
1967, No. 11 329

The APT programming language for the numerical control
of machine tools

J. Vlietstra

functions can also be coded in the form of combinations
of letters and figures. These are punched on paper tape,
the "control tape", which is then fed into the control
unit.
It is often necessary to make a large number of cal-

culations to find the successive tool positions. Even
though the actual calculations may be simple, it is clear
that the use of a digital computer will considerably
reduce the labour involved. Next, all the data must be
recorded correctly and in the proper order on the
punched tape: this operation is a source of error that
should by no means be underestimated. Because of this
difficulty, work was started some time ago on pro-
gramming the computer itselfto punch the control tape,
without human intervention, from a few, simply coded
data relating to the workpiece to be machined. In this
work, every effort was made to produce a coding system
that could be easily dealt with by the designer of the
workpiece. Such a standardized notation or coding
system is in general termed aprogramming language.
We have not yet dealt with all the implications of

these problems. There are now many types of com-
puter, and the variety of machine tool types is quite be-
wildering. Nevertheless, it is highly desirable to work
towards a programming language that is universal;
one that can be used for any computer that might be
employed, and can provide control tapes for all kinds
of machine tools.
This was recognized quite early in the day by a

number of companies which were members of the
Aerospace Industries Association in the United States.

In the last few years there have been considerable advances in the numerical control of
machine tools. However, on account of the large quantities of workpiece data which have
to be fed to the control unit, efforts were soon made to bring in digital computers to
handle the data. This article deals with a programming language in which the data can be
coded in a simple manner. It also describes the way in which the data are automatically
converted into the form required for a numerically controlledmachine tool.

The numerical control of machine tools such as mill-
ing machines, jig boring machines, lathes, drawing
machines, etc., was introduced about ten years ago.
Initial difficulties were mainly mechanical and elec-
tronie, but these were overcome fairly quickly, and
machine tools are now available which can be con-
trolled reliably by a "control unit" [IJ. This article will
deal with a fresh problem that has arisen here: commu-
nication between the designer of the workpiece and the
control unit. How can he most efficiently give to the
unit the data for the item to be manufactured? Before
going more deeply into this, we shall first briefly describe
the data required by the unit and the form in which this
data can be supplied.
First of all, information is given about the pàth which

the tool (e.g. a milling cutter) must follow through the
material to be machined. This path is generally de-
scribed by a series of discrete points. The control unit
guides the tool in a straight line from one predeter-
mined point to the next. The tool will therefore not be
able to follow a curve such as an are of a circle perfectly,
but it will be able to approach it as closely as desired
provided that sufficient points are given. Furthermore,
the control unit is so designed that it can itself calculate
a number of points between the predetermined ones by
linear or quadratic interpolation. Nevertheless, if a
complicated path is to be followed a relatively large
number of points have to be predetermined.
The control unit is also told what kind of tool is to

be used, the speed at which the tool is to rotate, the
cutting speed, etc. This information is referred to as
"tool function" or "auxiliary function:' data.
The path of the tool can thus be predetermined by a

series of numbers, which are the co-ordinates of the
successive locations of the tool. The data for the tool
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[1] For the principles of numerical control see for example:
T. J. Viersma, Some considerations on the numerical control
of machine tools, Philips tech. Rev. 24, 171-179, 1962/63;
J. A. Haringx, R. Ch. van Ommering, G. C. M. Schoenaker
and T..J. Viersma, A numerically controlled contour milling
machine, Philips tech. Rev. 24, 299-331, 1962/63.
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In 1957 this group took over the work that had been
begun at the Massachusetts Institute of Technology,
and developed from this work the Automatically
Programmed Tools programming language. Many
other American companies entered into co-operation
with the original group, and in 1961 the further devel-
opment óf the 'APT language and appropriate pro-
grammes for various computers was entrusted to the"
Research Institute of the Illinois Institute of Techno-
logy.
APT thus gradually became the most widely used

programming language for numerical control. In 1964
European firms were also invited to co-operate, and
Philipsjoined the organization a year later.
In this article we shall try to show clearly, with the

'aid of an example, the opportunities offered by the
APT system to the designer and to the "part program-
mer", whose function is the coding of the data. A
part programme written in APT language consists
of a number of definitions of geometrical entities
followed by a series of motion instructions. The ap-
propriate APT programme processes these definitions
and instructions, tracks down errors wherever possible
and finally punches a control tape. If desired, it can also
produce a list of all the quantities, both defined and
calculated. This is an excellent aid in tracing errors in
the part programme. An APT computer programme
has also been found useful in designing a workpiece.
The APT language is, in fact, very flexible, so that a
large number of different drawings or models of a
workpiece can be made by slight modifications of a few
motion instructions or parameters at each repeat.

A part programme in APT language

We shall now show how a part programme is written
for milling the cam shown in fig. 1. The cam is to be
milled from a plate of metal or plastic. All the dimen-
sions and the symbolic names of the geometric ele-
ments which appear are given in fig. 1. The names will
be explained later. This workpiece is referred to as two-
dimensional, since the centre ofthe cutter always moves
in the same plane throughout the milling process.ln our
example the axis of the cutter remains perpendicular
to this "base plane". To clarify this, we show in fig. 2
a section through the workpiece and through the body
of a cylindrical flat-ended cutter. The cutter rotates
about th~ axis AB, and M indicates the cutter centre,
i.e. the point of intersectien of the a~is and the base of
the cutter.
The part programme for punching the control tape

is shown in fig. 3. Itbegins with some general data: the
part programmer gives the number of. the workpiece,
describes the shape and dimensions of the cutter to be
used and the tolerances on the dimensions of the work-
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Fig. 1. Working drawing of a cam. The geometrical elements of
the circumference are indicated by symbolic names, which are
defined in the part programme. The letters in small circles
represent successive positions of the cutter along its path.

piece, and specifies the lists he wants as secondary out-
put, etc. Then follow the definitions of the geometrical
elements making up the shape of the cam. Finally we
have the motion instructions. Here the programmer
describes the successive displacements of the cutter
and indicates the desired tool functions.
We shall now discuss the part programme in detail

where necessary. (In the programme all the definitions
and instructions are numbered.)
a) General data.
PARTNO NOKSCHYF TEK. NR. 2AZ85636

Every part programme must begin with the instruc-
tion PARTNO followed by the description of the
workpiece and its number. (NOKSCHYF TEK.
NR. means cam drawing no.)

IA

ja
Fig. 2. Section through a cylindrical cutter F with a flat end, and
through the plate P to be machined clamped to the work-table T,
during the milling ofthe cam shown in fig. 1.The chain-dotted line
AB is the axis of the cutter. The point M at which the axis inter-
sects with the base of the cutter is called the cutter centre.
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Fig. 3. Part programme for machining the earn shown in fig. L

MACHIN/COBRA
The control tape must be suitable for the COBRA-
controlled drawing machine [2] which, as well as
making drawings and engravings also performs mill-
ing operations on certain types of plastics (meth-
acrylates). The code COBRA indicates that the post-
processor known by the symbolic name COBRA
must be used. This post-processor will be discussed
later.

CLPRNT
A list of all calculated locations of the cutter centre
is requested (Cutter Locations Print).

CUTTER/4
A description of the shape of the cutter. In this case
the simplest shape is described: a flat-ended cylin-
drical cutter with a diameter of 4 mm.

INTOL/.Ol
"Internal" tolerance. The cutter may not go more
than 0.01 mm inside the desired circurnference ofthe
cam.

OUTTOL/.Ol
"External" tolerance. The distance from the cutter
to the desired circumference may not exceed 0.0 I mm.

b) Definitions of geometrical elements.

Cl = CIRCLE/O, 0, 60
Definition of a circle with the centre at (0, 0) and a
radius of 60 mm. This circle is given the symbolic
name Cl. In the rest of the programme this circle is
referred to by this name alone.

C2U = CIRCLE/37, 37, 37
Definition of circle C2U with the centre at (37, 37)
and a radius of 37 mm.

C2L = CIRCLE/37, -37, 37
A definition similar to that of C2U.

TANCU = CfRCLE/YSMALL, IN, Cl, IN, C2U,
RADIUS, 110

Definition of the circle TANCU. It has a radius of
110 mm and touches circles Cl and C2U internally.
Two circles satisfy these requirements: the required
circle is the one whose centre has the smaller Y-co-
ordinate (YSMALL).

TANCL = CIRCLE/YLARGE, IN, Cl, IN, C2L,
RADIUS, IlO

Definition similar to that of TANCU.
C4 = CIRCLE/XLARGE, OUT, C2U, OUT, C2L,
RADIUS,43

Circle C4 has a radius of 43 mm and touches C2U
and C2L externally. Two circles are possible: the
one required is the one whose centre has the greater
X-co-ordinate.

PLl = PLANE/O, 0, 1,0
Plane PLI is the one described by the expression

OxX + Ox Y + 1 xZ = O.
In this case PLI is therefore the XY-plane.

Ll = LINE/(POINT/CENTER, C4), ATANGL, 90
Line Ll passes through the centre of C4 and makes
an angle of 90° with the X-axis (ATANGL, 90).

c) Motion instructions.

SPINDL/ON
The cutter must begin to rotate. The number of
revolutions per second does not have to be speci-
fied for the COBRA. This instruction remains in
force until the next instruction about the speed of
rotation.

[2J R. Ch. van Ommering and G. C. M. Schoenaker, The COBRA,
a small digital computer for numerical control of machine
tools, Philips tech. Rev. 27, 285-297, 1966 (No. 11).
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FEDRAT/lOO
The rate of displacement ofthe cutter, the feed rate,
must, where possible, be 100 mm/so This instruction
remains in force until the next instruction about the
feed.

FROM/I20, -70,0
Cutter movement starts with the centre of the cutter <

at the point X = 120, Y = -70, Z = 0 (position A
in fig. I).

GO/PAST, C4, TO, PU, ON, LI
Take the cutter in a straight line from position A to
B. Once the cutter has reached this position, it has
passed circle C4 and is now touching C4 (both con-
ditions are included in the code PAST, C4). The base
of the cutter is touching plane PLI (coded as TO,
PU) and its centre now lies on line Ll.

GOLFT/C4, TANTO, C2U
Move the cutter to the left along circle C4 until it is
tangent to circle C2U (position D in fig. I).

GOFWD/C2U, TANTO, TANCU
.. Move the cutter further along C2U until it touches

circle TANCU (position E in fig. I).
The next motion instructions (200 to 230 in the pro-
gramme of fig. 3) are now self-evident. Once the last
of these instructions has been completed, the cutter
is in position C. The progr~mme then continues as
follows.
GOFWD/C4, ON, U

Move the cutter forward along C4 until its centre is
on line LI (position K).

RAPID
This instruction relates to cutter feed. From now
on the cutter must travel at its maximum speed.
Instruction 150 is cancelled.

GOTO/I20, -70,0
The cutter must now move back to its starting point.

END
Stop the rotation of the cutter.

FINI
The end of the Part programme. All definitions and
instructions must therefore be included between
PARTNO and FINI.

Processing by the APT computer programme

By and large, an APT programme ensures that the
computer performs the following processes: <

1) The part programme is read in and the definitions
and instructions are translated into another code.
Meanwhile, the machine is able to trace a few of the
syntactic and mathematical errors in the programme.
An example of a syntactic error would be the
occurrence in an instruction of a symbolic name not
previously defined. Writing errors in geometric
expressions like CIRCLE, LINE, POINT, etc.

are also regarded as syntactic errors. A mathema-
tical error would be one like the definition of a
point as the point of intersection of two parallel
lines, or an ambiguous description of a circle~ In
this connection one need only think of the compli-
cated requirements for the description of the circles
TANCU and TA~CL. Checks for this kind of
error are by no means superfluous. Finally the ma-
chine calculates the standard or canonical form of
the various geometrical elements. Thus, for each
circle it calculates the co-ordinates ofthe centre and
the radius from the conditions laid down for tan- .
gency, etc. The other parts of the computer pro-
gramme can operate only with these standard
forms.

2) The machine now calculates the successive positions
of the cutter centre for the control unit of the ma-
chine tool. The factors taken into account here are
the shape quoted for the tool, the tolerances speci-
fied, etc. The control unit will guide the cutter in a
straight line from one position to the next. The
closer the specified tolerances, the larger is the
number of points to be calculated for the computer
programme.

3) All these data relating to the cutter path must now
be processed by another computer programme called
the "post-processor". This part of the APT com-
puter programme ensures that the data are con-
verted into the required form for the machine tool
to be used, in our case the COBRA-controlled
drawing and engraving machine. All instructions
relating to the tool functions are therefore passed
on directly to the post-processor. An error check is
once more carried out here. If, for example, the in-
struction SPINDL/ON, which starts the cutter
rotation, has been omitted, a signal to this effect is
given immediately.

In the development of APT, a distinction has always
been drawn between the processes given in (1) and (2)
which are of a linguistic and mathematical nature, and
the processes in (3) which depend upon the machine
tool to be controlled. This distinction is clearly visible
in the APT computer programme. The sections dealing
with the translation and calculation of the tool posi-
tions together form a complete programme. This, how-
ever, is written in such a way that the post-processors
can easily be added to it. The advantages of this are
obvious, and we think that it gives a particularly suc-
cessful arrangement.

Several post-processors have been developed at the
Philips laboratories in Eindhoven, one for the Giddings
and Lewis jig boring machine, one for the Scharmann
jig boring machine, one for the Milwaukee-Matic
machine tools, one for a three-dimensional Numeric-
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Fig.4. First part of the list of cutter centre locations, calculated with the APT computer
programme to make the control tape for the earn shown in fig. I.

KeIler milling machine and one for the COBRA-con-
trolled drawing and engraving machine. The last one is
referred to in our example by its symbolic name,
COBRA. The five post-processors form part of the
APT computer programme for the Control Data 3600
computer at the Philips Computer Centre.

Results

The procedure that has just been described provides
the following results:
I) The verification list for the part programme. This
list repeats all the definitions and instructions in the
original part programme. Any errors are printed
out immediately after the instructions in which they
are found.
2) The list of all the calculated positions for the centre
of the tool. This is an important aid to the programmer
in tracing any errors that could not be discovered by
the computer programme. It is in fact possible for the
part programme to be syntactically correct, even
though the result does not fully correspond to the
programmer's intention. The beginning of this list for
our example is shown in fig. 4.
3) The control tape. This can be fed directly to the
machine tool. Often, however, it is first used to make a
drawing, from which the path travelled by the tool
can be examined and measured. A further preparatory
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step that can be taken is to use the tape to make a
wooden model to check the shape of the workpiece
before any expensive material is machined. Fig. 5
shows a check drawing of the cam. This drawing, made
by the COBRA-controlled drawing machine, shows the
outline of the cam and the path of the cutter centre.

Fig. 5. Circumference of the cam and path of the cutter centre.
This drawing was made by the COBRA-controlled drawing ma-
chine from the tape given by the part programme shown in fig. 3.
A drawing like this may be used as a check on the control tape.
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code, that this set of instructions must be considered as
a "macro-instruction" and gives it a symbolic name,
e.g. HOOK. Finally he writes the following instruc-
tions:
a) A rotation through 1800 about the origin, followed

by a call on the macro-instruction HOOK; this is
coded in APT language as:

MI = MATRIX/XYROT, 180
CALL/HOOK, MATRX = MI
b) A reflection in the Y-axis and a translation of -120

mm in the X-direction, followed once again by a
callon the macro-instruction HOOK; these instruc-
tions, when converted into APT language, read:

M2 = MATRIX/MIRROR, ZXPLAN, T, -120, 0
CALL/HOOK, MATRX = M2
c) A reflection in the X-axis and a translation of

-120 mm in the X-direction, followed by the same
call as before.

y

720

Three-dimensional workpieces

At this point we shall leave the example and assume
that the whole process has now been made suffi-
ciently clear for us to be able to describe in rather wider
terms one or two methods of milling three-dimensional
workpieces.

The simplest method is the one in which the cutter
centre is made to move in a plane parallel to the base
plane (the XY-plane), while the axis of the cutter does
not change its direction. Each time that the cutter has
completed a "circuit" of the workpiece, this plane is
moved slightly in the Z-direction. This greatly simpli-
fies the writing of the part programme. The program-
mer defines the cutter path as a function of the para-
meter Z. The computer programme ensures that the
computer calculates the successive positions of the cen-
tre of the cutter for any desired value of Z. Such a
part programme is often referred to as "two-and-a-half-
dimensional", as it reduces a three-dimensional prob-
lem to a series of two-dimensional problems.

The APT system can also be used for real three-di-
mensional operation, with a three-, four- or even five-
axis tool. The position and attitude of a five-axis cutter,
for instance, is given by five figures: the X-, Y- and
Z-co-ordinates of the cutter centre and two figures
giving the direction of the axis. This facility is often
used when the surface of the workpiece is a ruled sur-
face. One such example is a truncated cone: through
every point on the surface of the side there is a straight
line which lies entirely in the surface. A five-axis cutter
can be controlled in such a way that its entire length
touches the side surface of the cone at any given mo-
ment. 720

In some milling machines the cutter position is fixed
and the work-table moves with respect to the cutter. At Fig. 6. Simplified working drawing for machining four iden-

first sight the APT language does not take this into tical hooks.

account. The part programmer thinks in terms of a
fixed work-table and a cutter moving with respect to
the workpiece. The specific features of a tool of this
type are only made apparent in a post-processor. This
section of the APT computer programme can also be
written in such a way that it converts the calculated
data for the cutter path into data for controlof the
work-table. This method avoids unnecessary compli-
cations in the APT language.

Linear transformations in APT

The great flexibility ofthe APT language is also clear-
ly shown in the ease with which changes in scale, trans-
lations, reflection and rotation can be effected. Let us
illustrate this by a brief example. Fig. 6 shows how four
identical hooks should be milled from one plate. The
part pregrammer starts by writing all the motion
instructions required to mill hook 1. Here he states, in

The APT computer programme will give the motion
instructions for calculating the successive positions of
the cutter centre for milling hook 1. Next, the rotation
given under (a) is performed, and this will provide all
the data necessary for milling of hook 2. The instruc-
tions given under (b) and (c) provide the same informa-
tion for hooks 4 and 3 respectively. The part program-
mer need only concern himself with the motion in-
structions for hook 1.

Future developments

Work is at present in progress on a new APT com-
puter programme which will be radically different from
existing programmes. We cannot go into this matter too
deeply here, but we should nevertheless like to mention
a few important advantages that the user might expect
·from the future APT computer programme.
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First of all, attempts are being made to make it
"machine-independent" as far as possible. The sections
ofthe programme (subroutines) are, wherever possible,
written in the widely-used FORTRAN programming
language to make it as easy as possible for the user to
adapt the programme to the computer that he has
available.
Checking for syntactic errors will be intensified. In

the new arrangement, the translation of APT instruc-
tions will be more rigidly separated from the calculat-
ing procedures than it is in current programmes. This
will prevent the unnecessary loss of calculation time
when syntactic errors are found in the part programme.
Facilities for extension will be taken into accóunt to

an even greater extent than to-day. The computer pro-
gramme will be written in such a way that it will be a
simple matter to add subroutines for dealing with new
geometrical shapes. It will also be possible to include
in the part programme subroutines which are written
in FORTRAN, e.g. those for calculating paramet-
rically defined surfaces [31. It will then no longer be
necessary for the part programmer to restrict himself
to the APT language; he will also have all the facilities
of FORTRAN at his disposal.
In addition, current thought is turning towards com-

puter output devices which do not follow conventional
design. APT computer programmes are at present
written for the use of fast line printers, card punches
and paper tape punches. There is however a pressing
need for devices to make communication between man
and machine easier, for example by displaying inter-
mediate results of calculations on a cathode-ray tube
in the form of legible text, graphs, diagrams, etc. Then
again, the user must be enabled to pass instructions
directly to the computer so that he can modify its
operation on the basis of the data received. The develop-...

[3] The co-ordinates xi, X2 and X3 of the points on a parametri-
cally defined surface are functions of two parameters ti and v,
i.e. Xl = XI(II, v), 'X2 = X2(1I, v) and X3 = xa(lI, v).

ment of such equipment is still fairly new, but offers
considerable promise.

Conclusion

We have used a few examples to show how the data
for the manufacture of a workpiece can be passed to
a computer by means of instructions coded in the
APT language. Using the APT programme, the machine
calculates from the instructions all the data required by
a numerically controlled machine tool and prepares
the control tape. This inclines us rather to replace the
expression "numerical control" by "symbolic control",
since it is not a series of numbers that is presented to a
control unit, but a series of symbols to a computer.
The introduetion of the APT system was an impor-

tant stage on the road to the automation of machining
processes. Hand punching ofthe control tape for some
workpieces would be quite out of the question, and
here the APT system has considerably widened the
existing prospects. The system alsomakes the manufac-
ture of simpler workpieces much easier. Once a perfect
control tape has been prepared, we can repeat the pro-
duction process as often as we like. Moreover, the re-
cent standardization of the APT language allows work
to be contracted out, since the method of manufacture
is laid down in the part programme. The benefits which
result from the development ofthe APT system are not
therefore only experienced by the designers and part
programmers; the system also helps to improve the
efficiency of the production department.

Summary. This article gives a brief description of the APT pro-
gramming language. It gives as an example the APT part pro-
gramme for the manufacture of a cam, deals in detail with the sig-
nificance of the geometrical definitions and motion instructions,
and gives a general description of the way in which they are
processed by an APT computer programme. Attention is
also paid to checking for errors in the programme. The way in
which three-dimensional workpieces are programmed is men-
tioned. The account of the simple way in which reflection, ro-
tation, translation, etc., can be carried out gives an idea of the
flexibility of APT. The article concludes with a brief outline of
future prospects.


