

@— .

J..Y

‘geable between pro-~
gram (because of the

lack of COMMON sta~

~ /4/?;—98()\ . tement) ..
< T CVRI(VES(4)) =
a point \\\\\\grsgfiéenﬁa/f’//i a circle

,-“'/ : kg

l a line

‘ . L v ( ‘ =

| CHAIN program:; |CHAIN program : |[CHAIN program :
~ POINT | LING ' | GIRCL
L ' = ¥ 1

No Tast Mﬁt 2

e

‘ " | Yes

Open file'3 (CANPNT) Read canonical form of all the points
Open.file 4 (CANLIN) Read canonical form of &1l the lines
Open file 5 (CANCIR) Read canonical form of all the circles

1

aa B . e M
.- : S 4- o D e

//Print all the geometrical statements in their canonical form '

./ Print all the geometrical Statements in their original f;;ﬁi/;z

o - . h M R “
- s s B -
- *— » N
' . z -
. ’ . b *
N t «
,
-




O

I
i
i
!

AS = "Yes" AS = "No"

CﬁAIN program : ,

ind of
BEN1 J

f milling
: !

operation

turning

A 293,
] . -~ 9bls
/ Print "Are you satisfied with the / 3
/ displayed geometry on CRT display” A . :
} v Input AS . 4
. -
AS = "Yeg" __-/,-gx AS = "No"
T T “\;v;/' =
1 .

/Print "Do you want to / / Input the new geome --
/ input the necessary part K4 trical elements

programming information /,

with interactive graphics /

instead of teletype con - IOnly erase the geome-

versation® // try that will be mod1~3

fied. The other geo -
Input A3 / metrical elements re-g
[\\\ main on the screen. I
* o .
AS 7 ' ‘ l , | "

' MILA11

.CHAIN program : {CHAIN progran :
'

APTURN '

e e’ JE R S S,



Flowchart POINTE

(smrr )

!

/" Open PART1 as file 1 ////

7/ Open COUNT as file 6

\\ ’ N ,,K)\ ) ,/r
‘ __—What kind of geometrical_ .

——statement for a point ?— |

point input in
canonical form

7

/

point/input as inter -

: sectiop

of 2 lines

]

|

P4 i,
/Open CANLIN

as file 4 /

A 30

sechtion

Find the canonical form
of the 2 lines in file &
and calculate the cano -~
nical form of the inter-

point,

rkd

|

Read the elements of the canonical fo&m of the point

i

s
|

onto qu_gpp;qpr@gge file ’: "CANPNT as file 3.

[ Display the point on the screenj} . -
\ - .

—_——

.

“

vE6(1)
VFe(4)

[

VIF6(1) + 1° (counts number of points)
VE6e(4) + 1 {counts number of

staﬁements)

geometrical

APTH |

iGﬁAIN program :
- . . . A '.‘

Exv

1

e

’
4



’

————<2" gtatement for the line-?——
, ent ior tue

Y W

'Flowahart LINEG

: C siART )

//' Open PARTI as file 1 (

' Open CANPNT as file 3 | ‘ #
Open CANLIN as file & /

/ Open COUNT as file 6 /‘

__What-kind of geometrlcal._k‘

riﬁﬁh%formaﬁ'Sf“tﬁéhlih§;~§Jé:'7 Ihﬁﬁ%fbfmat of 1ine,e.g.:
|L10=LINE/POINT ATANGL, 45, XAXIS | ‘L1¢—LINE/POINT4 POINT2 z
‘‘‘‘‘‘‘‘‘‘‘‘ Ef“““““i_““""“7‘"“"‘”"'
. 1.
the line is Find the canonical form of the 3
input in ca- point(s) in file 3 and calcula- ,
nonical form te the canonical form of the line

"Read the elements of the canonical form of the . /
.line onto the appropriate f£ile : CANLIN as file 4

| . . 4
, L . ! !
(?isplay that line on the sckeen

R,

-

$h°

| VF6(2) = VF6(2) + 1 (counts number of lines)
Vre{4) = vre(4) + 1 (cougﬁs number of geometrlcal
‘ . . statements)
i )
Y _ ! X R . .
CHAIN program : APTY | . . - o i
? s “ ,
» . i : { ; “‘
\“:I R ) . *
. - oo
K ' i;.l:_ ?
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Flowchart CIRCLP

( starr )
' F

/ Open PART ;s file 1
Open CANLIN as file 4
Open CANCIR as file 5
Open COUNT as file 6 -

__.—WHEE kind of geometrical sta=

) . ’ . .\"\’ ) I AR .

- e e e e m— m—

the. circle is input -1nputformat of circle, 8. g.

infcanonlcal form ,cq7=01RoLE/YLARGE 19,XSMALL,.
! LIN3,RADIUS,S5

c.__.__..—-‘.__——_—._—_—_——_-.—.

\ | ' |Find_the canonical form of

’ _ i -+ |eulate “the canonical form
R of the circle.

]
ol i

¥

Read the elements of the canonical form of the clrcle
- onto the approprlate file : QANCIR as file 5. .

Vo
I ¥ -~
' Display the circle on the screen.)

\ 4

VF6(3) = VF6(3) + 1 (counts number 'of circles) .

VFe(4) = vre(4) + 1 (counts number -of geometrlcal
‘ PR statements) .

. A
CHAIN program : APT@

the lines in file .4.and cal-| .
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~ Flowchart MIL111

( sTaRT )

i
Y | ¢ mm—
/, Open POCK as file 1 /
. Open COUNT as file 6

——— — o —- - -

..... { —
—- - —-——=_For 11 to I=K >
| K is total num-~
. ber of pockets

Y

/' Input : depth of cut of pocket I

2/’ . number of checksurfaces in pocket I

rotational angle of pocket I
o i

i
| . 1

] . e X e —
CHAIN program OPMIL3 (i.e. the optimization routine) !
During the execution of OPMIL3 a table with optimum
. | cutting conditions for machining pocket I is printed
, < on—%he teletype. \ ’

Vo ‘ S
L — { Next I >
i ‘g R T N

4
—=For I=1 to I=K >

l .

- .

' From the previously priﬁ%ed tables the user is to make
" up his mind and choose the best suiting cutting condi-
tions. for machining pocket I

Input : cutterradius (in) for machining pocket I ,
~ feed (in/min) for machining pocket I
velocity (£t/min) for machining pocket I

%"';\7 T

)

y . ~

———

- - sh———

t the following general information :
innertolerance (in /“

; outertolerance (in : ,

‘ feed for plunging (in/min)
feed for retrachting (in/min). L
relieve height (in§ _ -
starting X coordinate gin)
starting Y coordinate (in)
starting Z coordinate (in)

——— — |

~.. . - | CHAIN -program MIL222 -

]

Sl T Sy RN rs




Flowchart MIL222 ,

( sTarr )

h
/[Open POCK as file 1
// Open PART1 as file 2 //
. Open CANLIN as file &4
Open CANCIR as file 5 /
Open COUNT as file 6 /

' — . ’ K is total number
=< I=1 I" K of pockets.
{Edﬁtgd; pocket I
— b r— T — i —
- L is total number
> J=1 Yo L> of checksurfaces

) v in pocket I
/// Describe the toolmovement when dri - /2//

ving the cutter around the pocket :
/ e.g. GOFWD/L9,INTOF,YLARGE

—

Bratyais of Tis biring Teriable just Iapat]

[Determining of CS(J),

\ 3
Determining of KS(J)

. 1

L 4

Determining of M(J)

¥ ]
: |[Determining of N(J) .

5
4

-

. ' “Next I ,

<

parg

~ Input milling mode you are going to use : AS
. ~ 1
¥

A$<"RGHAM . - A$:E>> A$="SPTRAL"
[ . T A$=‘- "RGH2 n '
[VF1(10)=3] . |VF1(10)=4] VF1(10)=5]"
L. X R |

a1

- 4
~Input identification : AS _~

>
- - Y
)/ %
N

-

. .
.

— e = o U s et e 1 e e o oo o <o —— - s .
Ty, ok " T R NERR B e asassen i D A -
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-
___________ —
/ PRINT "PARTNO";AS /
. 4

Yy .
/ Print MACHIN statement /

S <WI(10) 72— .
//Print RESERV / _ fPrint RESERV {
statement for, = yatatement for
RGH / / SPIRAL
Print RESERV
statement for
RGH2 .

: — X
4//Print all general information (e.g. INTOL,QUTTOL,...) //

+

»

'/ PRINT "CALL/INIT®,A=IT,B=0T" /

¥
/T — K is total number
Cé) ~\I=1 tﬂ I"K> of- pockets.
Y

Print information specifically for pocket I
(e.g. depth of cut, angle of rotation,..)

e J = ,:0 ‘J=L> | L is total number

of checksurfaces
in pocket I
- ‘ PRINT : KS(J)
- MJ%.
- / . N(J

1
7 PRINT "CALL/INIT1,A=AG" /

—+<J=1_to_ J=L>

) 1
: - PRINT CS(J) ‘
(definition of checksur- - .
face J in canonical form) . -
< Next J : - .
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®

/ PRINT "CALL/INIT2,BB=K1" .~

/“ ' Yes

I=1
N -
™ 7 PRINT "FROI/(POINT/C,D,E)" /
No i
Y -
/ PRINT "TRACUT/M@" /

L yF10) T E 2
PRINT "CALL/FINMAG"
PRINT "CALL/RGH1"

PRINT "CALL/FINMAC" /
PRINT "CALL/RGH2"

PRINT "CALL/SPIRAL" /

/ PRINT "TRACUT/NOMORE" /

K
j'
_(2}—— » Next I D>
./ PRINT "FINAL"
PRINT "END"

< /  -PRINT "FINI" /

- e e s e bt P —er— ———— e — o
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Flowchart OPMIL3

. C smARm j

e

Open "COUNT" as file 6 .,

Ty —
overhead cost -

tool cost constant

tool changing time :
tool life equation constant i
velocity exponent .
equivalent chipthickness exponent Q
axial depth of cut |
force equation constant j

Define

I T T S B N R

p o~
P

(Read the cubtter radius from data statement.

N E) —>

W=2%R radial width of cut

\ D = VF6(10) axial depth of cutb
~ !
- . Define maximum feed

min. and max. radii
starting value for velocity
maximum stress

Pl

.7 = maximum power
maximum torque available
Define the number of teeth. Q.

| feed = maximum feedj

e

! .
hed

, . Deflne the cutting force |
* the moment developed
i . the torque required l )
¢ " the stress devéloped ; ‘
.

JRedefine feed
and stress

Lre _imoms < sommmor
ress -r?ssmax“ -

‘Redefine feed *
{ and ‘torque |

QEEEE;iihéEEEEE;;;t?-~ Yes




7

Define starting veloc1ty V and :
incremental stepsize of velocity D9!

R P SO

| Plnd the equlvalent chiptickness

—— s - e

-
tné?iﬁé'césé"iii £¥“;;166ity v - -
e ¥ :

|Define cost U8 at velocity V+D9 | !

Redefine stepsize to
a smaller value.

f

Reduce velocity by
2 ¥ stepsize

| .
<33£E§EEEE>* ‘No

Yes

»——-:—-——-—J 1

-

"
No .--Has the stepsiz

T T——been reduced 2 -
T e—vas

e e Y. —_
Check the power constralnt
in subroutine 5500 !-

!

Print radius / .
feed 0
_velocity !

» cost //

torque

pover

[Ep——'

t

. Read next cutterradius //
;’ from data statement /

No K 999>

\\\\\«’//

. e ¢ Yes
¢ Print out the anroprlate remarks ,’

S

[CBAIN program MIL111;

A
stress /' .
remarks .

A 38
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Fl‘owchért APTURN. o A 39

C START .)

- LN : .

Open "PURN" as file V'F’l / ® .

ra. LS

’ Input the numbe:r: of shoulders . . o
] ~ the Yinnertolerance élng . : , /
/ ~the outertolerance (im) , - |
/ the nose radius (in). -
/ the cutting velocity (sfm)-
. o - the clearance (ipm) o

PN

1 - T
: / Is the "workpn.ece a forging ? / . j
. / Input A3 . (Y or N% - . |
ﬁy\ Y . K
AS="N" : /p@\: . L AB="YN l
Y.
/Input in a. conversat:.onal mode 7ﬁnput in & conversational /
the neces geometrical des- , mode the necessary geonle- /
. cription of the blank and the , , trical descrlptlon of the /
« finished part aswell as othér . forging and the fj lShed
auxiliary parameters. _ part aswell as ot au -
' .e.g8. starting point - - xiliary parameters ;
‘ finishing allowance T d
radiug of barsf:ock 3
etc... , \}_s;or I=1 « to I-W1(1?“—‘
1 — ~ VP1(1) is total
-/ Open "PART‘I" as i':t.le 2 / .o number of shoulders
- Open "COUNT" as.. file 6 I ) . g
.3 /Input  RD(I) - / - ]
Inpu‘b the names of the check— / %g :][: ' / [
/surfaces (m successive order)/ / ' FACEY /S — ’ i
4 ]
- - {
e " {The appropr:.ate suri‘ace defini— |’ : - Next I o f
' [tions are searched for in file?2 o i !
and stored in =& subscrlpted ) oo
string va:mable GS(I) \ ¢ .
o C S a— ’ R
< o fInput t‘he 1de.ntn.flca*blon of the part program. ’ .t
-~ e 7o ‘ ) . . {‘ . - Sl .\.
 pezavock, /Wh—aﬁi’;f\m\ forging i

ning operaf;n.pn 2

Prn.nt the part pI‘O- ' Print the part .pro-
gram on the telet ) gram on the teletypef
' . ‘ - l «
- S '3 . %

" C - . C ENDw) ) . g

~

S . © -
N - . B N
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Flowchart BEN1

:

A 40

- e e = e .

3 :
( smART )
e e e e e T e
r- First graphical display program : »
A1l decisions are made interactively on the - ' -
,L_CRT display (a%lightpensensiﬁ?vg'gcreen)

— e e m———
v

J .
CHAIN program BEN2 }
i

T

turning

ap—

. 11 i __a—‘// —‘\. b
S Jina ot operation -
j 7 ‘ o

other operations
(e.g. dri;ling)j

b 4
/Print "No connection
/ has been gstablighed.

- ./
—kind of shaft 7=

\\\f“‘\/’f///!n

forging

yeth .
((sToP

barstock shaft|

;Input the necessary information
/ to prepare the part program of
the forging )

numbexr of shoulders
innertolerance
outertolerancs

y<//
3 ) A .
\ //
toolradius /.

cutting velocify /

.t

//

’Input the necessary in-
formation to prepaxre the
part program for the bar~
stock turning operation.

-~ number of shoulders
-~ innertolerance.

’ - L 4
-

clearance . £
feed

-

/.

L

- } . /.'

+
Rt s sttt ot ¥
s .

Dt
 d

| CHAIN program BEN2 .

- ——
v ‘,\ .

PR

- s agpp— - » -

>~

M




»

: metervalues

o

‘Flowchart BEN2 and BEN3

START

L SR USRS NG Y

Seoond graphlcal display program

The whole input of the OPMIL3. program (nllllng
.optimization program) appears on the screen and
fcan be modlfled and updvted
__________ 1 .

,/PGpen "RADIUS" as flie 1

rm em sem e me e vem e e e

e e mem e o e e

- A o eee s

-
/7
——

- ——— %
——— i...._\.. w—sbvv-—. et e - e > et~ e e

With a lightpen hit on’ the screen, the user can pick
out the radii of the endmills he has got available

Automatically these data are stored on the "RADIUS" file

// Open "PARAM" as-file 2
N Open "PARAM1" as file 3 .

.- -,\’ RS

The followlnt routine provides the user w1th the capablllty
to input different inputvalues to the eptlnlzatlonroutlne.
i The values used in thid work were stored in file "PARAM".

. When slightly touching a linesegment on the screen, these

L —

!
H
» w— m—— - &

- e -

. original wvdlues can be transfered to the “worklng" file

"PARAM1". However, if the user wants to insert other para-
(eeg. & maximum power of 15 hp instead of 110G ph)
. he simple has to hit the "No" linesegment .and type in "15%,

' The contehts of file "PARAMA" can be used as 1nput to the
“r thlmlaatlon program OPMIL3. -

— o W o

'
e e et o e e mr e o4 - . T T e e

'DlSplay : "Do you agree with the following values of

overhead cost
toolcost constant
tool changing time
toollife equation constant
velocmty exponent
equivalent chipthickness exponent
axial depth of cut ekxponent
force&eqpatlon constant
.and
maximum feed .per. vogth
minimum cutterradlu
maximum cutterradius .
. thermal fatlgue parameter exponent )
aswell as -~ .|
‘maximum stress’
maximum power
m&xxmum “‘torgue

k]

BEREEE RN

Fi1

B
I

f

“lre

T
CHAIN program BENB]

-

¥-

s st rat—— e e —

e e w e

f
¥

1

The first llnks have been made to 1mp1ement the above mentlo—.

ned flles into the part program generat;on routines in gene -

O T

)

——r

o
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Appendix-2 : Program Listings.

1. APT software.
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SPIR1=NACFRO/J

B 17

J S1 1
ADDITICMAL MACKG TO SFIR?2 ©1 5
CALCULATE THE FQUR INHER ANGLES
0<H{JJY<1680 .
TF(A2(JJ)ISAL,SA2,SA2 <1 1
HeJJY=A2¢)0r+13p "> &1 33
JUMPT0/5 AS / §1 34
HOJJ)Y =42 (J1J) $1 4J
TF(AL(JI+1))S43,SA3, SAY 31 5)
HUJJ¥ 1) ==81(J+1 21 69
JUHPTG/S A6 g1 74
HOJJ*1)=180-A1(JJ*1) S1 8)
TERMAC - $1 93
PRINT/0
SPIR2=MACRC/J s2 1
DETERMINING THE C3(J) CHECKSURFACES s2 5
IFC(KS (J) ) SB1,SB2,SB3 s2 13
CONCAVE CIRCLE REMAINS THE SAME §2 15
CALL/SPIRL,JJ=) s2 20
CBCJ) SCTIRCLE/CS(J) 3CANON s 55 ssss S2 39
JUMPTO0/S 84 | S? 143
LINE REMAINS THE SAME S2 45
CALL/SPIRL,Jd=J s2 5
¢BCJY=LINEJCS (] ) 1CANONy 31y £3 5
JUMPT0/58% s2 7
CONVEX CIRCLE BECOMES A LINE sz 7
CB{JY=LINE/F(J),P(J+1) TS 8
OBTATN,LINE/GB() 4 AXy 3Ky,
IF (8X} 587,528,53 S 13
H(Jy=9y : S 13
JUMPTG/SBY | < 13
HLJ) = ATANF (~AX/73X) S 13
H{J+1)=160=H{ € 11
IF (J=-2) $8%, 6 $2°1
CALL/SPIR3,JI=J, 2 h3%sraLL $3 1
JUMPTO /3 B% €7 1
CALL/SPIR3, JJ=J, AA=XL ARGE $? 1
TEFFAT g7 1
PRINT/0 |
$PI63= HACRC/JJ AL $3 1
CALCULATING THE MAXIMUM BISTAhC’ ( IN w:oru ) YET To BE CUT S3 5
LI+ 72y = INE/(POINT/AA,¢1TOF,(LINEI(POINT/C¢NTEQ,CS(JJ))S $3 1
PERPTO ca(ui;),cstJ)),pAOLEL,CEtJJ: g3 1
oérnrn,L;NE/ca(JJ) > 201 33 2
CBTAIN,LINE/ZCC(UI+I ) 5Ny, 002 83 3
QIS((JI¥1) F2) =ABSF (9150 éf §3 4
TERMAC ‘ g3 s
PRINT/ 0 .
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SPIF7=MACKC/ S7 1
~SPIR7 IS USEC TO ROUGH QUT THE UNCUT AREA IA BETWEEN CS(1) ANC S7 &
CB(1) TI.i CASE THE SURFACE CS(1) IS COMVEX <7 5
CGODLYTAZ, 0, (B+A) ,FUP : °7 {3
SAPID £7 23
68,10/ (POLyT/YSHALL, ILTOF, (L-NF/PARLcL,CB(i),XSHALL,((2‘K~-1) 557 3J
SE4DEL)) 50A £7 3%
GOGLTA/Y ] T (Bra Y F o : - <7 4)
pSIS/(DL&hé/o a0y 13=3) £7 90
FEDFAT/FD . S7 1.6
6O TO/(30INT/YLARGE, INTOF, (LINE /PARLEL,CB (1) yXSMALL, ( (2%K3-1) 357 115 |
#E4CEL)) ,CA(L)) ) $7 111
TERMAC S7 120
PRINTZ) . -
SPIR8=MACRO/ : sa“ru/%~
SPTFB IS USED TO QUG QUT THE UHCUT AnEA I BETHEEN CS(3) AND S8 &
CB(3) I CASE THE SUXFACE CS(3) IS COHVEX S8 5
GOCLTA/3 40, (B+A) JFUP : é S8 13
RABID cg 2]
60, 10/ (POINT/VLARGE, INTOF, (LINE/PARLEL,CB(3) s XLARGE, ( (2%K3=1) 35§ 33 |
*ReTEL)) 5CA <g 31
~eODL TR, 6o ibh Ay, FON : S8 uJ
PSIS/(PLANE/G,0y17=3) S8 9
FEDRAT/FD 28 140
GO TO/(POINT/YSMALL,IKTOP;(LIhE/DARLEL,CB(S) XLARGE, ((2%K8=1) 358 13
*R4CELY) ,CAL3 S8 111
TEPFAC < 120
PRINT/0Q
' »
SPIPG=HACRO/
MACEO SPIRS IS TC_POSITION THE CUTTER IN THE UNCUT ARZA ON THE <
LEFT_ HAHD SIDZ (IN GCASE OF A- X SURFACE (4 3 e gh A2
¥¢§I§I32598“5A§”N£2§§9““5“ CCNVEX SURFACE €5(1)) 4F0 T TAKESh 43
' FEDED BECA 8 £ g
MACRO SPIRAL 700 CABGE) - AUSE OF ERROR MESSAGE 12 4 I.E. f A2
O‘##‘&l40&6C#‘llO.‘&QQQ“A.#»‘;l&&!Ol#!’QOO CEBLEIBERLPPISVUBEPEEN S
ROUGH 0UT THE ~ATERIAL SITUATEQ QN THE ND .
POCKET ( WITHIN R i X UeTRR N STHFLET HAND [SIZE OF The
:;tuta«u¢¢4440;&4¢4¢4‘0;&.¢’-~l¢0undwutuuocnbt»&dw#u Y Y TPy
RAPID ’ '
GO TO/ (POINT/XL(1F,Y1 (1) ,4) - : \ 3 310
GODLTA/dy0,~(B3+A) ,FOH " : <p 22j
ONTCUT - ' Se 33590
GOOUTA/Z, a1, y 0 - S 345
INOIPV/=1, ), ‘ » : ' SF 356
GOZON; CA (] ),(PLAhE/},O,lg-B),ON,(LINE/PARLEL,LX,YLAtGE,YI(é)) SFP 355
FEDPAT/FD e - "~§§ 32&
IF (H{1)) S42,543,S43 ‘ ® ’ SP 379
TLOKs COGT/CA (L) 0Ny (LINE/PARLEL, CBI1), XSHALL, (ReOEL)), §F 375 |
TLONy GOFHC/CAL1) 5ONy (LINE/PARLEL L8 (12, XSHALL y (R+OE 2p 833
x;gg?,GORGT/(LIHE/PA%LEL,G?(I),XSﬁALL,(§+O:L%),TO,?A%i; 6 835
TF-(&73¢8) “S28,52 S
“IF (K7<K8) 'S2%,526,52" ] ’ - v Ep 38
GODLTA/J, 0, (64A) SRUR- | | ‘ L 338
JUMPTO/SGa | - . 25 asd.
SekesTLsE : - 38
JUREIC/Sen . - 3P 879
PRINT/Q | o
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PPRINT
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ST

SPI=1q=1ACQC/ B 20
MAGRO SPIP1( IS YO PQSITICN THE CUTTER IN THE UNCUT ACEA 9N THESP
PIGHT HANC SIDE (IN CASZ OF A COMVEX SUSFACE C5(3)) wwd TO TAKEISP
THE FIRST CUT IH THAT ACEA TR
(THIS MACRC WAS NEZIEQD 3SCAUSE CF ESRACK MESSAGT 12 4 Iece °p
FACFQ SPIRAL TOO0 LASGE) ‘ SP
I XX RN Y SRR Y ‘hl‘b‘#lQl"““l“l‘l“ﬁﬂlll.#‘.‘4“000‘#4"40‘##‘

COUGH JUT TrE MATSRIAL SITUATED O THE ©IGH™ HAND SICE OF THE
POCKET ( WITHIN T4g CCH EX gIaCLe 52CTOR")

“‘;60“4&&0&565¢¢44¢t46&4tll¥¢¥06¢t#&‘&!‘!‘401¢4flltnutbtlbat0

3
Y
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a

FAPTD <p
GO T8/ (PCINT/XL3), Y1 (3), A <p
GOOLTA/ Jydg=(¢A),FIH oF
ONTCUT cp
GODLTA/=4 21,0, 0 e
INCIRV/134,) : e
88§0N,CA(3;,(DLANELJ,J,i,—B),ON,(LIVE/PARLEL,LX,YLAQGE,Yl(S)) 5
FECRAT/FO e
IF (H(3)) $52,553,553 ip
TLON, GORGT/CAL3) ,ON, (LIFNE/PAPLEL sCB{3), XLARGE (F+0EL) ) e
Junetosssy p
TUONy GOFWL/CA(3) yONy (LINE/PARLEL (C8(3), (LARGS, (S+CEL) ) e
;%0?.60267/(LINE/PARLcL,C 3(3) s XLABGEy (R+3EL 1) 970,CA(3) e
KE=K8 +1 ’ Sp
IF (K7-K8) $32,532,533 e
GOOLTAZJ 40, (BHA) jFUP Sp

E i
GOLESz7858 ¢
TERWAC
PRINT/ O
SPI911=1ACFC/ i ) . <11

ll&l#!‘&!&gt#%}b#c#nl%4¢4#ll#¥l.##i§lt&t}c&AG&%;IO&thA«#QO&;tA

SEMIROUSHING CUT ON LEFT HANO SIOE CF THE pOC;%T

P Y Y R YO YTy Y RS o e N Y Y P VY Y T EII PP P Y Y Y FEY PV )
- v

RAPID ' R S11
GO T0/ (POINT/X1(1),¥1(1),8) « . $11
GODLTAZ0 40~ (B+A) ,FOH _ S11
ONTCUT : S1y
GODLTAZ401,C,0 311
INOIRV/=15d,0 €11
gg;cN,CAtx),(DLANE/J,o,l,-n),ow,(LINE/an'EL b4 XoYLAZGE, Y1 (1)) 1
FEDFAT/FD €11
IF (H(1)) S€2,563,563 o °11
TLON y GGRGT/CALL)Y yON, (LINE/PARLEL,LXsYLARGE, Y1(2) ) $11
Jumetd s en ~ g1y
TLOMy GOPWC/CA [1) 40Ny (LINE/PARLELS LX) YLARGE, Y1(2) S11
GODLTA/J 0y {B+A) 4FUP N g11
TEOFAC - : : . €11
PEINT/ O . A
SPIF12=4ACRMf . €12
Q!;#lu4;441;&&44:4no¢064&‘$¢&4¢¢4t404040&4644&;4404¢;¢¢¢¢00¢;»¢
ssuraoucarnc CUT ON RIGHT HANC SIGE .OF THE POCKET \
» O.&n&’4400&4‘0&‘#445»4.&64;;3;;40&64&‘;4‘4#044‘44;4“#&44;04&
" CKTEUT o - . <12
sceLrA/-aqx,o 2 : gy
NOIRY €42
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EORAT/FD . : . 512
F (H(3)) S72,573,573 : $12
hgg*gggg{lcn(i),6N,({INEIPA°LEL,LX , YLARGE 71(0)) S%%
3 ,
LON GOFH&/CAts),ow,(LINEIPAFLEL,Lx,YLApcf,thu)> 312
GCLYAZ1,0, (B+A) JFUP , €12
EOMAC roa . - St2

Ay LN OY GV

Do WL
VN SN

P b ke Pk et e b e P P A pb b A pd A et A S e b
—apa b aparipap 8.0 CuCLCublbsC CoCl O € G
NN EF P WOOEENND NS UWro e

CICICITICL DI
-

19

DO

iy

T e bt s s e B2 WO NSRS TS
SO T ONIEWNFPOOOLOOCO®

~Ng N
DN SN O OO0

(YD TN TSR k! ¥X% 7]

NCY N NONCHARCITO OO




\ B 21

SPIRAL=4ACRC/ \
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VOV DNNE S o

<P
3 PREPARATORY CALCULATICNS CCNE IN YARICUS AGSOQS ”\ <p
CALL/SPIR2,J=1 A Sp
CALL/SPIRZ,y=3 . iF
CALLZSPIRY ir
3 CALCULATE THE LINES ON 4HICHM THE CUTTSR WIlL 6 °F
TF(KS (1) )S1,52,S2 cp
s1) 0BTATN,CIFCLE/ZEB (L), v 0y 00 yaX s
SR} 59331=CIRCLE/CB(1),CANONy!v::!9(AX*(Z'J-l)*Ql) gg
. IFT(J=(K5+1)) S3,33,S4 ) F
$2) J=1 p
$5) CD(J) =LINE/PARLEL, 03 (1) 5 XLARGE, (2% J=1) *R1) $
’ IfF (3-<K5+1>> $5,55,Sk Sp
S4), 3F§KS(3))SE,S LSt K
56) 3§{AIN CIRCLE/CBU3) yyyyyyrAX 'Sp
S8) 555J;=CIRCLE/PG(3),CAhOH,,,,,,,(Ax*(E‘J-i)'Qi) §F
‘ =J+ : <P
) IF (J-K5) $8,58,59 Se
o) 5£3J1=LINEIPA¢LEL CJ(3),XSHALL,((Z*J-i)‘Ri) SF
=)+
IF (J-X5) §10,510,59 @ <p
$9) J=1 gp
$11) 5F3£;=LINE/FAFLEL§§B(Q) , YLARGE , (€22 J=1) *R1) P
IF (J=K3) S$11,S11,S512 <p
$12) SA=KS gp
IF (EX) S133,5132,5132 Sp
.$133) SA=SA+1 3p
5132) IF_(KS(1)) Si3, SE
513) PP=PO INT/XLAR ,INfOF CF(SA),CD(K5+1) 2p
JUMPTO/S15 ir
S14) PP=POINT/INTOF CCIKS+1) ,CF(SA) sp
$15) PP=POINT/PF,CANONy 5, A SF
£3 ACTUAL 4OTIChN STATEHENTS P
£APID ' Sp
GO To/PP ' SF
: GODLTAZJ, L-(B+A):FDW SE
. BSIS/ (PLANE/Gy0y1y-B) 33
IF(EX) 516,516,517 o
prIhT 4!%..04’45“0&6%“464“4‘#*“4l#‘ll“‘#&#do#‘ﬁii##o‘##0&44.‘0?3
PPRINT  BEGINMING CF THE SPIRAL . .
gg§§§¥ Yy YTy VY YV RYVEVEVF Y VTS YV Y PRIV VY VITYIRT S FRVFFYIYYY FY FYl
3 . UNEVEN JUMBER OF PASSES L S sp
S16) DNTEUT A . sP
A Co g
e ggzcu CF(KS#i),(FLANE/0,0,i,-B),0N,C0(K5+1) cp
Ke=0 . ) ' §$
) N gfgiAgéng/éF( 5 X < 5P
: iy *F (KS+1=K6) 5 ON Sa
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1.2. Turning macros.
1.2.1. Barstock turning macro : ROUGH

ROUGH = MACFO/Xy d0P,FI4,Cly JEL, A7, F
3 X IS THE {UM3EP OF SUIFACES (MCT NSCSSSARILY THECKSURFACES)
5§35 MDP IS THE MAXIMUM DE3TH CF CUTY ’
$3 FIN IS THE FINISHING ALLCWAMCE
gs CL IS THE CLEASANGE N THE FAGE
£ VEL IS THE CUTTING 3FPEEQ (FT/%I8)
§3 RAG IS THE OUTTE: RALIUS  (T'CH)
88 F0 IS THE FEICRATE  (I.CH/%IUTD)
CUTTER/ (2+CAC+ 22 ETH)
gggparx::,zpr
FROM/SP
RARTO _
GOTC/ (POINT/Z(CL+RADFIN),=(RD (1 )42A04FI') ,0)
ONTCUT
GOOLTA/10, 3,4 )
GO/(LINEZFABLEL, LYy XL £RGE,CL)
cuT _
3% DETERMINING THE FARAMETER M #
2) IF (KC(I)) 23,24,25
i3 ORTATK ,CIRCLE/CS(TI) s XCrypsyy ‘
PUI)=FCINT/XCAFGE, TATCFI Ll AE/PARLE L, LX, YSHALL yROCT)) ,CS (D)
ORTAIN, RCINT/P(I), Xy,
26) F=0 .
JUNPT(/28
25) QBTAIN,CIRCLE/CS(I)yXCa¥CypyysRE -
PLI)=FDINT/XSMALL, INTOF, (LEAE)PARLEL,, LX, YSRALL,ROCI)) ,C3(I)
OBTATNGPCINT/ZF(I) Xy, . .
IF(XC=CL) 27,27, 26
27) Mz
JUMPTQ/28 '
24) ‘OSThIh,LINE/CS(?’ XAy YAy,
, IE(xA) 35,38,
36) IF(KC(I-1]) 3}
37) P(I)=POINT/X Aasé INTCF,CS(I) 5CS(T=1)
JUNPT O/ 3
39) . P(I)=POINT/XSMALL, INTCF,CS(I),CS(I-1)
JUMETO /40
38) P{I)=SGINT/INTOF ,CS(I),CS(I-1)
CJUMFTC/4 @
35) P{I)=FQINT/ INTCF (LINE/PARLEL,LX,YSMALL ;RO (L)) ,CS (1)
4Q) OBTAIN;PCINT/PII) 4Ky, -
JUNPTC/26 :
z8) IF( RO(I)=20(141))1,5,3
1) I=1
PPOINT WEONG MACS0, HO GROCVIHG FOSSIBLE
JUMPTO/17 et
33 J IS THE QPTINUH NULMBER OF CUTS IF ) W= IRE INTZGER 1
LY
$) I=1 - . ,;
FPRINT  WE START MACHINING A NEW SECTION ,
' JE(RD(I) =&D(I+1))/MDP
3S DETERMINING THE.NUMBER OF curs WEZRE GC ING TO TAKE
I “TIlE. JJ-INI(J)+1 IF J IS NOT INTEGER
4 JJ=1 ,
11 IF(Jd=JJ112,12,10
10) NNENITS! ( .
. JURPTC/11 : p .
12) OP=(RC(I)~FO(I+1)}/JJ -
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1.2.2. Macro for machining forgings : SUFV1.
SUPV1=MACRC/
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F3)

F6)

RSY.

EPPINT’

PPRINT
BRRINT

Y

PPPINT -

FPRINT

R3)

RB)

TV -4 GO G VG

- | B 26

PRINT/)

FACMAC=MACRC/AA,E3 " FAL 19
FAGCING MACRO i . FAl 15
B IS COUNTING TWE NUMSE2 CF PASSES .- FAL 1%
I IS THE HUMBER CF 2aSSZS TO BE TAKENW Fal 17

[ 3 . .
J=0 . AL 2§
0P=0 - FAL 1O
J=J+1 4 : . FAL 49
OFTThro18) F1,F2,F2 - " 241 50
- ( . a1 50
0p=83/J - e , R nat 7

PRINT/3,J . ‘ : S
PAPID . cA1 39
GO TO/(PCINT/=0P,=(AA+CLY, Q) Fa1 33
H=0 ’ Fal 116
H=H+ Y FA1 116
[ I Y Y PR Y P EY YR Y PR Y Y R YISV PR YPYFYFY VY YYYYYYPY Y FEY vy ‘

WE TAKE THE M TH 9ASS IN THIS FACING CPERATION .
i.l"‘l‘l“l#fllGllbl¥"lll~v‘ll4%“#i.‘#ll##‘l‘l&“ﬂ‘&tl*&4&44‘#4‘
GOOLTA/0, (AA+CL) ,3,FD FAL 126
ODLTA/IP,0yuFD FAL £30
F (H=J1 F3,Fh,Fe . FAT 1ig
APID B . . . FAf 15§
OOLTA/0,=(AA+CL),0 . . FAL 1AC
APID ) FAL 17§
ODLTA/=(2%CP),0,J , FAL 180
UMPTO/FS FA1 190
EQMAC ) FA1L 23¢C
FINT/0 ( : v
FGHMAC=YACRG/AA, €3 o TM-13
I IS THE NUMBEX CF ©ASSES TO BE TAK:SN . oM 17
ROUGHING MACRO = e, EM 15
H IS COUNTIMG THE NUMBER OF PASSES ¢ <M 15
J=9 SM 21
CP=0 M3
J=J+g M 47)
OP=0P+MPR PM 59
IF (DF=38) R/1,2,R2 M &y

.0P=R8/ )’ M 735
PRINT/3,d
cAPIN oM 3y
GO TO/ (PCINT/CLy=(B34TP),0) EM. 99
PAPTO TN’ 35
"GOCLTA/O, (2%CP), 4 . M 97
H= 0 : M 190
HzH+ M o113
ll&l.lil-l4‘4‘6‘&‘4‘4‘l“l2i$‘0‘l&0l#;¥l~¢-‘¢lti‘:&#ll"‘n#‘&rl4#4400
WE TAKE THE H TH PASS IN THIS RCUGHING JPERATION
lua-ﬂlcGto;uc»4l1~0}04&44¢¢.O0¢A'¢4‘-&¢D6&‘;44;40;6&;#0;;;&00»09#5000 )

GOOLT A/~ (CL*AA) yJ,434FC . THoL26
GODLTA/Y g=CPy (yF C YARET
FAPID. . > F 142
GODLTA/ZACL+AA),0,0 - Sm 15)
IF (M=) ©3,mh, 0k - SM 153

LFAPID A ’ . ’ * M 170
GCOLTA/D, (2%0P), 0 tH 130

JUMPTC /25 EM 199
TEPrAL EM 219

[T

e A

PN -
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2. Preprocessor.(minicomputer) software.
AFTO BASIC VO1E-02 “

10 REM MAIN PROGRQQ’

15 FRINT 'EREFROCCSSOR SOFTWARE FACKAGE ( FART [ROGRAN FREFARATION )* .
16 FRINT

20 BOSUE 1000

410 OFEN *DX1iPFAR(1® AS FILE VF1$(100)=64.

412 OFEN "DX1:COUNT" AS FILE VF6 - -

413 VF&L1IZ1\VFE(2)=1\UF4(3) =1 #f ,
414 UF6(6)=XO\VF4 (7)5YO\UFS(8) =X1\UF&(9)=Y1 {
415 REM CALL SURROUTINE 1500 TO INFUP THE GEOMETRICAL STATEMENTS
420 K=1\BOSUE 1500

422 UF6(4)=1\VUF5(5)=

A24 GO TQ 440 ~

430 OFEN *DX1:FART1" AS FILE UF1$(100)=64

432 OFEN "DX1:COUNT * AS FILE YF$.

440 IF VFo(4)=VF6(5) THEN 5457 ("

445 Y$="="\Z=FOS(UF1(VF&(4)),Y$¥1)\REM Z IS FOS OF=

450 X$=SEG$ (VFL(VF4C4))sZ+15Z+1)

470 IF X$='C" THEN 530

480 IF X$=°L* THEN 510

482 IF X$="F*' THEN 490

484 GOSUE 1400+

486 GO TO 440

490 CHAIN *"DX13POINTO®

510 CHAIN "DX1:LINEO" :

530 CHAIN *DX1:CIRCLO™ - :

545 OFEN *DX1iCANFNT* AS FILE VUF3$(100)=8

550 OFEN "DX1:CANLIN® AS FILE UF4$(100)=8

560 OFEN "DX1:CANCIR® AS FILE UF5$(100)=8

600 PRINT \PRINT o

401 PRINT *3ORRKKKIKKRR IR KKK KA KKK AARAAKIRKKK *

402 PRINT *GEOMETR. DEF. OF FART FROGR., (VERSION 1)°

603 PRINT  *HAikioklik kKRR KRR KRR KA AR KK ®

404 PRINT \FRINT :

610 FOR Ki=1 TO (VFé(1)- 1)%4 STEF 4 ,

612 A$=TRM$ (VF3(N1))IZ*=FOINT/ " &TRM$ (VF3(K1+1))8&"," ‘
514 A$=A$RTRMS (UFI(RLH2) )&%y " STRHS (VF3(K143))

617 FRINT A$ “

620 NEXT Kl K ~ *
630 FOR K1=1 TO (VF4(2)~1)1%x5 STEF 5
640 E$=TRH$(UFA (K1) E =L INE/CANONy * XThM%(vk4(h1F1))8
&42 B$= B$8TRM$(UI4(h1l2))2":0»'2TFM$(UI4(h1§4))

4646 FRINT E$ .

650 NEXT K1

660 FOR Kl1=1 [0 (VUF4(3)-1>%8 STEF 8

670 CH=TRM$SUFS(N1))&*=CIRCLE/CANON * & TRM$ (VRS (RL+1))
672 C$=CHE "y "ATRMS(UFSARL+2) )& 105090515 "RTRMSCUFS(RL+7))

580 FRINT C$ , .o .
685 NEXT K1 , .’

690 FRINT "FINI® :

700 FRINT \FFRINT .

701 FRINT * ARKRRRRKRELRKAORK KL KRR RE KRR KKA KK KKK
. 7G2 FRINT "GEOMETR, DEF. OF FART FROGR., (VERSION 2)
7033 FRINT '******x#**#***********m*****************'
704 FRINT \FRINT

s

.



710
720
730
740"

730 GOS

760
765
768
770
780
790
800
805
810
320
1330
840
845
350
13160
870
380
885
887
220
P25
. 930
- 935
940
P45
230
295

P60
P
- Q79
1000
1010
L1020
1030
1040
1060
1090
1100

. 1110

T 1120
| L1140
1500
1502
1504
1510
CLS20

- 1530

1540
1500
1610
1620
1530
1640
11650
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FOR N1=1 TQ Vekallr-1

PRINT TRM$(VUF LKLY

NEXT Wit

FRINT "FINL"\FPRINT \FRIMNT

UR “”OQ \1F K23 THEN 440 ’
OFEN *DX1PLAREL® A% FILE UF74(44)=8 .
N=ONJI=ONT =0 . - .t '
IF UFGC1)-=1 THEN 80Y
FOR K=1 TO VUF&(li~|
VF7 (2%K=1)=UF 3 {4%KN-3)
VEZ(2XR)Y="FOINT" .
NEXT Rk - . :

IF VFSC2Y<=1 THEN 84 i :
FOR J=1 TO VUF&(2)-1 : ' o

CWETZ CRINERE - L) =VF 4 (5 S~4)
MF7 (2KR+2%XJ 3= "L1INE"

NEXT J ,
IF VF4(3)<=1 THEN 885

FOR I=1 TO VF&(3)-1 ,

UF7 (24 JF2XK42KI~1) =UF5 (8K I=7)

VF7 (DX J+2XK+2% 1) =" CIRCLE "

NEXT 1 :

L=2%J+2kK+2%1 7 o : l

IF L=0 THEN 920

FRINT D0 YU WANT TO INFUT THE VARIOUS INFORMATION WITH *
PRINT * - INTERACTIVE GRAFHICS (Y OR M) "3

INFUT A% « .

IF A$="N* THEN 945 : L

CHAIN *DX1:BENL" :

FRINT \PFRINT *WHAT KIND OF OFCRATIDN (MILL[Hu(M) oR TURNINb(r)
INFUT AS\FRINT

IF A%="T*® THEN 965 n

CHAIN "DX1iMIL111"% | ¢

CHAIN "DX1:AFTURNT

ENI
REM DISFLAY OF THE GEDMLTRICAL AFT SrArFMFNTS

CALL *OFIX*(1500)

CALL "INIT® ‘

FRINT "EXTREME VALUES OF THE SCREEN ARE X9rYOyX1rYL
INFUT XOvYOrXbLs YINFRINT ,
CALL "SCAL* (XOrYOyX1sY1) . a .
CALL 2APNT™ (X020 0r~15) ' Co
CALL {"VECT* (=X0+X1505070,072)

CALL APNT® (0sY1:05~5) '

CALL LVECT'(O;Y0~Y1’0v0y072)

RE TUR .

RE&V ﬂiﬁUUTINE

FRINT\* INFUT ALL THE GEOMETRICAL. STATEﬁENrs'
PRINT ! AST ONE IS ¢ ENDL®

INFUT M$\UF1(h)_ﬁ$\IF M$=TEND" THEMN 1540
K=K+1 oo [
GO TO 1510 .

RETURN

'REM SURROUTINE TO- ESTABL ISH rHE NON nISFLAYFH G#UMETEY‘

A$=SEGH (VF1IVF46(4))s1+7) 1

B$=SEGH (VFT(VFE ()2, 2+2,64) .

UF 1 (VUF6'(4) }=A%RRS - : ' ) - o
VF6(4)=VF&{4X+1 . . = - —_— . S '
RETURN . .

)
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2500
510

2530

2540
2550
°=60
2570
2580
2590
2600
2610
2620
2630
L2640
2650
2640
2670
2680
2690
2700
2710
2720
2730
2740
2745
2760
2770
2780
2790
4000
5010
bO“O
5030
5040
5050
5060
5070
5080
5090
5100
5110
5120

5130
gl40.

5150
5160
5170
5180

- 5190

9200

3210
5220
9230

. . B 29

REM SUBROUTINE FOR FINAL CORRECTIUNSG :
FRINT *aRE YDU SATISFIED WITH THE GEOMETRY, (Y OR N> *} . .
INFUT M3$ _ ‘

IF M$="Y" THEN 2780 .

FRINT "HOW MANY GEOMETRICAL STATEMENTS DD YOU WANT TO MOLIFY 7*
INFUT M

FRINT "INFUT IHE NEW GEqﬁLThIrAL STATEMENTS®
K3=10000\Y Gz e

FOR K2=1 TO M

INFUT C$ ‘

Z=FOS(C$yY$r1) )

A$=TRMS (SEGH(CEr152-1))

FOR Ki1=1 TO VUF&(5)~-1

M$=UF 1 (N1I\Z=F0S(MSrY$r L) , )
R$=TRM$ (SEGCS(MEs1rZ~1)) .

IF A$=R$ THEN 2480

NEXT K1\FRINT *NO SUCH GEOMETRICAL.STATEMENTS FOUND® \STOF )
UFL(K1)=C% . . - !
IF K1.-K3 THEN 2710 . - " I

K3=K1 : s . o :
NEXT K2 . ‘ §
FOR K2=K3 TO VR (51 o ) S
CALL *ERAS"(N2) ‘ : o
NEXT K2 . . . : '
UF$(4)=K3\GOSUR 5000 - ) o
N2=1 . Lo
RETURN "

K2==d . .

RETURN ,

REM SURROUTINE

I1=1NI2=1\I3=1\Y$="=" ,

FOR K1=UF4(4) TO VF4(5)

Z=FOSCVFL1(K1) s Y$s1) ‘
A$=TRMS$ (SEGH(VF1 (K1) r1yZ-1))
IF I1=0 THEN 5090

FOR Ji=1 TO VF&(1)%4-3 STEF 4
IF UF3(J1)=A% THEN 5180

NEXT Jyy

IF 12=0' THEN 5130 .

FOR Ji=1 TO VF6{2)%5-4 STEF §

IF UF4(J1)-=A%$ THEN- 5190 o i
NEXT Ji . . . i » s
IF I3=0 THEN Sf£70 C /‘

FOR -JL=1 TOQ VF4(3)%8-7 STEP § o o

IF VFS(J1)=A% THEN 5200 ] : o
NEXT J1- ' o ) Co- of
Go Td s210 . = ¢ C o -
vféfl)—(J1+3)(4\II~0\GO TO 5210

WF6(2)=(J1+4) /5\12=0\G0 TO 5210. ) .

UF6(3)=( M+7)/8\13=0\G0 TO 5210 . o C

IF I1+12+13=0 THEN 5230 L .
NEXT K1 - IR . . -
RETURN » A . Coe v
. . -
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POINTO RASLC VOIR-02 -

20 OFEN "DXLIFARTL® AS FILE UF1$(16)=64
30 OFEN "DX1:CANENT* AS FILE VF3$(100)k8
40 OFEN *DX1:CANLIN® AS FILE VF4$(100)=8
50 OFEN "DX1:COUNTY ‘AS FILE UFé

60 Y g =" .

65 MI=VUFL1CUF6(4))

67 CLOSE UL -

70 Z=FOS(MEsY$r1) ‘

8O A$=TRM$ (SEGS(M$r1,2~13)"

106

110

120
130

140

150
160
170
180
190
200
210
220
230

- 240

250
260
270
290
300
310
320:
330
340
350
360
370

389

390

.400

310
420
430
440

T 50

460
a6

ABS
470

480
490

. 550

=t
355

579
J30

"90 VF3(AKVES(LY-3)=A% T4

Y$:="/"\Z83", *\GOSUR 2000 .

IF X$=*INTOF* THEN 200 = . : ‘
UFFCAXVF6EL) ~2)=X3$ S
Y$="y *\GOSUE 2000
UF3{4XVUFAC 1) ~1) =X$

GOSUR 2100 o
UF3(4XVUF4¢1) ) =X$ ~

X=VAL (VF3(4XVF(1)=2))
Y=VAL(UF3[ 4XVF4(1)-1)) _

GO TO 465 : -

,hEM INFUT ‘&4 POINT IN THE INTOF FORMﬁT

Y$="y *\Z$="y *\Y=Z+1\GOSUE 2000

FOR Ri=1 TO VF&(2)-1 ’ .

IF UF4(K1%5-4)=X$ THEN 260 ' n'
NEXT K1 - ' :

PRINT *NO SUGH & LINE NANE' WAS FOUND™\STOF
A=K1\GOSUE 2100 o
FOR Ki=1 TO UF&(2)~1

IF UF4(K1X5-4)=X$ THEN 320

NEXT Ki

PRINT * NO SUCH A. LINE NAME WAS FOUND*\STOF
=K1

REM CALCULATION OF THE INTFRSECTIDN’DF TWO LINES

REM USING CRAMER‘S RULE
L= VAL(UF4(A*u*3))*VAL(UF4(B*5-“)).
L= D VAL(OF4(B*J—3))*vﬁl(UF4(A* —-2))

IF D0 THEN 390 o
FRINT *LINES DO NOT'INTERSECT'\STDP ‘
Z=VAL(VF4{AX5S) YRVAL (VF4(RX5-2)) .
Z=Z- UALCQF4(B*Q))*VAL(UF4(A*’—”)) ~
X=2Z/T
UF3(4*VP6(1) 2)= STR$(X)

MOAL(VF4(A* ~o))*UAL(UF4(B*5))
Z=Z-VAL(VF4 (BX5- 3))*UAL(VF4(A* ))
Y=Z/D :

VF3(4XVUF&(1)~ 1)~STR$(Y)

-

VF3LAXVUF6(1))=5%0" . NI

CALL "SURBF " (VF6(4))

TALL *APNT*{XsYs05051) :

"CALL "APNT" (XsYsOy=Gr-1) . ~ L
.CALL “ESUR® ' o ‘ %

VF611)=UF6 (1) +1 ,
VF6{4)=UFG(4)+1 . - S
CHAIN *DX1tAFTO", LINE 430

END .

- N
o s . - 4 N
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2130 X$=TRM$(X$)

L2000 REM STRINGEMANIFULATIONS 1

2010 Y=RFOS(M$,Y$,2Z) * ,

2020 Z=FOS(M$»Z$rY+1) p

2030 X$=SEGH (MBr»Y 1y Z-1) :

2040 X$=TRMS (X$) ) {
2040 RETURN . ;% ' |
2100 REM STRING 4ﬁNIFULATIONS 2

2110 Y=POS(M$Y$rZ)

2120 X$=SEGH (MHHyY+LyLEN(M$))

14

2140 RETURN - .
L INEO BASLEC VOLR-0T.

20 OFEN “UXI FART1® 65 FILE UFL1$(14)=44

40 OFEN "DX1ICANFMT" AS FILID UF3$(100)=8,

50 OFEN “DXt?CﬁNLIN( AS FILE VUF4$¢1003=8

55 OFEN "DXL1ICOUNT® a8 I'ILE UFé

57 X0=UF&(8)\YO=UF&(7)\X1= UFu(S)\Yl UF& (%)

40 Y¢='=" :

&5 M$--UFL1(UF&C4))

70 Z=POS(M$sY$y1) .

80 AS=TRM$ (SEGS (M$»1rZ-1).)

85 J=BKVF&(2) -4

20 VF4(Jd)=A%" \

100 YH="/"\Z$=", "*\GOSUR 2000 : <
110 IF x$\ *CANON® THEN ‘200 :

120 Yé=

130 FOR- hi 1 710 3 : . -

140 .GOSUE 2000 . T .

150 UFA(JER1)aX$
160 NEXT N1

170 GORUR 21990
180 UFA(JHa) =X
190 GO-TO 980

200 FOR Ki=1 TD VF&(L)y-1.

210 IF VF3(AXR1I-3)=X$ THEN 240
220 NEXT K1

© 230 FRINT "NO SUCH FOINT FOUND'\STDP

240 Y$=" ‘\GDBU% 2100 -,

250 Y$=SEGE S rTré) : !

260 IF Y$=*ATANGL" THEN 480

270 A=KL 4

280 FOR Ki=] TO VF&i(l)-1

290 IF VF3(4¥K1~3)=X$ THEN 320

300 NEXT W1 -

310 FRINT "NO SUCH FOINT FOUND*\STQF
320 BNl ‘ ‘

322 U=4%A-3 o

324 Y=4XB-3F -
330 D= VAL (UFICUH1) ) ~VAL(UFE(Y+1))
340 IF D00 THEN 4oo .
350.VF4{JtLlo= 1"

.

c 360 VFA(3t2)y="0"

370 UFA (SR 0"

. 380, vF4xl+§)“UFs'U+1)
390-60 TO 580

490 E-\VQL.Uf?(Ub?))wVﬁL(UFE(U%“)))/B
410 Fa= (kAL«UF3(U%1))*VAL(UF3C@+”)))/H

. 420 PFrﬂiUﬁL(UF3(U+1))*UAL(UI3(U+°)))/H

430 D=SQRy1+E"2)




»

1

549

450
440
470
480

" 490

500

. 501
502
1504

506
510
G514
S13
516

c.')o

530
540,
S50
560
564
567

970
580
590

500

410.
620
630
649
450
460
545
4670

680
690

740
745

© 770

7890

2000
2010
2020

2030

2040
20460

2100

2110
21490

2130

2140
5000
S010

5020

5030
30490

. 5045

5070
S0R0
5590
5095

J#1 - - -
VFA{JHI=GTRECLATD . L ‘
UF3(J+4)=8TRSLT /1)

GO TO 580 .
Y$="y *\7: 7\ M~ X9 :

GOSUR 2100

X=VAL (X$) :

IF ARS(X)=90 THEN 504 . -

IF ARS(X)»5-270 THEN 510

vF4(J+1>-"1 \UF4(J+”)“"O'\VF4(J+?)*“0 \UF&(JF4) VFB(A»RL—‘)
G0 TE"580

IF ARS(X Y180 THEMN S1&

M=0 . : .

GO TO 320 . , . y
M=X*%3, 14159/180\M=SIN(M) /COS (M) » : ' J}‘ *
D=8QR(1+M72) : L

UF4(J+1)=8TRS (=M/T1) c , e
UF4{J+2)=STRS ( 1/I1)

UF4(J+3)="0" v
h““UAL(UF4(JFI))*UAL(UF3C4*h1~°))+UAL(UF4(J+°))*UAL(UF?(4XK1 1))
IF ARS(K2)>1,00000E~03 THEN 570 °

VF4(J44)="0" B ' |

G0 TO 580 <;L~' , o
UF4CJH4) =8TRS (K2) * : : =
IF UALCUFAC 20520 THEN 640 ‘ o

uop= uAL<UF4<J+4>)/vAL<V}4<J+1>3 .

U=t -

VO=YQ o . . ,
Yi=Y1 - . - .

GO TO 465 s , : ' .
Me—VAL CUF4 L J+1)) /VAL CUFA ¢ J42)) ~ ‘ .

T=VAL (VF4 (J+4) ) /UAL (VFA(J+2))

GOSUE 5000 )

CALL "SUERF"(VF4(4)) .

CALL “AFNT* (U0sV0:1,~5) ~

CALL “VECT*CUL~U0,V1-U0s0s050s1) - ,

CALL *"ESUER* : . , ‘ X “
UFG(2)=UF&12)+1 no 1
VFS(ar=Uradad+r ¢ , Dt . .
CHAILN "DXI‘APTO' LINE 430 S 0
END .0 - = g

REM STRING MANIFULATIUNS 71

Y=FOS(MS Yy D) -

Z=POS(MS s 26 Y+1) . .
X$=SEG$ (M$sYt+1s2-1) o
X#=TRMS (X$) SRR

RETURN

REM STRING MANIPULATIDNS o
Y=RFOS(M$yYSyZ) ©.

X$= SEG$(H$7Y+11LEN4M$))
X$= TRﬁ$<x%)

RETURN'. '
REM CALCULATE THE INTEROECTION OF LINES wITH THt SCREEN
Uo=Xx0 . . -
Ui=X1

YO=HRXO+T L

VLsMEXLHT - o o . :
IF ¥M=0 THEN 5170.° S S - \ )
IF M=0 THEN 5130 . ~ \ s u o \

IF VOx=YO THEN 5100 ° S -

Uo=(YO~-TI/M

VO=Y0

»
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o UlO0 IF Vlwt1 VTHEN LI70 . o ~
TOGI10 ULECYLI-T)/M : : - B 33
2115 Vi=vL ' -
5120 60 TO H170 ,
5130 IF VO- =Yl THEN 5150 : :
G140 UG=(Y1~T)/M, _
5145 V0=Y1 l .
‘ 5150 IF 1=y THEN foo ~

-

5160 UL1=YO-TY 4 : - ) . —
5165 V1=Y0Q ’ .

5170 RETHR ,

CIRCLO EASIC VOLlR-0OD2

10 DIM NCZYyG(2) 1H(2) ~
20 OFEN "DX1iFARTL" AS FILE VUF1$(16)=64 .
30 OFEN "DX13CANLIN® AS FILE UF4$(100)=8

40 OFEN *DX13iCANCIR® AS FILE VF5$(100)=8

50 OFEN *DXL1iCOUNT* AS FILE VFé

60 Y$=o=" .

70 M$=UF1(UF&(4))

80 Z=FOS(M$rY$s1)

90 A$=TRM$ (SEGS (M$y1yZ~1))

100 K=8X%VUFé(3)~7 :

110 UFS(K) =A% ' : ,
120 Y$=*/"\Z$=" *\GOSUE 2000 .
130 IF X$\ “CANON* THEN 210

140 Y¢= )
150 FOR Ki=1"T0 & R ‘ ,
160 GOSUR 2000 \UFS(KHK1)= “Xs

170 NEXT Kb . . ~

180 GOSUR 2100 \VFG(K+7)=X%
190 X=VALCUFS(R#1))\Y=VAL (UFS(R+2))
200 GO TO 965
<210 q1a1xtosu3 2200
220 Yg=", "\GOSUE 2000
230 FOR Ki=1 TO VF&(2)~1
240 IF UF4(S¥NI-4)=X$ THEN 270
‘250 NEXT Ki
260 FRINT-"NO SUCH' LINE NAME FOUNI* \STOF
270 N(1)=K1x5-4
- 280 GOSUR 2000 \K1=2\GOSUER 2200
© 290 GOSUE 2000 ' T
300 FOR Ki=1 TO VUF4(2)-1
310 IF UF4(5%K1-4)=X$% THEN 340
320 NEXT Ki
330 FRINT *NO SUCH LINE NAmE WAS FUUNB \STOF .
340 N(2)=K1%x5-4 . P
350 GOSUR 2000 .- - e :
. 360 IF X$="RARIUS® THEN 380 . o .
- 370 FRINT *WRONG AFT STATEMENT\STOP O
. 380 GOSUR 2100 | .
396 R=val(xs> - - .~
‘430 nvaL<vr4<N(1>+1>>xueL<vF4<N(ﬂ>+4>)
430 D=D-VAL CUFA(NC2)+1) YXVAL (UF 4 (NC1)+23)
450" X1={VAL (VFALNC1)+4) ) XVAL (UFA(NTZ)+2)3) /D
L 460 X1=X1-(VAL(UFA(N(2)+4))YXVAL(UFA (N(1)42)) ) /T
£ 470 ¥1=(VALTWFAINC1)+1) IKVAL (UF 4 (N(2)+4)))/T
AB0 Y1=Y1~(VAL(UF4(N(2)+1Y)XVAL (UFA(N(1)+43)2/T) .
490 IF VALLUF4(NI1)4+2))<30 THEN S10 .
500 H(1)=3,14159/2\60 TP 520 . "
510 H(l)—ATN( UAL(UF4(N(1)+1))/UAL(UFA(N(i)*“)))

. .

-
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520 IF VAL (UFA(N(2Y +2))>0 THEN 540 . B 34
TH30 H(R2)=3,14159/2\60. TO 550
540 H(Z)=ATN(~ VAL(UF4(N(”)+1))/UAL(UF4(N(“)&")))
o~ 550 IF H(1)<BH(2) THEN 570 :
560 FRINT "LINES DO NOT INTERSECT"\STOF . o '
570 H1=(H(1)+H(2))/2\REM ARSOLUTE ANGLE OF LINE WITH XAXIS
580 IF H(1)xH(2) THEN 410 ' '
590 N1=G(1)I\GC1)=6G(2I\G(2)=N1
00 RK1=H(1)\H(1)=H(2)\H(2)=K1
- B10 H2=(H(1)=H(2))/2\REM  RELATIVE ANGLE KETWEEN LINES
' S20FIF H(2)=0 THEN 650 \GOSUR 9000 :
440 GO TO 810 :
850 IF H(1)« o THEN 720 T
660 IF G(2):»-2 THEN 680 ’ :
. 670 G(ﬂ>“—1\so TO 700
' 680 IF G(2)x~1 THEN 700 '
690 G(2)=-2 . p
700 GOSUR 9000 . . ‘
710 GO TO 810 ‘ . ‘
‘ 720 IF G(1)<x-2 THEN 740
T 730 G(1)=-1\GO TO 740,
‘ 740 IF G(1)<>-1 THEN 760
750 G(1)=-2
. 760 IF G(2)<3-2 THEN 780 : ,
N : 770 G(2)==1\GO TO 800 _ e
' : 789 IF G(2F<x-1 THEN 800 : : L
! T 790 B(2y=-2 , _ : Ly
- 800 GUSUR 9000 . o ; e
- 810 IF Z«<»1 THEN 830 ‘ e
. 820 DI=R/SIN(H2)\60 TO 880
. 830 IF Z-»2 THEN. 850 : R
O 840 D=R/COS(H2)\H1=H1+3,14159/2\G0 TO 880 :
- 850 IF Z<»3 THEN 870
860 D=R/SIN(H2)\H1=H1+3, 141u?\b0 TO 880
. 870 D=R/COS(H2)\HI=H1+1,5%3,14159
880 X=X1+DXCOS(H1) :
890 Y=Y1+DKSIN(H1)
900 VFS(R+1)=8TR$(X)
: © 910 VFS(R+2)=8TR$(Y)
920 UFI(K+3)="0" . .
230 VFS(K+4)r="Q" . :
A 940 VFS(K+5r="0" . - s L.
950 UFSIN+E)="1". : ~ S
960 UFG(K+7)=8TR$(R) S Y
. F6% CALL *SUEF*(VF&(4)) a .o ‘
: 970 FOR Ki=1 TO 360. STEF -4 ' '
C 980 H=X+HVAL (UFS{K+7))¥COSC (3,14159/180)%K1)
- 990 N=YH+UAL (UFS(R+73)XSINC (3, 14159/180)%K1)
1000 CALL .*APNT*" (MvNyl) '
¢ 1010 NEXT K1 , ~ ,
) 1012 CALL ‘*ESUB" . L A ’ ) -.
K - 1020 VF4(3)=VF&{3)+1" . . ’ : .
) C 1025 VF6(4)Y=VF6<4)+L L ‘ . L
A L040 CHAIN *DX1iAFTO" LINE 430 ~ " C :
: = 1050 END L o S o :
2000 REM STRING MANIFULATIDNS S .
, 2010 Y=FOS{M$rY$sZ) . | ’ - .
» < 2020 Z=POS(M$rZ3.Y+1) * o ] , Tk
* o 2030 X$=BEGH(M$rY+1,Z-1) - : '
' : 2040 X$=TRM$(X$) , , - ‘
‘ ~ 2040 RETURN - . ! : - ~
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2100 REM STRING MANIFULATIONS 2 - '
2110 Y=FOS{MErYS,2) . . " B 35
2120 X$=SEGH (M Y+LLEN(ME)) ¢ :
2130 X$=TRM$(X$)
2140 RETURN f
2200 REM IDENTIFICATION SURRBUTINE
CR2210 IF X$UHtXSMALLM THEN 2230
2220 G(K1)==2\CQ TO 2280 C , .
2230 IF X$:»"XLARGE" THEN 2250

2240 G(K1)=-1\GO T 2280
2250 IF X$=+"YSMALL* THEN 2270
2260 G(RK1)=1XGO' TO 2280
2270 G(K1)=2 ~
2280 RETURN
9000 REM SURROUTINE TO FINU RELATIVE FOSITION OF CIRCLE
9010 IF ARS(G(1))x1 THEN 2050
9020 IF ARS(G(2))<>1 THEN 9040 4 , \
9030 Z=4\GO'TO vog0 . @ 8
9040 Z=1\GO TO %080

9050 IF ABS(G(2))<»1 THEN 2070 ~ ‘ .
9040 Z=3\GO TO 9080 "

907Q Z=2 .

2080 RETURN

MIL1il | BASIC VOiR-02 )

1 REM AFT UBTAINu THE NECESSARY INFUT IN A NON GRAFHICAL INFERALTIVE
2 REM - WRY FOR & MILLINU OPERATION (FART 1) . .

5 CALL "INIT® :

.10 DFEN "FOCK* AS FILE VF1 = » .

20 OFEN "COUNT® AS FILE VF&

100 PRINT *NUMEER OF FOCKETS *i

110 -INPUT KA\VF1(L)=R

115 I=0 : ,

120 1=1+1 ) . o .
125 VF&(11)=1 . )

130 FRINT *LILFTH OF CUT. IN FOCKET *5Is. ) ,

140 'INPUT K\VFL1C(I%10+1)= h\EEH B IN FOCKET I

145 VF4(10)=K

150 FRINT °*NVMMRER OF CHELASURFAChS IN FPOCKRET *513

160 INFUT K\YFLC(I¥10+2)=K\REM- K1 IN FOCKET I ‘
170 PRINT "ROTATION ANGLE OF FOCKET *513 : ‘
180 INFUT K\VF1(IX10+3)=K\REM AG IN FOCKET I .

185 FRINT" L . * ‘

190 CHAIN "DX1:OFMIL3® : ‘

200 OFEN "FOCK® AS FILE VF1 . o }' .

205 OFEN "COUNT® AS FILE.UF4 : .

210 IsYF6(11) ' :

215 IF I<3WFL(1» THEN 120 ,

220° FOR I=1 TO UF141)

230 PRINT *WHICH CUTTERRADIUS (IN) 1D YOU CHOOSE FOR FOCKET *3I3

240 INFUTTTAVFL(IX10+4)=K\REM K IN -POCKET I

250 ‘FRINT *WHICH FEED (IN/MINY *j R :

260 INFUT K\VF1(IX1045)=K\REM. FIl IN FOCKET I .

270 - FRINT *WHICH VELOCITY (FT/MIN) *; ‘

. 280 INFUT K\VF1(I%1046)=K

290 vFl(I*10+¢)"(0F1(I*10+6)/UF1(1*10+4))/(“*3 14159) \REM RF

| 295 VFL(IX10+6)=UF1(I¥10+6)K12 |

. 300 NEXTF I )

. 310.FRINT \PRINT *GENERAL INFORMATION, '\FRINT : ‘

. 320.FRINT *INNERTOLERANCE (IN) *i\INPUT K\VUFL(3)=K\REM IT -
330 PRINT “DUTERTOLERANCE <IN) *$\INFUT K\VF1(3)=K\REM OT . .



340 FRINT *FEED FOR BLUNGING C(IN/MIN) - \
345 INFUT K\VF1{4)=Kk\REM FIUW ° ' . B 36 i
350 FRINT *FEED FOR RETRACTING (IN/MIND "3

355 INPUT R\UF1(%)=hREM FUF : | j
340 FRINT °RELIEVE HEIGHT (IN) "#i\INPUT R\VF1(6)=K\REM A .
370 FRINT "STARTING X cmoﬁanarE (IN) "

375 INFUT K\VFLC2)=R\REM C . ;

380 PRINT “STARTING Y COORDIINATE (IN) *j

385 INFUT K\VUF1(8I=K\REM D

390° FRINT "STARTING Z COORDINATE (IN) i

.395 . INFUT K\VF1(9)=K\REM E

400 CHAIN *DX1iMIL222"

310 END

M’lﬁ?ﬂ RASIC VOIR-02

1 REM APT OBTAINS THE NECESSARY INFUT IN A NON GRAFHICAL INTERACTIVE
2 REM WAY FOR A MILLING OFERATION (FPART2)
10 OFEN *FOCK® AS FILE VF1
20 OFEN "DXL:RARTL' AS FILE VF2$(100)=64
30 OFEN "DX1:CANLIN® AS FILE UF4$(100)=8 \
40 OFEN 'DX1:CANCIR" AS FILE YF5%(100)=8 -
40 OFEN "DX1:COUNT® AS FILE VFé ‘
5697 PRINT "WHICH MILLING METHOD (RGH1,RGH2 OR SFIRAL) "
398 INFUT AS\FRINT \K3=1 )
400 IF A$="SFIRAL" THEN 408 S
402 IF A$='RGH2* THEN 406
404 VUF1(10)=3\60 YO 409
406 UF1(10)=4\G0 TO 409
408 VF1(10)=5
409 GOSUE 2000 -
. 410 FRINT *INFUT YOUR IDENTIFICATION OR PARTNO STATE%ENT o
420 INFUT E$ | 1
425 PRINT : : -
430 PRINT *88823309838888838883888808898 *
440 PRINT *  PART FROGRAM (FOCKET) * - .
450 FRINT *88888883398858358339888888888 * ‘ ‘
4S5 PRINT. . . :
460 FRINT YPARTNOD *$E$ - ;
480 FRINT *MACHINZCINACL300yCIRCULs1,0 * LT

490 IF VF1(10)=5 THEN 570 ‘ i
500, FRINT “RESERV/ 8,9 rKSrPyNs9sGrPrFy Py DUML, 9y DUM2, @, IUM3 s 9 s [IUMA Py S ",
510 FRINT "Xr9rYr9rT1r9sT259A1s93A29 91 WrPrMrPsCATIIIrPss® ) |
-31d IF UF1(10)%»3 THEN 540 - ‘ o

20 FPRINT 'Qy?inv?rer?yX299sY3v9:$'
"ﬂs PRINT "UrS0sVy50* °
530 60.TO 610
540 FRINT 'Qr?le!?le191X2!9972!9'
550 GO TD 610
570 FRINT 'RESFRV/LS:4!“S!A!N!470y4rFr4rﬂUﬁ1741DUﬁ294rDUN3r4rﬂUH4r4r$'
' G80 FRINT 'Xf4’Yy4:T1v4yT2:4vAi7479274rwi4rﬁr4rCAvQyD!4;$'
5920 FRINT 'Hy47DI574,L74!CB!ﬂvCE!201CF7207CBIEO!LA!2070147X1y4y$'
S00 FRINT "Y1s4yX2+45Y2,4" -
610 FRINT “IT="3VUF1(2) . . : :
420 FRINT "OT="3VF1(3y ‘ §
630 PRINT *FDW="3VF1¢4) . ' _ %
&40 FRINT “FUP=*;VF1(5) "' . ' . ey : -
650 FRINT *A="3VF1(6) ‘ ‘
. 635 FRINT ) ’ . T
060 FRINT *CALL/INITOsA= IT:B= OT'%PRINT - ;
680 FOR Is1 TO VF1(L) = - ‘ oo : :
490 PRINT 'B“"Ur1(1*10+1) ) L. . i

= st ot bR
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fev - FUF1CI%X1042) ) . B
710 FRINT "QG=*iVF1¢IX10+3) 57
720 PRINT "R="iUF1([X10+4) '

730 FRINT "FD="jUF1(I%10+5) =

Z40 FRINT *RF=*jUF1(IX10+6)\FRINT

750 FOR J=1 TO, UF1(1%1042) '

760 FRINT 'hS(‘“J:‘)""UFi((I ~-1)%104+J+100)

770 NEXT J\PRINT

780 FOR J=1 TD VUF1(IX1042)
790 FRINT “M(*5J5*)=*UF1((I~1)%10+J+200)

300 NEXT J\PRINT .

810 FOR J=1 TO VF1(IX1042) -
820 FRINT "N("3J5*)="jUFL{(I~1)X10+J+300) -

830 NEXT J\FRINT -

840 FRINT °*CALLYINIT1sA=AG"\FRINT

850 IF K3=2 THEN 8%0 ,

8955 Zg=t=r : - °
860 FOR J=1 TO VF1(IX10+2)

865 C$=VF4(50+I%10+J)

870 GOSUR 4000 \Y$=TRM$(Y$)

875 PRINT *CS5(*;Ji")="5Y$s" $$"5X$
- 880 NEXT J\GO TO 920 :

890 FOR J=1 TO VF1(IX10+2)

900 GOSUR 3000

910 NEXT J\FRINT

920 PRINT “CALL/INIT2,BE=R1"\FRINT _

925 IF I<>»1 THENE940 . .o

930 FRINT °*FROM/(FOINT/*FVUF1(7)3"»*$VUF1(B)7*»"$UF1(9); ") "\FRINT .
940 PRINT *TRAGUT/MO*\FRINT )

950 IF VUF1(10)=5 THEN 1000

960 FRINT *CALL/FINMAC®

970 IF VYF1(10)=4 THEN 990

+980 FRINT *CALL/RGH1*\GO TO 1010

990 PRINT *CALL/RGH2'\GO TO 1010

1000 FRINT "CALL/SFIRAL" ]

1010 PRINT *PRINT/3sALL*\PRINT

1020 FRINT *TRACUT/NOMORE"\FRINT ,

1030 PRINT \NEXT I . .
1050 FRINT. "CALL/FINAL*\FRINT \PRINT *ENB®\FRINT *FINI* =&
1080 IF K3=2 THEN 1100

1090 K3=K3+1\PRINT \GO TO 430 - /

] ’ c

1100 END ,
2000 REM SUBROUTINE IN WHICH THE USER DESCRIBES [EVERY FOCKET
2002 REM . BY CONTOURING IT

2010 PRINT \PRINT “EXAMFLE OF CONTOURING ¢ GDFUD/LI,INTOF,YLGRGE .
- 2020 FOR I=1i TO VF1(1) ) i

2025 PRINT : :

2030 FRINT *CONTOUR FOCKET "1

L2040 FOR J=1 TO.VUF1(IX10+42)

2050° X$="/"\Y$=", "\Z$="="

2055 INPUT as 9 ’ /
2060 Z1= Postasyxs,1>\zﬂ—Fos§A$.Ys,1> ) _ A
2080 B$=SEG$(AS$r1rZ1-1) s . : L

S 2090 IF 7Z2=0 THEN 2130
2095 Cs= SEG$(A$721?1r2°-1)\Z”“PQS(A$:Y$:ZQF1)
2110 D$=SEG$(A$r»Z2+1164)
2120 GO TO 2150
2130 CH$=SEGS(AS,Z141,64)\s=" * .. :
2150 IF EB$="GOECK * THEN 2210 - SN
2160 IF R$=*GOFWD * THEN 2200°
2170 IF B$="GOLFT * THEN 2190
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2180 VUF1C10XK¢CI-1) +J+200) =+2\G0O TO 2

2190 VUF1C10K(I-1)+J4200)=+1\G0 TO 222 ~

2200 UF1(L0XCI-1)+J+200)=~1\GO TO 2220 - >

2210 UF1(10%(I-1)+J+200)==2\GO"TO 2220 -

2220 GOSUER 4000 \VUF4(50+I%10+J)=C3% |,

2290 FOR KN1=1 TO (UF&(R2)-1)%5 STEF 5

2300 IF VF4(K1)=C3% THEN 2370 .

2305 NEXT Ki

2310 FOR N1=1 TO (VUF&(3)-1)%8 STEF 8

231% IF VFS(h1)=C$ THEN 2340

2320 NEXT K1

2340 PRINT. "IS THIS SURFACE CDNCAUE (-1) OR CONVEX (+1) "5 N

2350 INPUT K

2350 VF1(10X(I=1)+J+100)=K\GO TO 2375

2370 VF1(10x8I~-1)+UJ4100)=0

2375 A=10%(I-1)+J+1+300

2380 IF J~pVUF1(IX10+2) THEN 2390 \A=10%(I~1)+301

2390 IF n$"‘XLARbE * THEN 2440

2400 IF D$="YSMALL * THEN 2450 - -

2410 IF D$="YLARGE * THEN 2440

2415 IF De=*XSMALL* THEN 2430

2420 VF1(A)=0\GO TO 2470 ,

. B430 VF1(AY==2\B0 T0 2470 \ e

2440 VF1(A)=—1\GO TO 2470

2450 YF1(AY=+1\GO TO 2470 : . .

2440 VF1<CA)=+2\GO TO 2470 . . B

2470 NEXT J :

2480 NEXT I

2490 RETURN

3000 REM SUEROUTINE ESTAELISHING THE CANONICAL FORM OF A CIRCLE

3Q10 FOR Ki=1 TO (VF&(3)-1)%8 STEF § . _ -

3020 IF VF4(S50+IK10+J)=VUFS5(K1) THEN 3040

3030 NEXT ‘N1

3035 GO TO 3510 . .

3040 PRINT *CS{"5J3")=CIRCLE/CANONs "iUFS(ARLIFL)$ y "tUFSUN1+2)35 7020901945

3030 PRINT VFS(K147)i° $¢ "FUFS(K1) \

3060 GO Tq 3550 :

3510 FOR Ki1=1 TO (UF&(2)-1)%5 STEF &

3520 IF VFA(S0+I%10+4J)=UF4(K1) THEN 3540

3530 NEXT K1 .

. 3540 FRINT'"CS("3d3*)=L.INE/CANONy *sUFACKI+1) 5y *jUFA(NI+2)5*s0s "}
3542 FRINT VFAa(K1+4)+* $$ "SUF4(K1)

3550 RETURN .- « , T

4000 FOR K1=1 IO VF&(5)~1- ‘ ™ . -

4010 Z=FOS(VF2(K1),Z$+1)

4020 X$=SEG$(VF2¢K1)riyZ-1) : ~ - o

A030° Y$=SEGH(VF2(K1)+Z+1s64) .

4040 XF C$=X$ THEN 4070 . P

4050 'NEXT K1, - “ .- ,

4060 FRINT fUnUMG EXIT*\STOF . ‘ R o

4070 RETURN . . \ a . ’

»

]
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1 REM AT ORTAING THE © CLSSARY THRUT TN 0 0N GRACHUGAL UM Kéa; FAVE W
2 REH . - ekt e THENLHL UPLEGTTON ' '
3 DIM €$(290) ’

,A30 QPCN DXL URH S Ay FLILE WEL, -
ATQ FRINT *NUMBEE_UF SHOULQCRS $8M4j0ur E:;p/il)vh LS
460 FRINT * INNERTOLEEAMUE D 5N ERUT R (2) R R
482 FRINT“*OQUTIIRIOE CRGNCET CLMY "SNLITPUT R\NWR173) oh :
S FRINT *NQSE RARTUS (1 fO0L ity *3NLIFUT KNV LOY) Sl
466 FRINY CUTTLN VELQCLITY o TAOINY "INLBUT KU -N
470 PRINT "CLEARNGMNCE CIi) "3NIHFUHSANVE T (0318
480 FRING *FEED THZNINY  *INTRFUT KNVFL1(7) -K = '
A90 PRI, I TH" BOKIUICE 8 FORGTNG QUICUT STEFPED SHANTY (7 OR i)
492 INFUT A% . ’ et
. 500 IF ad="N* THUMN H&50 . S
510 VFL(LOY=2\RE1 FURGLING | ‘
520, FRIW® *MAXIHUM DEFTH OF CUT: 1IN Rd&GHING»OPEﬁﬁTIBN (INY "3
522 INFUT R\UF1(8)=N )
530 PRINT “MAXPNUN DEPTH UF TUT IN FATING OFERATION (IND *;
1532 INFUT K\VF1(9)=K , —
540 GO TO 600 "o : \
-7 550 VFL(10)=)\REM &AR STOCK «//y‘? .
580 FRINT "FINISHING ALLOWANCE (IN). "5N\NINFUT #\VFIX8)=K
570 FRINT "MAXIMUM DEFTH OF GUT C(IN) *$\NINPUT K\UF1(9)=K -
580 GO -T0. 400 . , N e
"5%0 OFEN "DX13TURN® AS FLLE VF} : IR
400 FRINT "WHAT IS THE LARGEST RALNLUS OF THE UNCUT SHAFT  *§
410 INFUT RAVF1(15)=R . . :
820 FPRINT "S81ARTING X COORDIMNATE  (IN) 5 ,
430 INFUT K\VF1(14)=h . : .
640 FRINT "BTaRTING Y CUORIINATE (IN) ° . ) .
. 650 INFUT KYWF1(17)=K , 1 - :
460 FRINT *STARIING Z COORDIDATE (IN) *; ’
670 INPUT RNUF1(18) =N , ‘ o
680, FRINT \bkzwf "IESCRIFTIUM, OF. THE DIFFEREMT SHOULDERS *\FRINT
90 FOR I=L TO VFI(1) = ~ :
700 IF UFL(10)=2 THEN 7460 : . .
710 FRINT "INFUT THE ROC"FI3%) VALUE *j 8
720 INFUT KNWFIC(IKIQ+L)=K ' = .
730 FRINT “INFUT THE KCC(*FE5") VALUE *; )
740 INFUT K\UFL{I*10+2)=N ¥
250 G0 TO 340 AL . ‘
760 PRINT “INFUT TNE FR("FI5") VALUE *;
770 INFUT KWF1(IE1081)-K - o .
30 PRINT MIMBUL-THE/DRC*F IS ") vaLuc *5 - . .
790 INFUT KAVFL{I%A042) =R - ’
800 FRINT *LNFUT THE FAC"3I7%) VALUE *;
B10 INFUT KNVUFL1C1£10F3) =k
220 FRINT *INFUT -THEE TAC 3 I5%) VALUE " :
830 IMFUT N\VFL1¢I&i0+4)=k . ~. ‘ .
840 NEXT I ° - } . ; &
. Bab IF VFLC10)=2 THEN 985 R
_PH50 CFEN "DXIIFARTL® a8 FILLE UFR${100)5464
855 OFEN "DRLICOUNT® as, FILE WFs . o : .
540 FRINT VWFRIMNT *TUFUT THE MAUES OF THEZ CHECKSURIACES * :
870 FRINT * THIS HUST 6E DONE LM GUCCESSIVYE ORDER “\PRIMT
38D Y=t - . i e
gvw FOR I=1 -TO UFL1{1) . ‘ .
FOO FRIFT “INFUT THE CSC"iIr") NAME. *i
210 INFUT C3(D) ‘ : Lo

®
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. .
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SO0 FUR AL L TU VFSC L 3 80 ’
P30 Z-TUSCUFEINLY - by by T S
D40 Ab-slDI UES WLy ol 1)
Pl LI Y L o) B
RO TIF ChVEvand T 00 - ' . ’
D50 MEXT L ‘ =
&Y FINT WEOMG ENTT NG TOR ]
P70 Uoliy LA L i tL o &) Rah 5 —
PG OCECDY- RGO DI L B "X P .
P00 NEXT - & PR
W% FRINT ; . '
LG PRIMT TTMPUT 20U LM TELCA Tt R PAR R, S TALLDRIT
P02 INFuT CHCUE L) 41D - N
794 LOSUE 00 Y '
P05 LD .
1000 WEM SURRUHT‘NF THAT TRIMTS THE FARKT FROGEAOMNFLCTIHT
1605 PRINT . /
1OLO FRIMT % RLO00CH KA ROk xxxxx*wW?- . . 7
. 1020 FRINT * FARYT PRUGKAM" )
LOJ0 PFRINT "iohkveysol gk f3eohkbnboblonkokior U \FRIRT
1040 FRIMT *[ARTNOG "‘c¢<vg1f1>+1>
1050 IF VFL(107:=2 THEN 1230
106D PRINT *MACHINALATHEsL. .
1070 FRINT 'hbbll“/LS»l)vhUleyhblevaLO . ’ .
LO30 FRINT \FRINT "$$ INFUS THE SYSTEN MACKO- hnﬁgu WNFRLINT X
L1090 RRINT "INTOL/ *3VUFLLD)
1100 FRINT "OUTTUL/ “SVFL1{E) . ﬁ .
1110 PRINT "COOLNT/ON “N\FRINT *CLISRMNT™ ~
" ‘ L1720 FRINT “SP=PULINTZ "3UFLC16)5 "y "SUFLCEI7) 3y "SUFL(LE)
L1130 FOR t=1TO VFL(1) ‘
L1140 FRINT CHCD
1150 NEXT L ’ - ,
110 FOR (=1 TO YFL(L) . .
1470 PRINT *RCCY5I5")="3UFLCIXLO+D) S i /
- 1180 NEXT I ° et ~C/f
1190 FRINT "RRCLY="3UF L1 IR
1200 FOR f=1 TO W11y - : .
1200 PRINT RO S TH15 ) ="UPL{ X O+ 1) .
- 1219 NEXT .
- S 1220 FRINT . ’
1350 FRINT YCALL/RDUGH =" yUFi(L);":nUP'“QUF[uV), PFINZ*SUM Py e g
1235 FRINT ° yCLEP3UFL(SYF A .
. 1240 FRINT *  sVEL="3UFLCEY 0" yRAU="SUFLCAD 3 A F D= 5UF L(T) ,
12590 FRINT "PRINTZ35ALL : £ 5
1240 PRINT “ENIU \FRINT "FINI * <f/" .o
1279 60 TO 14990 - L 2
1280 PRINT 'Wﬁlle/lﬂIHLvi)3?1~.1 . )
1290 f‘RtNT *RESERU/ZMIR vf.’.'da'l A 20 DRy 200 UAIO ¢ ,
1200 PRINT \PRINT i LNFUT THE SYSTEH (GRS FACHACY RGHMAC aMb Survy
13L0 FRINTG NFRINT "FO=*5UlL¢h) L
1320 PRINT "CL=¥urics)
1330 FRINT *R#E5UF1¢D)
S 13A0 PRINT VUL *«UFE(D)
[ TULS00 FRLIT K1 5URLOL)
136 CPRINT TRANTIVFLOLE) .
. 1480 FOR T=i TO VUFL(1) - .
X l3‘~‘(1 r«mur "< "‘li"‘*-‘ SUM1I{(TX10+1)
1392 Fn:gr,*nﬂf SEEPELELV RS 3K 2 %))
1393 FRLNT **FAC 513" y=" UF L CTKLOFS) - L S
- 136 FRINT *Dad” iliv)y= “FUFI(IxLI0FY). \
¥ 1398 PRINT ' {‘ :
1400 NEAT I ‘ : - -
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AL=2D
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FOR ot--4 TO AL ,

REAU AGAL) . e
IF ACAL) 2999 THlN *()0

NIZXT 01

BATA 1y, 124y IR0, 1289 2y 024, 250,28y
DATA 67y By o874y o875y ,8786y 0791
DATAH 999

Ki=,3\REM~OVERKHEAD COST ($/MIN)
KIZ=INREN-TOOL COST CONSTONT(S/TOOTH/TND
K3=2\KEM-T00L CHANGE TIME(MIN) ’

N4=1 ., 8%10"9\REM= TOOL LIFE EQUATION CONSTANT
RS =2\RE{f~ VELOUTYY EXPFONENT

NO=INREM= EQUIVALENT GHIEF THICKNESS REXFONENT
KR7-» SNREH- AXINL UERTH OF CUT EXFONENT ’
K8=AX1QTONREM- FUORCLE EQUATION COMSTANT

RO-=, 3VREM- RADLAL FOREE/YANU&NTIQL FORCE
FRINT |

Fem & CAS Y N 3R

WEUFSCLd)

St 00000k ~O3NG V=1 D OOE-OS\REM~ MOX & MIN KEED

RI=1A\RZ-2 0 O9\REM~ MAX & MIM TUUL FRAULT CINGH
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§3=130000V\REM= "MAX STRESS ALLOWEW (SID
Fl=10XREM=- MAX FOWER AULLTLARLE (H.F.)
US=100\REM~ THE- CRITICA. SFEEU (FFM)
T1=63025, 4% ] /VS\RE~ MAX TORQUE aVATLALRLE
IF L0 THER 720
FRINT *&% TiHFFEASIRLE
GO 10 409
LF b il
PIRTNT ik
CTR I ¥ S PN

I7 Wik THEN 790
Floaddd "k THFEASTRLE WITTH,
G0 TO 1740 .
FRIMT.

GEFTH QF CUT . Rk
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CALL: "TEXT" ("WHICH MILLING METHOD WOULD YOU ILIKE TO USE *") :
CALL "APNTY (2005300055 . !
CALL "TEXT"{"ZIGZAG nttLﬂwr'METﬂmu- ‘ . ) . '
CALL "AFNT (200520050 ¢=5) t : -

CALL “TEX T"(“UN]UIR&LTTUNQL MLTHDﬁ")

CALL
CALL
CALL

2430 RETURN

READT .

‘o

PAENT T (2002 L0020y —0) - -
CTEXTY ("SPIRAL MILLING METHOD™ ] ‘
“SURF" (1) < . : o .

CALL “AFNT” (500+300r0y-5) .

CALL SVECT® (100+0) ¢ ¢ .

calL. "Esunr" . .

CALL "SURF"(2) .

caLL "ﬁPNr"(JQQJZOQ?OV ~5) . ‘

CAlLL "VEECT"(10050) : . ‘

caLL YESUR" RN . .

CaLL “SUG-"C3) L : o .

CALL "APNT* {(G00y100y0y-15) ' ‘ .

CALL "VECT" (100,0) ~

cAaLL “EsuR* o~ - ’ ‘

CALL "LPEN"(HsT) L ‘

I¥ H=0 THEN 2;J0 : \ , !

Ki=T ! - . o

CMA.'HﬁE%3mO) -

CALL *TIMR"(E) . . : . : S

IF, E<x>0 THEN 2410, ° ‘ L. co T - e .

. , o ’ - ¢ ‘ 7

‘ ¢ »» >~ .

> ’ B IR
8
: .
it i -
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Appendix 3 ¢

Auxiliary calculations concerning the SPIRAL macro.

. R . .

[N
%

. Cusps along the chttérpath can be avoided by let -
. tlng parallel cutterpaths overlap. The amount of éverlap-
L . . ping requlrea can be calculated by easy geometrlcal mani-
. pulatlons. Flg. A3.1 deplets the material left uncut when
full slatting, while Fig. A3.2)rq2?esents the necessary
varlables in the calculatlon of the smallest overlapnlng
(yllm) in order for all cusps to vanish. The followlng

equatlons can eas11y be gathered from Flg. AB 3. \

Ve T ' X 4 Fai kD X . L Vs ™ S . i
3 e %lm. = —— Y and - b = ——-}-:l's-—\ L
P ~ = oo Ylim . sin 3 \
N . - - %
] ] V13 , E A
- R . ) L ain , .- . €
i AT R N 1
! - ! - . . ‘ .
T1im . Jim ‘
: SZI.H%t ’ o o oL D J
. ) .o , . , 1*~ sin 2' ) *
N L e L I
' sin 5 (X Jy55 I+ Ty3a' =X OF ¥ygp = X in &
i ' . ‘8 . . ' ) ' ‘ﬂ . . )
BhuS T X+ Tyipe < Ve ¥ TS R
: B ) 2‘ 3
~ R - . ’ 4"' ‘F
' = yl. . ~ i
im T ™ ,
e 1.~ sinx

T

or ' gL o= R 1}51:1'%‘) -
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The width of

cut is. w=2 ®.R - 2 # Y1iin ' .

material
left uncut

-
“
v

no overlapping ,
width of cut : 2% R

" smallest angle in
N dquadrangle : «

L

T stil) material
Pr=agi o : left uncut Cy‘

. _ not enpugh overlapping
N “.cutterradius : X + ¥

... width of cut : 2x

smallest angle in
quadrangle : & 7

s
v

LA

] R ™

3
E
Fl
k-4
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. Fig. A3%.3 ¢ e .
J ‘ /
Exemple : ,
* + Lo . .- . :" ST . t
" Wthile pockéting & nectangle with the SPIRAL module,

the maximum of the ratio of the width of cut over the cub-

‘terd

iameter ought to be :
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