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INTRODUCTION

In the first article of this series, we have quickly surveyed
some of the available computer languages for programming NC equip-
ment. As I have mentioned there, some languages are designed only
for simple point-to-point work; others, for continuous—path operatio:
Some programmes are designed for specific equipment where the pro-
cessor and postprocessor aré contained within one progreamme; others
are designed for general-purpose use where separate processor and
postprocessor are used to allow the output to be used for any coa-
trol system. There also are both general-purpose and special-pur-
pose post-processor programmes. sSome of these programmes are ree—
dily available, others are highly proprietary. Some programmes
can be used on particular computersjothers can be used on a vawjiety
of computers. Some programmes are even developed within a single
company to meet special needs. Among this wide arrzy, only a few
are considered to be major languages. This article (which is com-
posed of several parts) will hendle some of those major languages.
Abstractions from different industrial situations.and. research ar-
ticles will be called upon for illustration.

This pert, being the first of the article, will be dealing
with APT® APT is the most sophisticated of all NC programming sSys-—
tems, It is used for speeding the preparation of control tapes for
NC m/c's through describing three-dimensional geometric configura-
tions and tool mot . ns on space curves. Up H0 siX m/c Tool axes
.may be programmed, APT has also been designed for programuing
point~to—point work. straight line m/c¥gy oD and 2% D combour m/c'g
and lathe work. :

= Autcmatic Programmed Tools



CONSTRUCTION OF THE APT SYSTEM

The APT SYSTEM consists of two main parts:
# The APT language, as a programming language
# The PROCESSOR; a number of computer programmes whose
function is to interpret the language and compute
the tool path.

The APT Languages
It consistis of several hundreds of the English-like

words, those words are used to transform different des-
criptive and instructive stahements into a form accept-
able by the computer, this is usually done by the part
Programmers,

The part programmer needs to have very little iow-
ledge esbout the computer that uses the APT programmes
to process the language. He should, by all means, devote
his complete concentration on the production process to
be programmed using the APT vocabulary. The construction
of its free format statements is easily learned, and can
be punched into 2 card for feeding into the computer with-
out ffxed T.ocations.

To eliminate errors as far as possible, the part pro-
grammer only uses the coordinates, dimensions and so on,
he finds in the engineering drawing. A part programme
in the APT language can easily be read and understood.

The Processor

The processor establishes a general solution based on
the part programme. It is obtained by geometric calcula-
tlons and consists of general representation of the coordinates
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of the cutter path along the contour of the part. At-
tached with the processor there is a group of subroutines
for special types of calculations, those subroutines will
be discussed in detail later on. The general solution
obtained thereof . is valid for a milling machine, a flame
cutter or a drafting machine, After the general solutlon
is obtained, the processor finishes its task and the post-
processor takes over,

The post-processor is another computer programme used
to transform the general solution into a format adequate
for a certain machine tool control system combination.

Back to the processor, the processor of the APT systo
is very large. It consists of 75,000 IEBM-7090 words. It
took about 100 man years to develop. A post—processor 4o
tailor the result of the processor to a particular require-
ment may be developed within 3 to 9 months, depending on
the controller and the machine tool. At the end of 1968
there were about 300 post-processors available for the
APT IIT system.

APT CAPABILITIES:
APT capabilities depend upong
l. The rariety of geometric routines now built into the
pro-ramme which enable the part programmer to define
the 3D contouring operations needed in production of
his workpieces.
2. The case with which the roubtines can be selected and
applied.
3. The efficiency with which they will convert the part
programuer's instructions into machine.langauge



PART PROGRAMMING
A part programme produced with the APT language may consist
of seven parts:

3# Description of the part geometry

p3 Description of the shape of the tool to be used

# Data for tolerances

#® Description of the tool motion

23 Data for machine tool functions

3 Formulas for numerical and trigonometrical calculations
3 Statements for the programme logic.

These parts will be dealt with in turn.

Describing the part geometxy

In the APT language, there are about 100 gecrmetric defini-
tions, among which there are 10 for the definition of poimbe, 11
for the definition of lines and 10 for the definition of circles.
Moreover it is possible to define planes, vectors, ellipses), hyper-
bolas, cylinders, spheres, matrices, patternsand quadratic surfaces.

The general format of a definition statement is s

A T
I el

Symbol = surface/modifiers, The statement means that
the geometric element given as an APT surface is to be defined by
using the modifiers and is to be stored under the symbol, that is,
its name. Any symbol may be chosen. However, it is recommended
to use a symbol which in one way or another refers to the meaning
f the defined elerent or to its function. As an APT surface the
words specified in , voosbhulary for geometrical elements are to
be used. The modifecs can either be numbers or other APT words or
oreviocusly defined elements. Examples for geometrical definitions
are shown in Fig. L.



y \\ / Flg.1 . This geometrle configuration is defined
£ by:
S— G2AB=LINE/0.5, 2, 0, 3?3.2. 0 !
X K2 =CIRCLE/2.5, 3, 0. 1.75 2
KR =CIRCLE/¥SMALL, G2AB, XLARGE, OUT, §
K2, RADIUS, 30 3
1
B h

Cutter/D, r,e,f,&,p,h

(a)

|
a0

\ ,}/’ OUTTOL?M
7 INTOL/ta
® 1

Fig.2 . Cutter definltlons can incorporate
seven modifiers (a), but simplar cutters
(b, ¢, d) need only the first two.

Cutter/D  CutterD,r  CutterDir Fig.3. Permitted devlation from the pro-
(b} () (d) grammed contour is indicated by the
programmer using INTOL and QUTTOL
statements.
Check surface
D surface /

¥ Direction of tool motion

Part sur.‘oca/

Fig.4. Posltion
of a tool in
space is
defined in the
APT system by
three surfaces:
the drive
surface, the
part surface
and the check
surface.




A line is defined by two points. In the definition the line
receives the symbol G2AB. The x-, y- and z— coordinates of both
points follow the word for the APT surface LINE., In the next state-
ment a circle with the symbol K2 is defined. The coordinates of
the centre and the radius appear after the oblique line. In the
third line the circle KR is defined., Here the advantages of a
symbolic languages are obvious.

The circle KR can‘be "oonstructed" with reference to the
two previous definitions and the given radius. Out of the eight

1eoretically) possible positions, the desired position of the

.
(t

¥

circle must be described, This is done as follows: the circle lies
under the line G2AB, that is, on the side which is directed to the
smaller y coordinate, For this reason YSMALL is used after the
cblique line., Moreover KR is to be tangent to the circle K2 from
the outside: OUT is the fourth word. Now there are only 4w oS-
sihble positionsleft: the desired position and the undesired posi-
tion, drawn as a dotted circle. By a comparison of the centre

coordinates of the circle in the desired positon is determined.

The centre of the circle in the desired position has a lar-
ger x coordinate and a larger y coordinate than the centre of the
circle in the ot = ~osition. Therefore nne puts the word XLARGE
as a third word after the slash of the definition of KR. In this
case, the word YLARGE would do Jjust as well. At the end of the
definition the word RADTIUS and the required radius value are in-

¢ Luded,

Based on thi: sfinition, the ceondinates of the centre of
the ¢ircle KR can be calculated and, together with the radius,
they are stored in the computer under the name KR.
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A line or a circle in a drawing actually represent a plane
or a cylinder which are perpendicular to the corresponding projec-
tion plane. For this reason in the APT system the line is consi-
dered as a plane perpendicular to the xy plane and the circle as
a perpendicular.cylinder. The part programmer, whenever he finds
it of advantage, can programme a line of a circle. However, he
must have a clear understanding of their interpretation by the APT
system.

The tool shape

The APT system assumes rotational symetry of the tool. Fig.2
a shows the general shape of the tool. The statement consists of
seven modifiers:

CUNTER/D, Ty €, £, 85 P, B

For the description of the profile a local coordinates
system with its origin in the lowest point of the tool axis is
used. The meaning of the first six parameters is explained by
Fig. 2a. The parameter h, the height, has nothing to do with the
actual length of a tool. This parameter represents the upper end
of the profile, which, in 3D tool path calculations, 1S %o be
tested for contact with one of the three tool guiding surfaces.
The test starts at the lowest point of the tool axis.

For simple 5ool profiles like those in Fig. 2 (b iGy - E.y)
only the first or the first and second parameters are needed to
define the tool,



Teclorancing data

For the previously described approximation of non-linear
tool paths it is necessary that the part programmer indicates the
permitted deviation from the programmed contour. With the data
OUTTOL/tl and INTOL/t2 a tolerance band is defined on both sides
of the contour within which the point of tangency of the tool moves.

In a part programme both or only one of the values may be
programmed. OUTTOL allows that at several places material remains

outside the programmed contour, while through INTOL the programmed
contour is undercut, Fig. 3.

When programming 2 part, one should programme a tolerance
value which is one magnitude smaller than the tolerance of the ma-
chine to0l., That means that more lines than necessary are produced.
The post-processor will not consider unnecessary values.

Tool motions

To define the position of a tool in space, the APT systen
uses three surfaces, Fige. &4, which are:

o Drive surface, abbreviatzd DS
b. Part surface, abbreviated PS
G Check surface, abbreviated CS

The tool moves along the drive surface. In case of a ver—
ticel milling machi-2., for which the tool is perpendicular to the
plane of the table, .ae xy plane, Hhe arive surface corresponds to
the contour and gives the xy coordinates of each point of the path
of the tool centre.
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The part surface is the surface on which moves the end
point of the tool axis. For a vertical milling machine this sur-
face gives the z coordinates of the respective path points.

The check surface terminates the motion of the tool moving
along the element of the contour.

Each surface definable with the APT language may be as-—
signed to be one of the three guiding surfaces.

When programming the tool motion a fixed part and a moving
tool are assumed. In that case the part programmer acts as if he
was sitting on the tool, driving it along the contour like a gar
on the road. The general structure of a motion statement is ‘

Modifier 1, GO/drive surface, modifier 2, check surface.
The modifier 1 is sometimes required in complicated part programme
to define the position of the tool in relation to the drive surface
during the motion. The words Fig.5, to be used for that are:
TILRGT (tool right)
TLON (tool on)
TLLFT (tool left)

The second modifier, modifier 2, describes the position of
the t00l at the enc. of a motion in relation to the check surface.
As modifier 2 one «f the following words, Fig. 6, is used:

TO
ON
PAST
TANTO



The modifier to be used results from the starting position

of the motion, ZFor GO one of the words

GOFWD. (go forward)

GORGT (go right)

GOLFT (go left)

GOBACK (go back)

GOUP (go up)

GODOWN (go down)
is to be inserted. They give the direction of the tool motion
relative to the last motion of the tool.

Figure 7 demonstrates the application of these words. 1T
is assumed that all geometric elements shown have been previously
defined.

The part programme describing the tool motions always las
o begin with the determination of the starting position of the
to0ol. This is done in the statement FROM/.... Here (in line 1)
the point PKT1 is the starting position, therefore: FROM/PKT1.
The subsequents statement GO/T0, L2, ON, SRF in line 2 determines
the drive surface (L2) and the part surface (SRF) for the follow-

-
i

ing motion (in line 3). This motion is called “"start up"

A linear motion over the shortest distance to L2 is assumed
and the coordinates of the tool centre at position 1 are calculated,
Then the tool is to move to position 2. This location is the point
cr rather the line of Gangency between I2 and Kl. It is the end of
motion along a pert of the contour, that is along L2. Therefore,

o

K1 is used as check .rface and i.e stavement describing this motion
is GOLFT/L2, TANTO, K1, where the direction is related to the pre-
viously performed motiocr., TANTO indicates that the motion should be
terminated at the point of tangency between drive surface and check
surface,
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In line 4 the motion along the circular arc is described.
Since the first incremental move on the arc is in direction of the
tangent line L2, GOFWD is used. The tool is to cross line L3, to
cut a sharp corner. This is indicated by PAST in line 4 therefore
PAST is used as modifier 2: GOFWD/Kl, PAST, L3. The final position
for this move is position 3. The last move ends in position 4,
close to line I4. It is programmed by GORGT/L3, TO, I4.

To direct the end point of the tool axis to a previously
determined point, the statement
GORO/x, ¥4 -Ziy
Or GOTO/P1
where Pl is a previously defined point, is to be used.

LACHINE TOOL FUNCTIONS
The part programmer may command the execution of machine
Gool functions between tool motion statements. For instance:
¥ determination of_feedrates with
FEDRAT/50
FEDRAT/RAPID
# determination of spindle speeds with
SPINDL/3000, CILW
¥ determinaiina of the coolant with
COOLNT/MIST
COQ. . IT/OFF
To programme a dra’ iing machine commands are available like:
PEN,/ ... (pen number)
PENDWN (pend down)
PENDUR
DOTTED



TLLFT Direction of tool motion o Point of reference ON
i 10 ‘Check surface
Drive surfoce PAST
TLON s
TLRGT
Fig. 5 Relatlon of tool to the drive surface during motion, Fig. & Relation of tool to the check surface al end of motion.

Fig. T Tool ls
gulded round this
workoiece by the
following matlon
statements:
FROM/PKT1
G0/T0.L2.0" .5RF
GOLFT/L2,TANTOQ K1
GOFWD/K1,PAST.L2
GORGT/L3,TO L4
GOTO/PY

P
g
\/ o <225‘
N Yty
P1(3,5,0) MTPKT (2.6,3.7,0)
. Fig. 9 . A programme loop is a number
Fig. 8. Co-ordinates for point P can be )
calculated from following statement by of silat]eme:\lts whlchd(u_ns ”"d'a{\ its °t";”
formulas within the computer: control until a condition, such as 1he

defining of a given number of hole

centres (below), is fulfilled.
LOOPST
ALFA=10
A) X  =2.6+3 COSF (ALFA)
Y . =3.7+3 SINF (ALFA)
GOTO/X, Y, O
IF (ALFA—38) B, C, C
B) ALFA=ALFA+13
JUMPTO/A
C) LOOPND

P1=POINT/3, 5, 0
X =3--8.3* COSF (27.5)
Y =£+8.3° SINF (27.5)
P =POINT/X, Y, O

DN -

oSN ALOS



sl

The statement MACHIN/... is used to indicate for which
machine tool a part programme is intended and with which post-
rocessor it is to be further processed. A part programme for

s}

a. Sundstrsnd machine tool would contain:
MACHIN/SUNTRN. o »
3
where possibly required type indicators and so on may be added.

Computer calculations

It is possible to compute values within a part programme
by a mathematical formula. The calculated values need not be in-
cluded in the output, they are informally available for a parti-
cular part programme. To write the formulas, a language based on

0
FORTRAN is used. The APT language contains the arithmetic state-

ERSEERR W - A ¢ -t

in

ment of the general form.
variable = arithmetic expression

This statement constitutes a command to the computer o
evalvuate the expression to the right of the equal sign and %o store

the result as value of the variable.

The application is explained in Fig. 8. With the values
ziven the coordinates of the point P are to be determined. Since
the € and y coor’irates of the point are known, two general numbers,
the varisbles x an® y, are inserted in the appropriate places of
the definition of :1e point (line 4). In lines 2 and 3 two formulas
are programned wit: which x and y are calculated. Line 2 says that
~he product of the listance (=8.3) and the COS 27.5 deg (COSF (27 59
is to be added to line 3 and that the result is to be stored for x.

ning of line 3% is similaxr,

-
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Both formulas are evaluated during the processing of the
point P is defined with the coordinates 10.36, 5.8%,0.

Besides the already mentioned operators + and * for addi-
tion and multiplication there are the operators —, /, Tfs - for
subtraction, division, and exponentiation, respectively. In
addition to the functions sin a and cos a the functions arc tg b,

X, exp X, loge X with the calls ATANF (B), SQRTF (X), EXPF
(X), LOGF (X), respectively, are available.

Programme logic

In a part programme often a number of statements is needed
several times. A part programae may be shortened considerably,
if these statements do not have to be programmed in the requirbd
number, but if they, after being coded once, are generated auto-
matically within a part programme.

Here two methods will be described with which this aim 1is
achieved, Both methods will be explained using point-to-point
part programmes since these are most obvious. But the facility
is not restricted to point-to-point work.

The firsv method is the formation of a programme loop. A
progreaiae loop, or simply a loop, is a part of a programme, consis-
ting of a number of statements, which runs under its own control
until a numeric condition, for example, the number of passes, is

Coming from 'u underined point, a tool, that is the end
point of the tool axis, is to go to the points numbered 1 ... 3
on a circle in the xy plane Fige 9.. The cricle is defined by
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its centre MIPKT (2.6, 3.7, O) and its radius of 3, Between
two successive points and the centre an angle of 1l3deg. is
enclosed. To simplify the programme it is assumed that the
ool only moves to these points. Drilling motions were not
included since they do not help in the understanding of the
programme 1oop. The most important statement (line 5) is
GOT0/X, ¥, 0. Because of this statement the tool centre is
moved to the point the coordinates of which are given after
the oblique line. Since only the z coordinate (=0) is known,
sgein two variables X and Y are inserbedue .

The variasble ALFA will always represent the angle between
the line through a point and the centre and the horizontal X axis.
Tn line 2 of the loop it is set to the starting value of "=1l0deg.,
g e of point 1. In line 3 anc 4, the values for X and Y
re computed as has been explained before., In iine 5 these values

are used to move the tool to the approprizte position.

In line & a Hest is made. Inside the parentheses of the
statement the number 36 is subtracted from ALFA (in the first
pass for point 1 it is 10, in the second pass for point 2 it is
2%, in the third pass, for point 3, it is 36). After the paren-
theses three labels are given which, depending on the sign of
the result of the expression inside the parentheses, indicate

what action has "o te taken.

Tn the f st pass (ALFA=10) the sign of the result in the
P-statement is egative (10-36 = -26). The first of the three
1sbels is used t  continue. It points to the statement in line
7, The angle ALF. is inczreased by 17 and the programme contin-
-s5 because of the statement JUMPTO/A, a so-called unconditional

branch, with line 2.
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During the second pass the coordinates for point 2 are
determined. Again the result of the expression in parentheses
in line 6 is negative, the angle is increased once more and the

programme continues at line 2 again with the third pass.

Now the result in the IF-statement becomes zero,. There-

fore the second label is used to continue. This points to line 9.

The third label is used when a positive result is obtained
in the IF-statement. In the example, the result cannot become
positive. Since a label is required for the format, one of the

labels used was inserted.

The statements LOOPST (=loop start) in line 1 and LOOPND
(=loop end) in line 9 are auxiliary statements, required by the
APT processor, to recognize the range of a loop.

The second method to eliminate time consuming coding of

repetitively occurring programme steps is the use of subroutines.

Using subroubines

A subroutine is a programme, in itself complete, which can-
not start its operation by itself, but which has to be called by
a different programume. It is provided with input parameters by
the calling programme; T+ processes the input parameters and at
the end of its operation returns results to the calling programme

and gives control over the computer back in the calling programme.

The examp’.e in Fige. 10 explains the use of subroutines wi-
thin the APT syst o The poings are +t0 be reached in the sequence
~¥ their numbering, however, not one after the other but from dif-

ferent locations in the part programme.
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Tn 1ine 1 ..e 5 of this figure, the subroutine is defined,
The word MACRO is an AL

of the subroutine to be defined. MOV is the name for .this subrou-

word and. appears in the first statement

i

tine, Later on it is referenced with this names,

Following the oblique line, those variables of the subrou-
tine are listed, which are %o receive values from the calling pro-
ramme, Line 5 contains the word TERMAC ( =termination macro)

which indicates to the processor the end of the subroutine.

A subroubine may consist of almost any number of statements
and it is not restricted to a few statements, The subroutine is
here followed by the main programme. AT a certain location in
this programme, &b line 10 the subroutine MOV is called by CALL/
MOV,oo In this call the variables of the previously defined sub=-
routine appesr with the values for point l. Affer a number of
statements MOVis called again (line 20), this bime with the
values for point 2, Similarly the vsluee ror point 3 are given
in the call of the subroutine in line 30, This is followed by

the remainder of the main pProgrammé.



Flg. 15 Subroutine (MACRO) is heta
used to reduce part programming o!fornt
MOV=MACRO/AAD, ALFA
b ohhas s SRF
13 m/ AL F {ALFA)

CI\LLI MOV RAD=4, ALFA=10
CALL/ MOV. AAD=2, ALFA=50
CALL/ MOV, RAD=3, ALFA=—25

EYS e nins 8

=

PARTNO 3.D-PART PROGRAM  APT Il 010
NOPOST 020

CLPRNT 030
REMARK . 040
REMARK GEOMETRIC DEFINITIONS 050
BALL = SPHERE/ 0,0,0, £ 080
WALL 1 = LINE/ 0,500 . 0.262.025,0 070
WALL 2 = LINE/ 020 , 41,0 080
WALL 3 = LINE/ 04,0 , 4,00 090
CYL = CIRCLE/YSMALLWALLZ,YLARGE,WALLI,RADIUS,1.376 100
XZPLN = LINE/0,00 , 1,0,0 110
STPNT = POINT/ 2,2.5,5 120
REMARK 130
REMARK DEFINITION OF THE CUTTER, A BALL-END MILL 140
REMARK 150
CUTTER/0.75 160

REMARK TOLERANCE 170
QUTTOL/0.001 180

INTOL/O g 190

RE. HK TOOL MOTION . 47 AUXILIARY FUNCTIONS 200
SPINDL/ 3000,GLW 210

FEDRAT/ 0 220

FROM/ STPNT 230
GO/TO,WALLY,OM,BALLPAST,XZPLN 48 POSITION 1 240

TLRGT,GORGT/ WALL1,TOWALL2 88 2 250
GORGT/WALL2,TANTO.CYL 88 3 260
GOFWD/CYL.TANTO,WALL3 68 4 270

GOFWD/ WALL3,TO,WALL1 65 5 289

GORGT/ WALLI bN XZPLN 13 6 240

GTTY STERT s

END 210

FINI 320

Flg. 12. 1 -t programme doﬁnes to tha computer tha machinlng of tha part

In Firr 13




Using the APT Routines

CURVE AND SURFACE FITTING

e o Directrix ’}’TABCYL 2

=

TABCYL 1
.
I

k-

|
| ! S
L |
The compuler pravides a spline fit between points \"\ |
represented by ordered tabular data to generate
a smooth curve called a directrix. \_l
The RLDSRF routine is used if two contours must
. be joined by a smooth transition surface.
Gcnerafrm

Through the TABCYL routine, a line, called a gen- The routine generates a surface comprised of
eratrix, is moved parallel to itself along the di- straight lines joining the two contfours.
rectrix to generate a surface.

TABC?

7
Al

| /‘ ™~ Al

| Ty i

5 /,////,”’,’-f?':-.,,, (el Y
/ ol /".'/, A "_:
Ed
The result is a machined contour achieved by speci- The result is a smooth fransition that requires no
fying only tabular de manual computations or drafting layout.

Fic. 1



DEFINING A FREE FORM

The surface is reduced to a set

Designs determined from clay of tabular coordinates which,

models or other such nonmathe- when processed by the FMILL Through the APTLFT subroutine,
matical forms often must be re- routine, provide a numerical de- the FMILL surface is transformed
produced in metal. scription of the surface. into a machined surface.

CHOOSING FROM A CATALOG OF SHAPES

The QADRIC routines per-
mit specification of any
surface conforming to a
second-order quadric. The
designer need specify only
the coefficients of the
quadric equation. Some
of the more useful shapes

ossible with this routi -
Fa:'nz éhown'hgre.' utine Ellipsoid Hyperbeloid of One Sheet  Hyperboloid of Two Sheets

EllipticParaboloid Hyperbolic?araba!uid Elliphic Cg"hder

FIG. 1y
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The APT Routines

One of the major design advantages of computer programming
is that complex surfaces can be specified easily and rapidlye.
Surfaces available through the AFT routines, Figeldk, are exam-
ples-

Space Curves: Any curve in Spaceé can be represented as
a series of xyz coordinates (most éonveniently given in tabular
form), By utilizing the APT tabulated cylinder (TABCYL) routi-
nes, the computer provides a smooth curve between these points,
and caleculates the intermediate points rmesessary to reproduce
the resulting curve to any desired accuracy. The surface is ge-
nerated by moving a line (generatrix) parallel %o itself along

the curve (directrix) which is fitt:§l between the inpub POiﬁFSo
' : !

The TABCYL routine allows the designer to sPecifj any de;:
sired part contour as a series of points. These points can be
selected to represent the most complex mathematical curves con-
ceivablz, The computer not only produces a smooth curve between
input points which the designer prefiously had to f£it with a
French curve or ducks and splines, but also produces a numerical
description of that curve sufficient to allow a numerically con-
trolled cutting tool to reproduce the curve to elose tolerance.
The two-dimensional applicaticns of this feature are obvious (for
cams, patsexns, elds), but there are less obvious and perhaps

sare ilmportant threei-dimensional applications.

Surfanes Bebween Space Curvess Suppose a smooth trecsi-
4ional surface is desired between two @ontours of an aircrsflw
wing, OUne conbteur (TABCIL 1, Fig.ld) eould be described by the
dasiguer as a Gabulated collectioh of points. The second contour
(T4RCYL 2) would also ©bs described by tabular data in the same

coordinaste reference system as TABCYL 1.



The designer's job is then complete. Now the part program-
mer describes the two TABCYL contours in the AFT langusge., He
then specifies that APT generate a ruled surface (RLDSRF) between
the two contours. The computer then calculates a surface com=
posed of straight line rulings between TABCYL 1 and TABCYL 2, This
information then is used to guide a cutting tool around the desi-
red contours. The side of the cutter is always in simultaneous
contact between the two specified contours. This combination of
APT features is widely used in the design and manufacture of modern

aircraft componentse.

Quadric Surfacess General quadric surfaces can be genera-
ted by APT, A quadric surface is defined as a surface that satis-
fies some partlcular equation of the second degree in three varla—
bles. ”he general form of equation for a quadric surface is Ar +
BYE + Cz? + Fyz = Gzz + Hxy + Px + Q¥ + Bz + D = O,

The APT feature QADRIC allows the description of surfaces
by specification of the coefficients for this equation. Fig. 2
illustrates a few of the guadric surfaces which can be produced.

Quadric surfaces are inherent in the functional operations
of many types of parts, For example, the QADRIC feature is used
o0 produce molds for optical devises such as lenses and reflectors.

Free Forms: Sometimes it is necessary to reproduce surfaces
which cannot be described mathematically or for which the mathema-
ticasl description is extremely complex. This situation is frequen-
t1ly encountered :'here the desired contours are determined according
0 aesthetic cdnsﬂderaULMAsq {(Shapes for auto-body panels, for exa-
“13, are determined from clay models.) 4&lso, complex or "Nonmathe-

atical™ surfaces are often required to blend between mathematically
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defined surfaces. These situations can be handled by the APT=-
sssociated FMILL and APTLET routines, Figoll.

FMILL is a completely independent computer routine that
generates a smooth surface between an ordered set of input pointse.
For example, assume a designer has produced én aesthetically ac-
cepbable contour in clay. It is now necessary to produce the too-
ling (die) required to reproduce the shapee A1l that is required
as input to the FMILL computer program are—sets of xyz coordinates
taken from the surface, FMILL fits a smooth surface between this

esh of points. The oﬁtput of FMILL, a numerical description of
the desired surface, .is then processed by APT (utilizing a special-
purpose subroutine called APTLFT) to define a cutter path neces-

sary to reproduce the surface.

3D Part programming example

In this a complete part programme and the output of the cal-

culated cutter coordinates will be discusseds

The contour to be machined is shown in Fige 13 and the part-

programme is shown in Fig, 12, The last cut has to be taken along
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([ = T~ Sphere outline

Fig. 12 Mack ning a pocket on a sphere provides a continuous path
programming example.




the walls of the pocket on the surface of a sphere.
ALY ., 88 wes sald before, the statements of the
APT leoguese have a fres format, they were, in.this example,
i o gerbain pabtlern, to make it easier to read them,

Mha 1 e e o = ,‘

The pars proorame beglns with a statement PARTNC.... This word,

<hich has to be punehed in cards columns le..6, may be followed

by eny Lesh. Thls statement has 1o be the first statement in &

sart propramme snd it 1s generally used o describe the part

AT o e T T MR e 2 :
e .L.-'_Z‘__L? numsery ox dI‘;w.\-. J.,ﬂf_’: 9 snd S0 0N

Tha following statements NOPOST and CLPRNT, are indica=-
tors for ths procsssor, NOPOST indicabes that the general solu-
%

rogrerns ig not o oe processed by a post-

i
-

proesssor, GLPRNL ludicaves thet a listing ~f the CLTATE

A7 sral plages throughoul the vart programme there are
Lements beginning with thfﬂﬂ, With them it is possible o
imns - remarks bebween statements to make the part

'wterataukablwg The word REMARK has to be punched

in columng i 50. It mzy be followed by sny text.

The 11 =8 60 ¢ 120 coutain the geometric definitions,

.iined by its centre cooriicztes
vowndaries of the pocket, WALL 1,
(=LINE), This is possible

{13!

WATL 2, WALL 3, dre dzfired s line

singe the walls sre - erpendicular tc the Xy plane.

The points ~A4 ip the definitions axs inilicalted on the
drawinge In line .00 a ¢ylinder, perpendicular to the xy plane,
iq geiired. Lt mey, btherefore, be defimed as a cirecle, The



3.0-PART PROGRAM APT Il CARD NO.O1
CUTTER/  0.7500 DINC.010
CARD NO.160
OUTTOL/0.00100000.00100000,0010000
CARD NO.180
INTOL/0. 0. 0.
CARD NO.180
SPINDL / 3000.0000 cw CARD NO.210
FEDRAT / 50.0000 CARD NO.220
FROM /[ STPNT CARD NO.230
X ) Z
% 2.0000000 2.5000000 5.0000000
DS 1S/ WALL1 x v CARD NO.240
; Z
0.9124111 -0.3760000 3,8773808
DS 15/ WALL1 x Y CARD NO.250
Z
0.8955405 ~0.1978585 3.8943627
0.8786138 -0.0201279 3.8031826
0.8816664 0.1578197 3.9038219
0.8447340 0,3356094 3.8962793
0.8278521 0.5128698 3.8805705
0.8110560 0.6892284 3.8567284
'0.7943810 0,8643164 3.8248030
0.7778621 1.0377651 3.7848614
0.7615337 1.2092128 3,7369871
0.7490980 1.3397873 3.6947291
0.7406631 1.4282916 3.6631399
DS 1S/ WALL 2 . Y 5 CARD NO.260
0.9127025 1.3852832 3.6407648
1.0834753 1.3425900 3.6098112
1.2525965 1.3003097 3.5703502
1.4196695 1.2585440 35224761
1.56842726 1.2173907 3,4663012
1.7460476 1.1769469 3.4019679
1.9046013 1.1373085 3.3295986
20595627 1.0985681 3,2493927
2.2105652 1.0608176 3.1615299
2.3543358 1.0248749 3.0682158
DS 1S/ CcYL - CARD NO.270
X X Z t
2,4268135 1.0036083 3.0183696
2.5020188 0.9751207 2.9658475
2,5829805 0.9363042 2.9083950
2.6604362 0.8901666 2.8525250
2.7337114 0.8370078 2,7988314
2.7948031 7841255 2.7534405
2.8513076 3 2.7100615
2.9029680 5 2.6 17046
29494545 0.59908%6 2.0 50999
29904750 0.5298849 26165144
3.0267746 0.4576623 25772947
3.0551381 0.3828962 25547480
3.0808968 0,2962079 2.6352636
3.0986905 0.2077066 25223407
3.1083987 0.1184604 25161582
3.1100785 0.0292667 2.5167007
3.1038628 —0.0591928 2.5238381
3.0899245 —-0.1463134 2.5373577
3.0684569 —~0.2315444 2.5569872
3.0396658 —0.3143634 2.6824077
3.0037710 ~0.3942611 2.6132622
2.9610143 -0.4707231 2.6491572
2.9314390 —0.5158503 2,6735308
2.9004992 —0.6679061 2.6987126
2.8697508 —0.6070946 27313856
2.8180633 -0.6614707 27642924
DS IS/ WALL3 CARD NO.280
X Y: z
2.7059280 —0.7637419 2.8463772
25906350 —0.8780349 2.9194380
24726984 --0.8970715 29811721
2.3622046 —1.1174653 3.0373698
2.2298384 —1.2398316 3.0818580
2.1058891 ~1.3637808 3.1104953
1.9807637 —~1.4889162 31411708
1.8548329 -1.61483N 3.1558062
1.7285275 —1.7411425 3,1603522
1.6022432 ~1.8674258 3.1547970
1.4763824 —1.99328 . » 3.1391575
1.3513477 =2.1183223 3.1134836 !
1.2275386 —2.2421314 3.0778574
1.1371435 —2.3320266 3.0452304
1.1021728 ~2.3674972 3.0310680
DS 1S/ WaALL1 CARD NO.290
X Y Z
1.0887756 —2.2268271 3.1405430
1.0749174 —2.0813158 3.2434363
1.0606272 —1.9312650 3.3385316
1.0459349 —1.7769999 3.4286284
1.0308715 -1,6188335 3.51056390
1.0154684 —1.4571009 35850917
0.9997578 -~1.2921403 36521308
0.9837729 ~1,1242985 471156153
0.9675471 —0.9539276 3.7631208
1511143 —0.7813828 3.8068391 i
$345089 -0,6070275 384257090
29177059 ~0,4312401 3.L/02081
0.9009204 —0.2543478 3.8898395
0.8800963 ~0.1301947 3.8986867
0.8766968 -0. 3.9036654
DS 1S5/ STPNT CARD NO.300
X Y z
2.0000000 2.5000000 5.0000000
END CARD NO.310
FINI CARD N0.320

Fig. #4 This Is the
controlling the path

system/machine tool combination,

printout of the CITAPE from the computer. It Is the data for
of the cutter. It now needs post-processing to f

it into a particular
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circle is tangent to WALL 2 on the side of the smaller y coordi-
nates (YSMALL), whereas it touches WALL 3 on the side of the lar-
ger y coordinates (YLARGE). By glving the radius, the circle or

rather the cylinder is uniquely defined.

The tool to be used is a ball end mill with radius 0.751n.
(line 160)., In line 180 the outside tolerance is given by OUTTOL/
0,001, An.undercutting of the programmed contour 1is prevented by
INTOL/O.

The description of the tool motion begins with line 230,
after the spindle speed and the feedrate have been programmed in
the two previous lines, The startup (line 240) brings the tool
into position 1, that is close to WALL 1, SO that the tool axis
end point lies on the sphere and beiind the vz-plane (XZPLN).

The remainder of the statements is easily understood with refe-
rence to the earlier section on tool motion statements. The sta-
tement END (line 310) is a command for the post-processor, which
stops various functions such as the spindle rotation and the cool-
ant flow, The last statement of a part programme must be FINI.
The cardwresulting from it becomes the last card of the part prog-
ramme, It indicates to the processor the end of the part progra-

mme and it sbvarts the execution of further processing passSesS.

The result

The result of the processing of the part programme, that
iz the general solution, is shown in the computer printout in
Fig.1%., As well as being printed out it is coded for further

processing on the 2TAPE.
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The printout of the general solution consists of a rep. -
duction of input cards and of calculated coordinate values. On
the right sicde of the list the number of the part programme card
from which values were taken or whose contents resulted in the
shown coordinates, is printed.

The list starts with a reproduction of the text of the
PARTNC card and with a repetition of the tool description, of
the tolerance stabements and of the programmed machine functions.
Here the tolerance statements contain three values, although only
ore value was programmed. It is possible to programme different
tolerance values for each of the three guiding surfaces. If, as
in the sxample, only one value was programmed it will be used for
all three surfaces. After the FROM statement a line containing
the three coordinates of the starting positior follows,.

From card 240, Fig.l4, which contains the svartup, positior
1 (to the right of WALL 1, tool centre behind the zz plane, and
-he end of the Hool axis on the sphere) is calculated and WALL 1
is asszigned to be the next drive surfaces DSIS/WALL 1 (DSIS =
Drive surface is). Under DSIS/WALL 1, comes coordinates of the

-

00l path =long WALL 1 to WALL 2, card 250 Fige.l4. From the co-

ordinates s motion in three axis was calculateds From card 260,
the coordinasss of the tool path along WALL 2 were calculated,

Next come the ~~n»dinates of the tool path along the cy-
Linder CYL, along WALL 3 and along WALL l,as programmed in cards
270 to 290, The last coordinates are those of the point STPNT.
tn which the tool is moved due to statement 300, The 1list is ter-
misated by the r production of the statements END and FINT,
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The part programme contains eight motion commands. The
APT system computed 80 coordinate triplets from them. Depending
on the experience of the part programmer, it takes 15 to 30min.
to compile this part programme, The calculations, including the
output, were performed by an IBM 7094 in 10sec.






