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1. INTRODUCTION

In recent years there has been a rapid recognition that
computer~aided-design and manufacture (CAD/CAM) is a ma jor
technology that will significantly affect production methods and
systems within manufacturing industry. This importance is
reflected in the major finding of the Cabinet Office”s ACARD
CAD/CAM report (1) in 1980: ~“The principal benfit of CAM. as well
as CAD, 1is the improvement in productivity that can be
achieved...... an increase by a factor of three or so may be
expected with current equipment.” Sir Kenneth Corfield, Chairman of
the Engineering Council, commented in September 1982: “All
designers should be aware of CAD/CAM and its possibilities.” This

is also true for production engineers and NC programmers.

1.1 THE USE OF CAD/CAM IN ENGINEERING

All aspects of design and manufacturing need to wuse and convey
information relating to the shapes of objects. From the very
beginning of engineering, object information has been transimitted
via drawings (i.e. formalised sketches), which had to be manually

produced. When computers were introduced into the design and

manufacturing environment, there arose a mneed for computer to
understand the shapes of objects. Computer, however, could not
readily be made to wunderstand shapes. Consequently. special

application languages were developed so as to introduced into
computer the geometry of the objects geometry from which necessary

calculations could be performed. In addition, computer graphic



device were developed to enable man to deal with computer based
object in a form that could be readily understood and also to allow
visualization. through graphic means., of the results of
calculations that have been performed. Though much attention has
been focused on this subject (e.g. APT geometries, aircraft and
automobile type sculptured surfaces), the overall task of
describing complete 3D objects of common engineering shapes has
only just commenced. Initial works (2 - 8) in this area has
progressed significantly. However, an acceptable standard means of
describing and processing complete 3D objects, until recently,
remains elusive. Neverthess, computer based modelling of 3D
objects is Dbelieved achievable and as such can be expected to have
an enormous impact on present day design. manufacturing and

planning techniques.

1.2 THE ADVENT OF 3D SOLID MODELLING

Recently. 3D solid modelling has become recognised as the best way
to communicate information about physical objects. With a complete
computerised representation of the geometry of an object together
with other relevant details of its shape. it is now possible to
integrate design, analysis and manufacturing activities by serving

all engineering functions with a single model representation.

Traditional CAD/CAM system vendors have often focused on drafting
productivity. These systems deal with wusually only the 2D
representation of a part and do not deal with the complete geometry
of it. Some systems maintain 3D information in terms of the x, vy,
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z co-ordinates of the points and lines of an objects to . permit a
wire-frame display of the object, with all lines visible regardless
of the wview point. There 1is no information 1in the geometry
representation as to whether a plane bounded by these visible lines
represented actual solid material on one side or the other (i.e.
whether a point 1is inside or outside the model). Thus. the model
represented by these lines does not really represent the object.
It could not be used for analysis of the properties of the object
(i.e. moment of inertia., centre of gravity etc.) or for rapid and
straight-forward modification, manipulation and visualization (i.e.
hidden line removal) of the object from various perspectives.
Traditional systems are constrained by having to deal with the
drafting function and because of the approach they use to represent
geometry prohibits them from doing anything more profound than
facilitating the conventional orthogonal or isometric drawings.
Although line drawing systems can favourably affect drafting
productivity. but not the total engineering/manufacturing

productivity.

Some vendors describe solid geometric modelling as visualization
capabilities. whereby a wire—frame type of 3D model 1s displayed as
solid object with opaque surfaces that are coloured and shaded to
provide a realistic representation of the model. This capability
can have a positive impact on productivity, in that it facilitates
visual checking of the general shape of the object that might
result in design changes prior to actual manufacturing. The
ability to see what an object would look 1like in a photographic
form could conceivably save much time and effort in making pattern
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or engineering prototypes. Beneficial as this capability may be,
such systems are not providing a true computerised 3D model of the
full solid geometry of the object.

Solid modelling can be appropriately defined as a function that
creates a 3D picture of an object (with automatic hidden line
removal) as well as a full set of 3D data about that object. The
3D information includes dimensions, moments, masses, volumes,
surface area and other basic physical properties of a particular
object. The wultimate forms of solid modelling systems are those
that permit unlimited representations of solid objects, by allowing
an arbitrary definition of boundary curves and surfaces (i.e.
boundary representation, B-rep) or in terms of primitives of
geometry (i.e. constructive solid geometry CSG). These forms of
modelling together with Boolean functions allow wvirtually any
engineering shape to be created, manipulated, analysed and

visualised (see Figure 1.1)

1.3 AN EXAMPLE OF 3D SOLID MODEL

To illustrate the concept of 3D solid modelling, a simple example
is constructed using the solid modelling technique (9). At the
basic level of construction, various edges (straight line to
circular arc etc) can be constructed. one at a time, to form a
closed loop to define a “sheet” consisting of 2 faces (Fig. 1.2a).
In Fig. 1.2b. a face has been “lifted” to provide an object with
positive volume. At a higher level, holes and islands can be added
using the Boolean operations “SUBTRACT” and “UNITE” to generate the
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more sophisticated geometry which are illustrated in Figure 1.2c

to Figure 1.2f.

1.4 FUTURE CAD/CAM SYSTEM BASED ON 3D SOLID GEOMETRIC MODELLER

In future, a geometric model will form the master database
representation of a part. This is in marked constrast to the
present convention that an engineering drawing being the master
representation of a part. The key function of a design office will
be to produce a computer geometric model of the part intended to be
manufactured. The geometric model will be the database containing
all necessary information ptresently conveyed by the engineering
drawing. It can be seen in this perspective that the production of
an engineering drawing (from the geometric model) will be a
secondary function. All engineering operations downstream from the
design office, i.e. process planning, NC programming and machining
etc. will take the geometric model as their primary input data.
They will access the required information from the geometric model
via the enquiring facilities of the geometric modeling system
(GMS). Some of these operations will add additional information to
the master geometric model and hence produce secondary geometric
models. In NC machining, a machining model, MM, may be produced.

A possible schema for a general GMS is shown in Figure 1.1

A new generation of industrial geometry system is just emerging.
Unlike most of the current commercially available systems, the new
systems are based on unambiguous 3D solid geometric modellers and
they are potentially capable of supporting current and future
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application automatically. The current state of the art can be

summarised as follows:

1) A body of solid modelling theory exists, and the software
technology for building geometric modelling systems 1is now

reasonably well understood.

2) Interactive graphics technology is adequate for building good

human-user interface for solid modellers.

3) There 1is a body of experience with research and industrial
prototype GMSs, but there is no production experience with solid

modelling because they are just beginning to be used in industry.

Currently, sophisticated production grade solid modellers exit
today. Broadly. these systems, and others already announced or
likely to be announced in the mnext few years representing ' a
technology plateau: they are based on the best technologies of the
1970s. These technologies are now relatively stable, increasingly
well understood, and are unlikely to change dramatically (or to be
superseded) in the next few years. If solid modelling is to move
to a higher technological plateau in the late eighties or early
nineties, a number of open issues must be resolved. The most
obvious requirement will be the integration of a GMS into a
company”s manufacturing]management system. Other 1issues are

summarised in the following:

(1) Integration of 3D solid modeller with sculptured surfaces
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In order to be able to represent any arbitrary shape, there is a
need to incorporate sculptured surface capability into GMS and the

ability to deal with “blends” in solid modellers.

(2) Representation theory and technology

More efficient and flexible algorithms are needed to emnable highly
efficient GMS to be constructed. Better representation technique
for dimensioning and tolerancing and practical algorithms for forms

and features classification.

(3) User Interface

More experience with using solid modeller in industrial environment
is needed to guide the design of better human-users interfaces for

next generation of geometric modeller.

(4) Hardware -

Solid modellers pose computational requirements that are heavier
and different in character from that of current wire—frame based
systems. It is 1likely that new, special purpose hardware will be
needed for achieving high performance in a GMS. Fortunately, many
of the required computation can be done in parallel, and therefore
the prospects for high speed hardware based on VLSI technique are

probable.



(5) System communication

As various system of GMS being developed and multiplied 1in
industry. there will be a need for these systems to communicate
with each other. Some excellent initial works have been done to
achieve this end, i.e. the IGES and XBF of CAM-I (10, 11).
Another related area 1is the separation of application software
development and that of GMS. Again, CAM~I has initiated work in
this area 1in the form of the Application Interface specification

(AT) (12).

(6) Application software development

The most important characteristic of solid modellers 1is their
potential capability of supporting automatically a great variety of
applications. However, relatively few algorithms are known for
driving application software from geometric modellers, and much
research is needed to bring to fruition the revolutionary level of

automation promised by solid modelling technology.

Perhaps the two most active areas of current research are the

automatic generation of meshes for finite element analysis and the

automatic generation of NC programs.

1.5 AIMS OF THESIS



A new generation of industrial geometry system 1is Jjust emerging.
Unlike most of the current commercially available system, the new
systems are based on unambiguous three dimensional (3D) solid
geometric modellers and they are capable of supporting current and

future applications automatically.

It is the advent of 3D solid geometric modelling and its impact on
the next generation of computer aided machining NC system that this

research work attemps to investigate.

This thesis investigates the computer aided manufacturing of

geometric models and aims to provide a new link between CAD and

CAM.

This thesis intends to research on the following areas:

1) To develop the <concept and algorithms for the automatic
generation of geometric information (i.e. APT geometry required

for NC manufacturing applications) directly from geometric models.

2) To develop the theory and algorithms for the 1interactive
generation of a complete APT part program and the automatic

generation of cutter path for 3D geometric models.

3) To design and implement an experimental software 1interface
(ROMAPT) between a bounded geometric modeller (ROMULUS) and an
unbounded NC processor (APT) based on the above theory.
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4) To machine an engineering part using ROMAPT.
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FIGURE 1 1° A GENERAL GEOMETRIC MODELLING SYSTEM
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FIGURE 1 2: GENERATION OF A 3D SOLID GEOMTRIC MODEL

a ‘sheet’ - defined by a Closed Loop b Generation of a Volume by ‘Lifting’

-8

¢ Wire-frame View of the Original d Hidden Line View of Boolean
Object BO and a Cylinder Bl Operation BO-B1

e Wire-frame View of Boolean f Hidden Line View of Boolean
Operation BO + Bl Operation BO + Bl
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2.  BACKGROUND OF CAD/CAM AND GEOMETRIC MODELLING DEVELOPMENT

Geometry is central to the design and production of mechanical and
other discrete engineering components. With the introduction of
mass production and job specialization, engineering drawings were
used as the means of specifying geometry between design function

and production function.

The widespread use of mini computers. plotters and graphic display
units have triggered off the development of computer aided drafting
systems in the 1970s. These systems generally improves the quality
and productivity of the drafting function. The trend is such that
more computers will be introduced to improve the quality and
productivity of design and manufacturing functions. This is the
beginning of computer integrated manufacturing (CIM). It is
envisaged that geometric modelling will be the key element in the

development of CIM.

The following describes some of the main stream techniques used in

geometric modelling systems.

2.1 WIRE FRAME MODELLING

The wire—-frame technique 1is wused by many current commercial CAD
systems. These are usually simple 2D systems for designing printed
circuit board (PCB). 1large scale integrated circuit (LSI), 2D
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draftings and similar tasks.

These systems store the geometry by simple datastructures
consisting lists of points, lines and arcs-. The application
programs scan through the datastructure to produce photomasks or
engineering drawings. These systems usually require only simple
analytic geometry, co-ordinate transformations for scaling,

rotation, translation and projection.

Due to the popularity of these systems and partly because of the

saturation of the 2D market. gradually 3D wire-frame systems were

introduced particularly for the mechanical engineering sector.

These systems have been found useful because of the following

advantages:

1) Model creation is simple and fast.

2) Viewing of model is fast.

3) Geometric entities (points and edges) can be updated quickly.

4) Computer resource (i.e. power and storage) is low.

However, the limitations of the wire frame systems have also become

apparent .

1) Ambiguity: The wire frame model is ambiguous.
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2) Impossible object: The wire frames system tolerate impossible

or meaningless objects.

3) Hidden 1line removal: The hidden line in a model can only be

removed manually and not automatically.

4y Silhouette line: The silhouette 1line of the model (view

dependent) cannot be generated automatically.

5) Sectioning: The sectioning of the model cannot be done
automatically.
6) Mass properties: The total surface area and volume of the model

cannot be generated automatically.

7) Interference Checking: No automatic interference facility.

The above mentioned deficiencies of the wire frame models is due to

their lacking of geometry completeness.

2.2 SURFACE MODELLING

Some of the ambiguities of wire fame models are overcome with
surface models by providing more information describing the
surface. These can be created by attaching surface elements to the
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edge frame.

The most common type of surface models are:

1) Plane: The model is a flat plane created between two parallel

straight lines.

2) Tabulated cylinder: This model is a curved plane between two

arbitrary parallel curves.

3) Ruled surface: This model is the interpolation of two curves.

4) Surface of revolution: This model is created by revolting and

arbitrary curve through an arc about an axis.

5) Sweep surface: This model is created by sweeping an arbitray

curve through another arbitrary arc.

6) Fillet surface: This model is a cylindrical face joining two

other ad jacent surface in a continuous manner.

7) Sculptured surface: This model is a general scheme to represent

complex sculptured surface.

2.2.1 SCULPTURED SURFACE MODELLING

16



The sculptured surface modelling evolved from the work of
Fergquson , Coons, Bezier, Gordon and Riesenfeld (13 - 16). This
Technology was initially developed to replace the lofting process
used in the design of sculptured objects (turbine blades, ship”s

hull, aircraft and car bodies etc.).

One of the earliest technique was that of the Ferguson patch 1in
1963 (13). This technique wused parametric rather than cartesian
co-ordinates in its curve and surface representation. This allowed
the surface to be defined mathematically and to be displayed and

transformed easily by the computer via matrix algebra.

Later in 1964, Coons (14) of MIT developed a very general theory of
surface patches (Coon”s patch). Coons showed how four arbitrary
boundary curves can be blended into a single smooth path and that
inter patch continuity of both gradient and curvature may be

achieved.

Although Coon”s work was very significant, it was difficult for
non-mathematician to use easily. In 1971, Bezier introduced his
UNISURF (15) system which was based on Ferguson”s work. It 1is a
practical system which allows curves and surface to be designed

easily by non-mathematical minded users.

By 1974, Gordon and Riesenfeld started to exploit the properties of
B-spline for use in surface design, particularly the facility for
purely local modification of curves and surfaces without affecting
other existing curves and surfaces.
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Sculptured surface work has been concerned primarily with
interpolation and approximation and has strong roots in the
mathematical theory of spline and numerical analysis. However, the
development of sculptured surface theory has had remarkably 1little
effect on the development of solid modelling theory, algorithms and
systems. But this is envisaged to be changed very soon with the

converging of the two powerful technologies.

Aparting from the advantages of fast model creation, fast editing
and modification of surface and small data storage requirement,
there are still a number of disadvantages for surface modellers.

These disadvantages are:

1) No connectivity information between surfaces thus results in

ambiguities.

2) Mass properties calculation are limited to single surface.

3) Calculation of intersection between sculptured surfaces is a

complex problem.

4) User is expected to detect interference between surface models.

5) Machining of sculptured surface is still under development.

2.3 SOLID MODELLING
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To overcome the majority of the deficiencies mentioned above, the
solid modelling technique was developed using unambiguous

representation of solids.

The following traces a brief history of solid modelling
development. In Britain. Dr Ian Braid of the Cambridge University
CAD group developed the BUILD-1 (2) system in 1973 and BUILD-2 (3,
4) in 1978. The BUILD group was continued in the Engineering
Department of Cambridge University (under the leadership of Dr
Graham Jared). Dr Ian Braid Jjoined Shape Data Limited and have
contributed to the development and launching of the ROMULUS
geometric moodeller (9) in 1978. The other significant
developments include the Geometric Modelling Project at Leeds
University (8) and the MEDUSA system (17) of Cambridge Interactive

System (CIS).

the U.S.A. Baumgart”s (18) idea of applying Euler operator and
wing-~edge data structure has significantly influenced the
development of geometric modelling including Eastman”s GLIDE-1 (19)
of Carneigie Mellon University and BUILD-2 of Cambridge University.
In 1972, the Rochester University developed the PADL-1 and later
PADL? and influenced the development of GMSOLID. 1In 1976, CAM-I

launched its Geometric Modelling Project (20).

In Japan, Hokkaido University started TIPS-1 (7) and Tokyo
University launched GEOMAP (21) in 1973. TIPS was further
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developed by Cornell University under a CAM-I contract.

In Europe, the COMPAC (22) system was developed by the Berlin
Technical University in 1969. This was followed by the development
of the PROREN (23) system at the Ruhr University and the launching

of EUCLID (24) in France and EUKLID (25) in Switzerland.

In the commercial field, developments have been rapid. In 1980,
Evan and Sunderland started marketing ROMULUS. This is followed by
many geometric modelling product announcements by CAD/CAM vendors
like APPLICON (based on Synthavision) and Computervision (Solid

Design) etc.

Currently, there are three major classes of solid models:
idealized, approximate and complete models. They are described 1in

the following.

2.3.1 IDEALIZED MODEL

An idelaized model is a form of solid object representation which
does not explicitly contain all boundary geometric entities (i.e.
not completely evaluated). The model contains the necessary
information to evaluate all required geometry. Both sheet model
(for sheet metal work) and graph model (for piping system) are

examples of this type of model.
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A sheet model represents a solid object by a set of single surfaces
with associated surface thickness. A graph model represents a
piping system by the description of centre-lines of pipes and
associated cross-sections of pipes. Presently, only experimental

systems are implemented for the idealized model.

2.3.2 APPROXIMATE MODEL (FACETTED MODEL)

The approximate model (facetted model) uses polygonal schemes to
approxiamte solid object with ployhedra having hundreds or
thousands of planar polygonal faces. Within 1imits, the user
generally has some control over the accuracy of the approximate

representation by specifying the number of facets used.

This type of model contains only planar faces, hence all spatial
sorting calculations involving face and edge comparisions are made

very simple (by solving simple linear equations).

If only few faces are used to model an object, the data storage
requirement is low and the hidden 1line removal operation 1is
extremely fast. This is advantageous for a quick visualization of
the object but the resultant picture of the object can be crude or
even misleading. Mass properties calculations may be similarly
highly inaccurate. If a wvery large number of faces are used to
represent the object, the accuracy of the model would be within
acceptable limits (but still not as good as that of the complete
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models). But this would require very large data storage and will

slow down drastically picture generation and manipulation.

Generally. facetted modellers do not support adjacent relationships
of vertices, edges and faces. Consequently, local modifications
(i.e. tweaking etc.) are not possible without full remodelling.
Another advantage of facetted modellers is that they can

approximate any surface shape including sculptured surfaces.

Because of the relative simplicity of approximate models. many
CAD/CAM vendors offer modellers based on this technique. However,
for application that require high accuracy, for example NC

machining, a complete representation of the solid is prefered.

2.3.3 COMPLETE MODEL

A complete model contains all the boundary surface of the solid
object. The model is made up of faces. Faces meet in edges which
are located between vertices. Faces can be plane, concave oOr
convex and could have holes in them. Fach edge has two vertices
and meets only two adjacent faces. There are two main classes of
complete model: Boundary Representation (B-rep) and Constructive

Solid Geometry (CSG) models.

B-rep models contain within the database the geometric entities
(points, curves and surfaces) and the topology elements (vertices,
edges and faces). The topology relates various geometries
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together. All geometric information in B-rep are evaluated.

CSG models represent solid objects in terms of Boolean algebra
(i.e. wunion, intersection and difference etc.) operated on volume

elements (primitives). CSG models are unevaluated trees.

The complete modelling is the most advanced represenation of solid
object. A complete and unambiguous description of the object 1is
stored within the computer. Many deficiencies of the previous
modelling technique have been eliminated. With the geometric
completeness of this type of model, automation of various
applications based on this techinque are possible. The main

advantages of complete model are given in the following:

1) No ambiguity.

2) Automatic hidden line removal and sectioning.

3) Automatic calculation of mass properties.

4) Automatic interference detection.

5) Considerable future potential for automation of applications.

Untill recently. solid modellers require large main-frame computers

to run. Their run time are lengthy and expensive and hence their

use to industry were limited. The main disadvantages of complete
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modellers are as in the following:

1) High demand on computer resource.

2) Geometric coverage does not yet cover sculptured surface.

3) Medium to very large data storage is required.

4) Application software based on complete modelling have not been

fully developed.

However, progress in computer technology, in both hardware (cheaper
and faster) and software (robust and greater functionality) are
rapid. It is now possible to implement solid modelling system on
some of the relatively inexpensive 32-bit mini-computer available
today. With so many advantages, many CAD/CAM ventors are now

offering modelling options to their systems.

However, much remain to be done. Better and efficient algorithms

are required for model display and manipulation (particularly for

hidden line removal). More application software based on complete
models. The 1incorporation of sculptured surface into solid
modelling.

The following concentrates on CSG and B-rep models.
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2.4 CSG MODELS

This is a building block approach to model solid object. The idea
is that 1large and complicated solid object can be built up by some
ordered additions and subtractions of simple primitive volume
elements (i.e. cube, cylinder, sphere and cone etc.) using

Boolean operations.

The primitive volume can be made up of unbounded half-space. For

example, a cube is made up of 6 planar half-spaces. A planar

half-space is the infinite plane defined by:

ax + by + cz +d =0

In general, a 3D half-space is a set:

{p: £(Cp<O)}

where,
p: 1is a point in Euclidean 3D space.
f = 0 : defines a surface.

CSG models can be described as a binary tree and has the advantage
of providing a compact model description in the computer. However,
there are also disadvantages for CSGs:
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1) To represent complicated engineering part, hundreds of
primitives may be required, thus making the input process very

lengthy.

2) The datastructure 1is unevaluated. The relationships between
vertices, edges and faces and their adjacency are mnot stored
explicitly. Hence, the model does require excessive computing to
evaluate the faces and edges for displaying or mass properties
calculations. It is not efficient for application like NC which

require direct access to edges and faces.

3) Direct operation like “tweaking” on the model 1is not always
possible. TLocal modifications (i.e. adding fillet. chambers etc.)

are not possible without remodelling.

To eliminate some of the above disadvantages. the current trend is

such that CSGs will also provide boundary description.

2.5 BOUNDARY REPRESENTATION

A boundary model store all boundary geometry explicitly and
completely. The model of a solid object is a single region in 3D
space in which all points are connected through the solid. The
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model is bounded by faces, these being bounded by edges. A
complete representation of such a model can be made up of its
topology and geometry. The topology of the model defines the
relationship between vertices, edges and faces in terms of their
connectivity. The geometry of the model defines the definite shape
of the object. The geometry is made up of points (referenced by
vertices), curves (referenced by edges) and surfaces (referenced by

faces).

There are two methods of constructing boundary models. The first
method is an extension of wireframe and surface models into solid
model. The user is required to add faces and their topology to the
model interactively. The advantage is that this method provide an
upgrade route for those were already committed to wireframe
systems. But the manual conversion process may be complicated by

the introduction of erroneous models.

The second method is the sweeping of 2D profiles along linear or
circular arc to generate a solid model. As the process 1is

automatic, this provides a very reliable way of modelling solids.

In practice, many commercial modellers wusing a combination of

modelling techniques (i.e. B-rep and CSG) to model solid.

Alternatively. a boundary model of a solid object can be regarded
as essentially a graph of vertices and edges embedded in a surface
topologically equivalent to a sphere. A FACE is made up of a set

27




of edges forming in a continuous, non-self intersecting path on a
bounded region of a continuous and non-self intersecting surface.
An EDGE joins two VERTICES. A set of boundary edges 1is called a
LOOP. The complete set of faces defining one complete surface of
an object is called a SHELL. An object is made up of shells. To
complete the boundary representation, spatial geometries of point,
curves and surfaces are attached to the topology of vertices, edges

and faces via links (i.e. pointers).

The geometry and topology must be well formed and consistent and

that the object must be non-self intersecting. In addition, the

topology is required to conformed to Euler-Poincare”s (4) equation:

V-E+2F-L=2¢(S-H)

where,

V: number of vertex

E: number of edge

F: number of face

L: number of loops

S: number of shells

H: number of through holes.
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Because of the evaluated representation of boundary models, It

facilitates, a powerful set of “tweaking” operations (any face can

be selected, moved, rotated or draft angle, fillet and chambers
added etc.). As the datastructure allows direct access to all the
topological and geometrical entities, it lends itself for

application like NC machining which often require direct access to

face, edge and their ad jacencies. For the above reasons mentioned,
this research concentrates on boundary (graph-based) model
representation.

2.5.1 TOPOLOGICAL RELATIONSHIP BOUNDARY MODEL

The relationship between topological entities of boundary model may

be described (in term of graph theory) in the following.

1) There is a vertex at every join of edges.

2) An edge has two vertices (i.e. a start vertex and an end

vertex) which define its bounds.

3) An edge lies common between two adjacent faces. (It always lies

in at least one face but not more than two faces.)

4) A loop (i.e. a circuit in graph theory) is an ordered sequence
of edges that formed a closed path.
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5) A face that defines an open surface is always bounded by at

least one loop.

The following discusses the trade-off between data storage and

computing speed.

2.5.2 A SIMPLE DATA STRUCTURE FOR BOUNDARY MODEL

A simple datastructure (Figure 2.1) which stores minimum data to

represent a boundary model requires only the following:

1) For each object, a list of the shells of the object.

2) For each shell, a list of the faces of the shell.

3) For each face, a list of the edges in the face.

4) For each edge, a list of the vertices (i.e. 2) of the edge.

5) The corresponding links to geometry (i.e. point, curve,

surface) for corresponding topological element (i.e. vertices,

edges, faces).

Although that data storage requirements are small, but the

algoritms required for scanning the datastructure (say to reach

every entity) can be time consuming.
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2.5.3 ALTERNATIVE DATA STRUCTURE FOR BOUNDAPY MODEL

To have a faster scanning algorithms, an alternative datastructure

for the boundary model which store all necessary pointers (forward

and backward) is given in the following (Figure 2.2):

1) For each object, a list of the shells.

2) For each shell, a list of the faces and the owning object.

3) For each face, a list of the edges and the owning shell.

4) For each edge, a list of the vertices and the face in which the

edge belongs.

S) For each vertex, a list of the face meeting at the vertex.

6) The corresponding 1links to geometry for faces, edges and

vertices.

Using this datastructure, a more efficient scanning algorithm (i.e.

to reach every entities ) is possible but at the expense of more

storage.
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2.5.4 A BALANCED DATA STRUCTURE FOR BOUNDARY MODEL

The various trade-offs of computing speed, data storage and program

development time can be described as (26):

MODEL = DATA + STRUCTURE + ALGORITHM

For different applications, the datastructure can be modified
accordingly to suit the corresponding requirements of the
application. To support application program like automatic

generation of machining data for NC manufacturing, a balanced

datastructure (see Figure 2.3) can be constructed of the following:

1) An object has an unordered list of shells.

2) A shell has an unordered list of faces.

3) A face has an unordered list of loops.

4y A loop has an ordered list of connected edges (all belong to a

single face) and references the owning face.

5) An edge has an ordered list of its vertices (maximum 2) and an

ordered list of loops (maximum 2) in which it lies.

6) An vertex has an ordered list of edges which meet at the vertex.

7) The corresponding 1links to geometry for faces, edges and
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vertices.

This datastructure minimizes the various searching time required
for the most wused topological items (like face, loop, edge and

vertex) for NC application tasks, for example:

a) Given a face, what are the adjacent faces, so that check

surfaces may be obtained.

b) Given one boundary edge of a face, what are the other boundary

edge in order, so that a cutter may be driven round a profile.

c) Given a face, what is the minimum gap between loops to avoid

cutter collision.

This datastructure also minimizes the data storage for other items

(i.e. object, shell etc.) at the expense of searching time.

On the whole, this is a well balanced datastructure.

2.6 COMMUNICATION BETWEEN MODELLERS AND APPLICATION PROCESSORS

Due to the diverse developments and applications of various
geometric modeller systems, there arises a need for modellers to
communicate with each other, and with application processors 1like

NC.
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2.6.1 CAM-I EXPERIMENTAL BOUNDARY FILE (XBF)

The basic requirement for a model representation to be used for
archiving and communication purpose is that a model in another form
can be translated into this representation and back again without

essential loss or change of information.

It is essentially a static form of communication between different
model representation. During the translation, the geometrical
information of the object models is wunaltered with only its

representation changed to a standard form.

This concept is wused by the CAM~I Experimantal Boundary File
Representation (XBF) which 1is based on the ANST Y14.26M standard

(27) and the IGES standard (28) for transmission of graphical data-.

2.6.2 CAM-1 APPLICATION INTERFACE (AIL)

Until recently. there is no standardization that allows direct
communication between different modelllers and application programs

requiring modelling services.

As differing application requirement imposes different access path
which affects the design the datastructure and algorithm for
efficient programming development and execution, the
standardization of application programs” internal model

representation is undesirable.
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A practical approach is a dynamic means of communication between
modellers and application programs, which would make modelling
services of an underlying modeller available to and yet transparent
to any application program which requires them. This 1is the

concept of the CAM-I Application Interface (AI).

The AT is designed to allow modeller independent communication
between an application program and a modeller. The AI effectively

shields application program from an underlying geometric modeller.

The AT is a set of entry points (callable FORTRAN subroutines) in
the geometric modeller that allows the application program to
access and manipualate the modeller and obtain information about
the model (i.e. the creation, modification and interrogation of
the model). The flow of data through the AI entry point arguments
include not only boundary geometry but boundary topology and CSG

information as well.

The data flow corresponds to that between a nominal geometric model
and an application program. The AI maps the datastructure of the

underlying geometric model to that of the nominal model (Figure

2.4).

The use of AT in an application program requiring direct access to
the underlying modeller may not be desirable or possible. An
alternative is to use the CAM-I XBF which may be used by the
application program without accessing the modeller directly.
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The XBF can be constructed by a translating processor via calls to
Al accessing an internal model. Similarly, another translator can
be used to read an XBF file and translates it into an internal

model representation via calls to AI.

Both the AI and XBF together with the two translators have been

partially implemented and tested in the Lucas Research Centre.

2.7. MANUFACTURING AND NC APPLICATIONS

Computer aided manufacturing (CAM) has a longer history than
computer aided design (CAD) and geometric modelling. The following

outlines some of the recent developments.

The development of manufacturing techniques is characterised by the
trend to a higher productivity along with an increase of
flexibility. In mechanical engineering industry, this higher level
of productivity is to be achieved by an almost constant number of

employees. Hence, there is an urgent need for automation.

Numerical Control (NC) is an important element of this automation.

NC is the directing of a machine tool process through the execution

of a preceded instruction sequence. The technique represented
perhaps the most significant modern  advancement in the
manufacturing industry. It is most widely applied to
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metal-removing machining operations such as milling, drilling,
boring and turning. It is also being used in an increasing variety
of applications which include welding, automatic drafting,

electronic component placement and wiring.

Each NC instruction sequence represents a detailed, step-by-step,
set of codes of controlling a particular action of a machine tool.
Generation of code at this level is often too complex to be done
routinely by hand especially for complicated parts. Hence, a
number of NC processors, among them, APT, have been implemented and

are in widely use.

A NC processor 1is a computer application program which accepts as
input user-oriented 1language statements that describe the NC
operations to be performed. Commonality among many types of NC
devices is obtained by designing NC processors to produce common
interface code termed Cutter Location Data (CLDATA) or file
(CLFILE). The CLDATA, in turn, 1is wused as input to another
computer application program called a post-processor which produces
the code for the particular NC device wused. This output is
normally in the form of punched tape (NC tape) for convenient
storage or reading by the device”s controller during the execution

of program.

The advantages of NC machine tools that represents an effective
means for rationalisation and automation of the manufacturing
process are recognised and utilised by industry. With the wuse of
NC, the machining process is preceded by process planning activity

37



to ensure an optimal interaction between the machine tool, tools

and the workpiece for the accomplishment of the manufacturing task.

2.8 APT

APT is the acronym for automatically programmed tools. It denotes
a language and also a computer program to process statements
written in that language. The result of such processing is a NC
control tape for automatic directing of a NC machine tool. APT was
originally developed jointly by the Massachusetts Institute of
Technology (MIT) and member companies of the Aerospace Industries
Association of America (AIAA). A version called APT3 was completed
by this group in 1961. At that time, the ATAA establised the APT
Long Range Program 1in order to continue the development of APT to
meet current and future needs of the wusers, and to extend the

benefits of APT to other industries.

The widespread acceptance of APT language for use in NC processing
(especially.in U.S.A.) has resulted in a need for APT processors
for a wide wvariety of computing equipment. Among many computer
manufacturers, IBM took up APT3 and further developed the system
and designated it as APT-AC (29). The other relatives of APT

includes EXAPT, ADAPT. NELAPT and UNTAPT etc.

In 1964, a system regorisation study was initiated by the APT

Project. This resulted 1in the specification of a completely new
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system design which allows computer manufacturers the full range of
choice over the mode of implementation they desire while at the
same time minimising duplication of effort. The design was
subsequently implemented and designated the APT4 system (30).

Recently, CAM~I has further developed the APT4 system to include

sculpture surface machining capability (and designated as SSR1)

through its Sculptured Surface Project (SSP) (31).

2.8.1 AN APT PART PROGRAM EXAMPLE

The APT part prgram consists of usually 5 sections: program

indentification, geometry, machine description, motion and end.

The following is an example of an APT part program showing the

various sections (Figure 2.5).

1) Program indentification

The program indentification section consists usually the following

statements:

PARTNO EXAMPLE

CLPRNT
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MACHIN/ PLOTT, 1

MACHIN/ CINTAS5, 4, OPTION, 2

UNITS/ 1IN

INTOL/ 0.001

INTOL/ 0.001

2) Geometry section

The following 1is the geometry section containing APT geometry

statements:

PST = POINT / -4. 4, O

Pl = POINT / 0,0.,0

P2= POINT / 1,0,0

P3 = POINT / 1,1,0
P4 = POINT / 0,1,0
L1 = LINE / P4, Pl
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L2 = LINE / Pl, P2

L3 = LINE / P2, P3

L4 = LINE / P3, P4

3) Machine description

The machine description section usually consists of the following:

LOADTL / 1

CUTTER / 2.0

COOLNT / ON

SPINDL / 150

FERDAT / 100

4) Motion section

The motion section consists of statements controlling the motion of

the tool:

FROM / PST

Go / TO, L4, TO, PS, TO, L1
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TLRGT, GORGT / L1, PAST, L2

TLRGT, GOLFT/ L2, PAST, L3

TLRGT, GOLFT/ L3, PAST, L&

TLRGT, GOLFT/ L4, PAST, L1

GO TO / PST

5) End section

The end section consists of the following:

COLLNT / OFF

SPINDL / OFF

END

FINI



FIGURE 2.1: Minimum data boundary model
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FIGURE 2.2 Boundary model with more data
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FIGURE 2.3: Balanced boundary model
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FIGURE 2.4  Communication between a nominal geometric
model and an application program
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FIGURE 2.5

Simple contouring example
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3. THE LUCAS SET UP

Lucas Industries Limited is a large British based company with
annual sales of approximately 1,200 million pounds and employing
47,000 people worldwide. The main business of the company 1is
supplying components to car and truck manufactuers and to the
aerospace industry. Lucas Industries is organized into few main
product groups each having its own R & D facilities. There is also
a corporate Research Centre which acts as a centre of expertise for

the whole Lucas group.

There is an Engineering Computing Group (of which the author is a
member) based at the Lucas Research Centre. This group has had
many years experience in developing CAD/CAM systems for use both
within and without the Lucas group. These systems are developed
and tested on the Research Centre”s PRIME 550 II computer and then
transferred to the Lucas group”s IBM (370, 3033) computers for

general usage throughout the company.

The Engineering Computing Group have developed an extremely
comprehensive finite element analysis system which includes stress,
thermal, dynamic and electro-magnetic analysis. This is marketed

under the trade name FELSET (32).

Another suite of programs is marketed under the trade name SURFSET
(33). This is a sculptured surface design suite and has been used
to design a wide range of articles from shoes, bottles to engine
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housings. An interface has been developed between the design suite
and NC machining via APT (by the author). A further interface has
been developed between the design and analysis systems enabling the
complete automated analysis and machining of sculptured parts. A
new version of the design suite (PROTEUS), based on B-spine surface

representation is just completed.

For the large class of engineering components which are made up of
simple analytic geometric entities such as cubes, cylinders, cones
and spheres etc. can only be modelled by complex surface
representation technology in an inefficient and limited manner at
present. These components are to be handled by off-the-shell
commercial CAD/CAM systems based on wire-frame technology (i.e.

Computervision CADDS, IBM CADAM etc).

In future, It is envisaged that CAD/CAM systems based on solid
geometric modelling will be used. Hence, the current research work
in the CAD/CAM area in the Lucas Research Centre will concentrate

on the application of solid modelling technique.

The Research Centre has just completed a contract from CAM-I to
investigate the Geometric Modelling Project”s Experimental Boundary

File and the Application Interface (34).

Lucas is a member of the CAM~I organization and is sponsors of
three CAM~I projects (the Geometric Modelling Project, the
Sculptured Surface Project and the Framework Project), and has a
vested interest in CAD/CAM.
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The following describes the various CAD/CAM facilities and their

applications in a manufacturing environment within Lucas (which is

very typical of a large manufacturing company).

3.1 COMPUTER FACILITIES

The various computing facilities available in the Lucas Research

Centre for CAD/CAM research and development are as in the

following:

1) COMPUTER : PRIME 550 II

2) MAIN MEMORY: 2 MB

3) DISK @ 2 X 80 MB disk drive

4) MAGNETIC TAPE UNIT: 1 unit ( 800 b.p.i 9 tracks )

5) GRAPHIC TERMINAL: 3 X TEKTRONIC 4010, 2 X TEKTRONIC 4010, 1 X

ADM 5.

6) PLOTTER: 1 X TEKTRONIC 4611, 1 X BENSION

7) COMMUNICATION LINK: HASP link to IBM 370, 3303 to run APT-AC or

SSR1 NC processors.
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8) CAD PACKAGES: SURFSET, PROTEUS, FELSET.

9) DRAFTING SYSTEM: MEDUSA.

10) GEOMETRIC MODELLER: ROMULUS, MEDUSA, TIPS

11) OTHER CAD SYSTEMS IN LUCAS: COMPUTERVISION CADDS, IBM CADAM.

For details, see Appendix 1.

3.2 SURFSET SYSTEM

Since 1970 the Engineering Computing Group has been involved in the
research and development of a comprehensive CAD/CAM package now
known as SURFSET suite of programs. The initial aim of the project
was to provide a complete CAD/CAM system for the design and
manufacturing of automative small lamps. During the development of
the system, a modular approach was taken to allow future

enchancement and additional software to be added easily.

The system 1is based on Coons and Bezier patches. A new version
based on B-spline has also been developed. The system has been
later modified to allow a general design and machining capability

for doubly curved objects including the followings:
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1) Automotive small lamps.

2) Automatic head lamps.

3) Aircraft engine fairings.

4) Turbine blades.

5) Bottles.

A pilot system (CADAPT) has also been developed to link the SURFSET
CAD system to the APT-AC system for tooling applications. The
objective is that Bezier patches used in SURFSET by the designer
can be made available to an APT part programmer, and used directly

in the APT part program.

3.3 APT FACILITIES

APT-AC (Advanced Countouring (29)) and SSRl (Sculptured Surface
Relese 1 of CAM-I (31)) NC processors are available in the Lucas

Group Computing (LGC) Centre”s IBM 3033 computer.

The processing in APT is essentially consisting of translating the
input to internal representation, calculating the points on the
actual cutter path and then the postprocessor producing the paper
tape required for a particular controller of a machine tool.
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The APT language consists basically of geometry,

post-processor words (see Section 2.8.1).

The geometry statement:

PL = POINT / x, vy, z

defines a point Pl, in Cartesian co-ordinates.

The machining statement:

GO TO / Pl

instructs the cutter to move to the point Pl.

The post-processor statements:

COOLNT / ON

switches on the coolant for the machine.

FEDRAT / 300

sets the feedrate of the machine.

The post-processor statements are only acted

machining

on in

and

the

post-processor. They are checked generally for syntax initially in
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APT and are passed on to the post-processor to be checked for

validity for the particular machine.

APT is a very powerful language and is being used successfully by
many Lucas NC departments. APT is particularly suited for task

required long and complex NC programming.

Sometimes quite complex calculations can be run using the geometry
part of APT. APT has many definitions for such thing as points,
lines, circles and conics. The APT geometry can be wused by
engineers (even with wvery 1little training in APT) for design
calculation. Moreover, APT can be also of use for new machines
without post-processors. This is done by taking the output from
the calculation section of APT and doing the rest of the part

programming manually would still be worthwhile in many cases.

A very useful aid in checking a part program is to get a graphical

plot of the cutter path. This is obtained from APT simply by the

addition of few post-processor words to the original program:

MACHIN / PLOTPP, 1

at the beginning of the part program.

MACHIN / ON, XYZ, 1

at the beginning of the machine statements.
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A separate post-processor is available for generating such plots.

3.3.1 APT-AC SYSTEM

Due to the popularity of the IBM APT-AC systems particularly in

U.S.A., it has become the defacto industrial standard.
The APT-AC system is organized in five sections (Figure 3.1):
1) Control section

This section supervises the flow of the part program through the
various sections of the NC processor. It carries out all input and
output functions. When a section has completed its task, it

returns control to this section.

2) Translation section

This section converts the input APT part program into an
intermediate represenatation file (PROFIL) which forms the input to
other sections of APT. It translates the programmer”s description
of the geoemtry of the part into an internal compact (canonical)
form.

3) Calculation section

This section takes the PROFIL information and calculates the



successive cutter locations (which define the part). These cutter
locations together with post-processor commands are stored in a

file called CLDATA (cutter location file).

4) Edit section

This section transforms, prints or plots the CLDATA according to

the programmer”s requirement.

5) Post-processor

This section selects and executes the post-processor specified by
the program. The post-processor takes the CLDATA as input and
generates machine tool readable 1instructions (i.e. G79 for
milling, G81 for drilling. GO2 for circular interpolation etc. for
A Cintimatic 3VT milling machine with Acromatic 5 controller).
When all post-processing task 1is completed, this section returns

control to the Control section.

Standard IBM APT is not as good at handling lathes for turning

applications with the efficiency it handles drilling and milling

applications. Accordingly, a set of APT macro (machining sequence)
have been developed for use in a lathe APT part program. Using
these macros, it is possible to describe the desired shape and the

initial shape as input, the system will generate a number of cuts

to achieve the desired shape.
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3.3.2 APT4 SYSTEM (SSR1)

An APT4 processor is an APT computing system based on the APT3 (see

Section 2.8 ) system but further developed by the APT Long Range

Program.

Logically, the APT4 (30) system is similar to APT-AC except it does
not have an explicit control section. The flow of the system 1is
controlled by a master program called Supervisor. The APT4 systems

consists of the following (Figure 3.2):

1) Translator

It is a table driven program which translate the input APT language

into an intermediate language (IL). The output is stored in a file

called ELFILE.

2) Execution Complex

Tt takes the ELFILE as input and selects and executes the necessary

geometry, motion and other APT routines from the Subroutine

Library. The output is stored in a file called EXFILE.

3) Subroutine library

It contains all computer independent standard FORTRAN 4 programs of

APT4.



4) CL Editor

It takes the EXFILE and produces a general cutter location file

(CLFILE).

5) Post-processing

The CL Editor selects the post-processor specified by the program.

The post-processor then converts the CLFILE into a machine readable

instructions.

6) Load complex

This program initializes the APT4 tables used by the Translator.

Due to the interest of aerospace and automobile industries, the
CAM-T Sculptured Surface Project has charged itself with the task
to provide sculptured surface machining capability in APT4. The

new system is designated as SSR1 and is available through CAM~I.

3.4 CADAPT SYSTEM

This is a link between the SURFSET CAD system and the IBM APT-AC
system to provide NC facilities for sculptured surface machining.
This is necessary because the ouput from the SURFSET system is not
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compatible with that of the SSRl system. The objective of this
system is that surfaces (Bezier or B-spine) used in the SURFSET
system by the designer can be made available to an APT part

programmer who can then used the surfaces directly in the APT part

program.

3.5 NC MACHINES

For milling applications, the Lucas Research Centre has designed
and developed a light-weight NC 3-axis milling machine (The Lucas
Model Making Machine) intended for machining soft material such as
ployurethane foam. This machine was orginally constructed for the
purpose of providing visualization aids for the SURFSET CAD system.

The machine can be used to produce models of components rapidly.

In the longer term, the Research Centre will acquire an industrial
grade 3 axis NC milling machine for development work. In the
meantime, prototype components are to be machined either using the
Cintimatic 3 VT milling machine with Acramatic 5 contoller at Aston

University or at a suitable machine in a Lucas operating company.

It is envisaged that with some modifications, the system developed
for milling applications would be applicable for turning. For
turning applications, there is an INDEX G30/150 automatic lathe

with Plessey 7360 control system available if required.
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3.6 CAD/CAM SYSTEM

For evaluation purposes. the Lucas Research Centre has acquired the

ROMULUS and TIPS geometric modellers.

The MEDUSA drafting and modelling system (2 stations) is also

installed by the Research Centre in the Drawing Office.

Both Computervision CADDS and IBM CADAM syetems and others are used

throughout the Lucas Group”s operating companies.

3.7 COMPUTER INTEGRATED MANUFACTURING (CIM)

The primary aim of large scale CAD/CAM research and development
particularly in industry 1is at present the integration of the
various processes between receiving an order to the dispatching of
the goods, 1i.e. the approach of Computer integrated manufacturing

(CIM) ( Figure 3.3).

The geometric modeller is the key element to this approach- The
geometric model 1s the centre of the database consisting not only
the geometric information but many more (i.e. tolerance, material,
surface finishes, machining data, product or even customer
information etc.) for all manufacturing functions from marketing,
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production to distribution.

3.8 GEOMETRIC MODELLING IN A MANUFACTURING ENVIRONMENT

After an initial study of Faux”s work on users” needs on geometric
modellers (35) and a feasibility study, the following users”
requirements for CAD/CAM systems based on geometric modelling

technology in an manufacturing environment are indentified.

3.8.1 REQUIREMENTS ON CAD

Generally, the most natural way to communicate information about
geometry is by means of sketches. So as far as possible, the
dialogue between the wuser and a CAD system should be graphical.
The primary output from a CAD system is therefore an engineering
drawing which conveys manufacturing information from design
function to the production function. The requirements on a CAD
system based on geometric modelling in an manufacturing environment

are listed in the following:
1) Ability to generate 2D engineering drawing of a design. This
ability is supported by a good set of geometric construction

facilities to assist in the creation of sketches.
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2) Ability to generate a 3D model from 2D views. (This process is

more natural to designers who interpret 2D drawings into 3D object.
Alternatively, the ability to generated 3D object from 2D
constructs would be more akin to the habit of some designers. as

it is easier to think in term of 2D.)

3) Ability to view (with option on automatic hidden line removal)
and section (with option on automatic hatching) the 3D model. (As
it is necessary to check the model corresponds to the design intend

of the designer.)

4) Ability to calculate automatically mass properties of the 3D

object, i.e. area, volume, weight. centre of gravity etc. (This

is necessary to aid design calculation.)
5) Ability to compare two models and display any difference between
them. (So that the designer can compare the new design with

previous issues.)

6) Ability for the semi-automatic or automatic code classification

of the 3D object.

7) Ability to generate geometry information from the 3D model as

input to other design analysis programs.

8) Ability to generate finite element information from the 3D model

for analysis.

62



9) Ability to carry out tolerance build-up calculations.

10) Ability to produce drawing with views and sections generated by

(3).

11) Ability to add (under user control) textual notes, dimensions

and tolerance information to any view or section on a drawing .

12) Ability to store and retrieve standard parts i.e. nuts, bolts,

clamps, fixtures etc and output them on a drawing.

13) Ability to generate -« assemblies from previously drawn

components.

14) Ability to explode assemblies to generate isometric view with
option on automatic hidden 1line and surface removal. (This

facility is needed for technical illustrations and manuals).

15) Ability to modify the model or drawing locally so that only the
modified geometry need to be specified (to minimize work). The
affected attributes, if any, of the model (i.e. dimensions,
tolerances etc.) should be updated automatically and display for
user”s approval or further modification. (If other departments
have accessed the original model for applications then these

department must be informed when a new model is issued.)

16) Ability to include details of drawing wupdates, issue number,
draughtsman”s indentification etc. in the finished drawing.
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3.8.2 REQUIREMENTS ON CAM

Interrogation and extraction of data from the geometric model are
of crucial importance for all applications of geometric model
including manufacturing. The requirements for computer aided

manufacturing are described in the following:

1) Ability to compare a new issue of a drawing or model with the

previous issue and indentify what has been altered.

2) Ability to derive manufacturing information (i.e. material.

€/ aviidiiy L0 derive manutacturing information (i.e. material,
tolerances, finishing requirements etc.) from the drawing or
model.

3) Ability to extract manufacturing features from the model.

4) Ability to check for similar NC programs already written that

can be fully or partially reused.

5) Ability to access the tool 1library to derive details and

geometry of tools and clamps etc. for proper collision checking.

6) Ability to keep record of which tools are used on which task,

and which task wused which tools. (This information will help the

user or the system to select the proper tools.)
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7) Ability to modify the model to be machined to produce a

manufacturable model. The modification instruction can be stored

and used later.

8) Ability to take the output from (1) and to alter the NC program

to reflect these changes without complete reprogramming.

3.8.3 REQUIREMENTS FOR PROCESS PLANNING

Before a part can be manufactured, it has to g0 through a process
planning stage. This function indentifies the appropriate
manufacturing process required and machine tools needed together

with the general machining Strategies.

Most industrial process planning systems are based on the variant
concept together with a parts classification coding scheme (usually
based on group technology). Generative process planning based on
geometric modelling is still under research. The following is some

of the envisaged requirements for a general planning system based

on geometric modelling (36):

1) Ability to extract features from a geometric model.

2) Ability to display features graphically and in a form usable to

existing planning system.
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3) Ability to generate a parts classification code from a geometric

model (based on features) automatically.

4) Ability to transmit feature information to a generative planning

system when available.

5) Ability to identify modifications to the model and effect

neccessary changes reflecting those modifications in the planning

process.

3.8.4 REQUIREMENTS FOR NC

The requirements for NC systems based on geometric modelling are as

in the following:

1) Ability to extract information from the geometric model about

ob ject geometry, material, tolerance, finishes etc.

2) Ability to modify the contours (or the model itself) to be

machined for roughing cuts etc.

3) Ability to generate extra geometry (using construction

facilities available) for roughing or area clearance operation etc.

4) Ability to define or extract features from the geometric model.
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5) Ability to deine the tool path by choosing a tool from the tool

library and directing (either graphically via a cursor or name of
entity) the tool to the face or profile of the geometric model to

be machined.

6) Ability to define the workpiece, the part, tools and clamps and

the facilities to detect clashing of these objects.

7) Ability to define a group of faces or holes (or features) to be

machined together.

8) Ability to add extra machining instructions (i.e. feeds,

spindle, speeds, offset, coolants etc.) and post—-processor

information. These information need to be able to be inserted at

specific points on the tool path or part program.

9) Ability to display the tool paths when they are generated.

10) Ability to store cutter locations in a file.

11) Ability to output a complete APT part program or a form of APT

"GO TO / ~ statements (compatibe with IBM APT-AC or SSR1).

3.8.5 REQUIREMENTS ON OPERATION
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A CAD/ACM system is envisaged to provide facilities to meet the

following operation requirements:

1) Ability to operate the Screen cursor by digitized pen on a

tablet.

2) Ability to display more than one view on the screen at any time.

3) Ability to switch either picture or text on or off the screen.

4) Ability to select entities by using cursor (or other means, i.e.

names, labels, symbol etc.) in any of the displayed views.

5) Ability to window in and out freely.

6) Ability to modify, backtrack or correct easily any mistakes made
without remodelling. (The design of an object 1is usually an
interative process. This process will be greatly expediated if

model can be edited easily.)

7) Ability to keep a journal file of all operations and facilities
to save any intermediate results. So that the model or results can

be recreated easily.

It is the ease of modification and operation that distinguishes a

good and practical production grade system.
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3.9 FUTURE TREND OF GEOMETRIC MODELLING IN MANUFACTURING

In contrast to to the current engineering practice that the
engineering drawing is the master representation of the part, a
geometric model will be the master representation of the part for
all functions (i.e. from marketing, design, production to

distribution).

In future, the primary function of the design function is to
produce a part geometric model which captures all design and
manufacturing information presently represented by the engineering

drawing.

As can be seen in this perspective, the production of the
engineering drawing from the design function will be only a
secondary function (for departments or companies not yet
computerized or for legal and patent purposes). It should be
emphasized that the engineering drawings are to be generated from

the geometric model and not the other way round as done currently.

All engineering functions (engineering, production etc.)
downstream from the design function will accept the geometric model
of the part as the master input. These functions will interrogate
the geometric model to generate the necessary information required.
They may also generate additional information to the master model
(if that is intended) or generate secondary models. For example,
in manufacturing function, a manufacturing model (Section 6.1) may
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be generated from the master model. Similarly, a machining model

(Section 6.3) may be generated for NC machining.

3.10 SPECIFICATION OF A PRACTICAL CAD/CAM SYSTEM BASED ON GEOMETRIC

MODELLING

It has been pointed out (in Section 3.) that Lucas is interested
in developing a practical CAD/CAM system based on geometric
modelling. Two areas most interested to Lucas are indentified as
design and manufacture. (This 1is typical of engineering and

manufacturing companies.)

In view of the future trend and current requirements identified
above on geometric modelling, the following is an initial
specification of a practical CAD/CAM system integrating geometric
modeller, design, drafting and NC manufacturing. When this system
is working, then the later objectives would be to have a system

satisfying most of the requirements idenified above (in Section

3.8).

3.10.1 THE MODELLING SYSTEM

The modeller 1is to have both topology and geometry handling
capabilities:
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1) Topological functions

The modeller will have topological routines for building up
datastructures (see Section 2.5) representing the basic shape
entities in form of topological elements, i.e. objects, faces,
edges and vertices together with their relations (i.e.

connectivities and ad jacencies etc).

The modeller will have the‘ability to construct 2D profiles and

“1ift” these to become 3D objects.

The modeller also has the capability to carry out general
intersection calculation between objects and the Boolean operations
(i.e. wunion, intersection, difference etc) on objects.

2) Geometrical functions

The modeller will have facilities to handle the following

geometrical entities:
1. Surface:
Plane, cylinder, cone, sphere, sphere.

2. Track:

Straight line, arc, circle, ellipse.
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3. Point.

The modeller can store, display, transform and moidify all the
above geometrical entities. In effect, the modeller is a 3D solid

geometric modeller.

3.10.2 THE INPUT SYSTEM

The function of the input system is to 1input to the system the

geometry of the components (2D, 2 1/2 D and 3D) to be manufactured.

As far as possible, the input system 1is to be conform to the
requirements of design engineers and draughtsmen (see Sections

3.8.1, 3.8.5).

The user interface will be implemented for interactive processing.
It would appear to the user as if it were a intelligent draughting
system. It will calls necessary modelling facilities to execute

geometric processing.

3.10.3 THE OUTPUT SYSTEM

The output system will generate ouput as required by the design,
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drafting and NC functions (see Sections 3.8.2, 3.8.3, 3.8.4).

Specifically, the output system will output the following as

required by the user:

1) Generate views suitable for graphic display or plotting.

2) Engineering drawing.

3) Provide APT source geometry statements as required by NC

programmer for both 2 1/2D and 3D parts.

4) Generate and display cutter path automatically for 2 1/2 D

parts.

5) Generate a complete APT part program for the manufacture of the

part as required for 2 1/2D and 3D parts.

It is expected that the main economic payback will be in the
improving of lead time in both design and manufacture made possible

by the system.

3.11 IMPLEMENTATION OF SYSTEM

In order to reduce the long lead time for the development of the
above CAD/CAM system, it is decided to buy the wvarious components
of the system, whenever possible and only to develop those parts
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which are not available commercially.

3.11.1 SELECTION OF THE ROMULUS GEOMETRIC MODELLER

As discussed in Section 2.5, a B-rep modeller is more suited for
drawing and NC manufacture applications because of its
datastructure. ROMULUS is a commercially available B-rep geometric

modeller developed by Shape Data Limited (9).

ROMULUS is based on the considerable research work of Dr TIan
Braid”s BUILD system (2) at the Cambridge University. It also
represents the state of the art of geometric modelling. Recent
research work of Grayer (37) has showed that for 2 1/2D objects, NC

tapes can be pgenerated automatically from B-rep base modeller.

A detailed study was then carried out to compare various facilities
available in ROMULUS and that of MEDUSA (a facetted modeller) and
TIPS (a half space modeller) (7, 17). It was concluded that

ROMULUS was most suited for our requirements.

In consideration of the above, together with the fact that Shape
Data Limited will made the source code of ROMULUS available for
research, it was therefore decided to select ROMULUS as the central

module for the integrated CAD/CAM system
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3.11.1.2 ROMULUS DATASTRUCTURE

As much of the research work will be developed around ROMULUS, it

1s important to have an appreciation of the ROMULUS datastructure

which is described briefly in the following (Figure 3.4):

1) An object (i.e. body) has an unordered list of faces.

2) A face has an ordered list of loops and its owning body.

3) A loop has an ordered list of vertices and its owning face.

4) Each vertex points to an edge.

5) An edge points to two vertices (which in turn defines the edge).

6) Two co-edges point to and define a curve.

7) A curve points to two co-edges and relates to two adjacent

loops.

8) The corresponding 1links to geometry for faces, edges and

vertices.

The ROMULUS datastructure is similar to the datastructure proposed

for NC manufacturing applications discussed in Section 2.5.4.
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3.11.2 SELECTION OF THE INPUT SYSTEM

There are many drafting packages available commercially. The
MEDUSA system offers a very unique feature of the ability to create
3D ROMULUS models from 2D constructs which contains four types of

information:

1) 2D views of object components.

2) Linking information defining how these 2D views are related and

how to generated the 3D object from them.

3) Information 1indicating how various components are to be

assembled into ob jects.

4) Information of which views, projections and sections are to be

output.

The views and sections generated by the ROMULUS system are to be
stored in MEDUSA 2D sheets which can then be annotated and
dimemsioned in MEDUSA to produce full engineering drawings. The

configuration of the system is shown in Figure 3.5.

It is this unique feature together with the fact that MEDUSA has
been proved to be a good drafting system that it was selected as
the input system (with the added advantage that it performs the
engineering drawing for the envisaged output system).
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3.11.3 DESIGN OF THE OUTPUT SYSTEM (ROMAPT)

CAD systems, whether they are drafting aids, complex surface
representation or geometric modellers, are usually based on a
bounded geometry. In the past this had let to considerable

problems when trying to use a system such as APT to handle the CAM

end of the total process.

The use of APT in this way has really been a relatively short term
solution to the problem of providing an fully integrated CAD/CAM
system. This, however, does not mean APT will be redundant in a
few years. APT has been proven a useful manufacturing tool, and it
is very unlikely to be replaced (partly because of the huge
investment made in APT). It will certainly be used increasingly in
an interactive, graphical mode as hardware costs fall. While
drawings are still the chief means of communication, its popularity

is certain.

The ultimate solution to the above problem is the development of a
bounded geometry NC processor making use of the full potential of
solid geometric modellers. Currently, CAM-I"s Advanced Numerical
Control Project (ANC) is addressing the problem ( with an initial
forecasted budget of US$4 million for a 2 1/2D bounded NC

processor) (38).

As there 1is no commercial available system, this output system is

77




to be developed in house. Within Lucas TIndustries, there is a

substantial investment in APT and with it a concomitant pool of NC
programming expertise. With due consideration for the above
mentioned factors, the output system (ROMAPT) is initially designed
to output NC information (i.e. APT geometry) from the modeller for
use in APT part program. Later, it is intended to develop
algorithms to gain insight for the requirements of a bounded NC

processor.

This is the kernel of this research work.

78




FIGURE 3.1: APT-AC organization
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FIGURE 3.2 APT4 organization
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FIGURE 3 3 Computer integrated manufacturing
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FIGURE 3 4 Romulus data structure
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FIGURE 3.
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ROMAPT -

A NEW LINK BETWEEN CAD AND CAM

The use of numerically controlled machine tools 1is now firmly

established within

manufacturing industry. Design and

manufac i .
turing systems based on an increased armoury of mathematical

techniques for manipulating shapes by computer will greatly

increase the wuse and effectiveness ~of numerically controlled

machine tools from now on.

One aspect of this armoury, namely, the advent of geometric
modelling techniques for the description and manipulation of 3-D
shapes should further this effectiveness. It is essential
therefore, to establish a link between geometric modelling and NC
machine tools to provide an integrated computer-aided-design and

manufacturing system.

However most geometric modelling systems are "bounded” 1in a
mathematical sense — i.e. lines and planes are finite, whereas the
controlling computer language for many NC machine tools, namely

APT. is "unbounded” - 1i.e. lines and planes are infinite. APT

systems, however, are presently only linked to wire-frame drafting

systems The combination of a geometric modeller and APT will

provide a powerful manufacturing system for industry from the

initial design right through part manufacture using NC machines.

This research work investigates the theory, developes the concept

d algorithms and the design of an experimental software
an ,

. nterface (ROMAPT) between a bounded geometric modeller (ROMULUS of
i

Shape Data Limited) and an unbounded NC processor (APT).

84




APT is used because of its popularity in industry.

ROMULUS is used

because it represents the state of the art of golid modelling.

h . .
Although ROMULUS is basically a boundary representation modeller,

the current trend is such that constructive solid modellers (CSG),

i.e. PADL and half-space modeller, i.e. TIPS etc, will provide

boundary representation as well. Hence, the technique developed

here will also be applicable to other modellers.

4.1 ROMAPT DESIGN CONCEPT

The most straight-forward approach is to design a bounded NC
processor to interface with a bounded geometric modeller. However,
the manufacturing industry has invested substantially over the
years in APT and similar NC processors. It is very unlikely that
the industry would be willing to shed this investment instantly.
The American National Stardard Institue ANSI has set 1983 as the
target date for the launch of a revised APT language standard to
cater for the additional requirement of intelligent CNC, robot, and

inspection machines etc. I1t, therefore, appears that the revised

APT language will become even more widely used.

A bounded NC processor with access to a geometric modeller would

have the the advantages over APT in geometry related computing.
av

For postprocessing, it would require  something  like — APT"s

S1iti Moreover, the current state of
: apabilities.
postprocessing ¢C

d lopment of geometric modelling 1s such that a universal
eve
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accepted bounded geometric

modeller standard does not yet exist.

Hence, it i .
N $ not possible at present to design a universal bounded

NC processor. Currently, CAM-I is addressing this problem.

The investment needed to develop n bounded NC processors for n

bounded geometric modellers could be excessive. The alternative
approach is to design a link between a state of the art bounded
geometric modeller and a popular unbounded NC processor like APT.
Using this approach, the theory, concept and algorithms required
for the link can be readily tested, verified and refined. The
theory and algorithms developed can then be used in future to
develop an modeller-independent link between solid modelling and
APT. The geometric modeller will be used to provide data for NC
calculation and to resolve ambiguities in APT processing, i.e. to
provide APT with bounded geometry intelligence to overcome some

unreliability problems in APT (caused Dby the part-seeking

algorithms of APT).

This amounts to a develop a technique of binding the unbounded APT

system to the bounded ROMULUS solid modeller.

4.2 APPROACHES TO NC MACHINING DEVELOPMENT

It is assumed that most of the machining strategy and technology

O f tion required for the NC manufacture will be provided by a
informa

lanning system with access to the

manual or a computerized process P
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geometric modeller (see Section 3.8 3)

the following information:

1) Operations sequence.

2) Machine tool selection

3) Clamping selection.

4) Sub-operation Sequence.

5) Cutting tool selection.

6) Cut distribution.

7) Selection of cut data (feed, speed and

This system will

spindle).

The ROMAPT system is envisaged to provide the following:

1) Description of the part and the blank stock.

2) APT geometry statement as required.

3) Tool path calculation.

4) Complete APT part program.

The following NC machining development
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geometric part model are attempted
Automatic APT Geometry Generation
———————— 2 1Y Generation

1) ROMAPT (Stage 1)

This is a software link between ROMULUS and APT to generate APT

geometry statements automatically.

2) AIAPT

This is a modeller-independent implementation of ROMAPT (stage 1)
using the CAM~I Application Interface subroutine specifications

(12).

Automatic NC Cutter Path Generation

3) Bounded Cutter Path Generator

This is an automatic cutter location generator for a geometric

model.

4) ROMAPT (Stage 2)
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This is an extension of ROMAPT

(stage 1) to provide automatic

generation of APT motion (cutter Path) statements

4. ROMAPT (Stage 1)

To allow for the diversity of possible manufacturing processes and

machining strategies that may be used, the interface can be

designed to output APT geometric source statements. In this case
the output is readable to the NC programmer ; he can check and
edit, if required, the APT source to suit the task. Conceptually,

this approach is very straight-forward and easy to wuse and was

adopted with the following objectives:

1. Ease of use.

2. Enabling the NC programmer to understand the geometric model
better.

3. Providing APT geometric source statements as required.

Within manufacturing industries, there is a substantial investment

in APT and with it a concomitant pool of NC programming expertise.
in

With due consideration for the above mentioned factors, the ROMAPT
i

t s designed to convert bounded geometric information held
system wa

h ometric modeller to standard unbounded APT geometry
in e ge

i tise of the NC programmer is
ience and exper
statements. The exper
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th
en used to complete the NC Part program. Thig further allows the

NC programmer to concentrate on the machining strategy rather than

the geometry.

When this  approach (stage 1) has been proven, then more automation

(stage 2) in the form of automatic cutter path generation can be

developed for the systenm.
4.3.1 ROMAPT SYSTEM CAPABILITY (STAGE 1)

Traditionally, a NC programmer is given a set of engineering
drawings of the part he wishes to make. He has to understand and
interpret the drawings accurately before he proceeds to write his
NC part program. This is where much time is consumed and many

errors are possible.

Working with a geometric modeller, in addition to the set of
engineering drawings given, will help to reduce the above mentioned
drawbacks. However, the NC programmer would need to have some
facilities to enable him to query and understand the part given in

the form of a geometric model defined by a data structure (Figure

3.4).

4.3.2 ROMAPT (STAGE 1) SPECIFICATION

I i f the requirements indentified (see Section 3.8), the
n view o
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ROMAPT . .
(stage 1) system ig Specified initially as in the following:

1) Th i
) The system will take a 3p geometric model of an engineering

component as input (i.e. g get facility)

2) The wuser can select the required machining angle for the model

(i.e. transformation facilities like move and rotate) and is

presented with a view from this angle on a tektronic compatible

screen (i.e. view facility).

3) The user can plot a drawing of the component with or without

; hidden line removal (i.e. plot and hidden line removal).

: 4) Labels can be attached to geometric items for which the APT part

programmer required the geometry. On the initial view, either all

items are labelled or none are labelled. The programmer can then
r emove or request labels on individual items (i.e. name

generation, labelling and plot selection facilities).

5) The labels given will be generated by the program and be of the

following format:

AXXXXX

where, A is: P for a point
C for a circle.

L for a straight line.

F for other edge-
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F for face

XXXXX is a number starting from 1.

e.g. Pl, C2, L8, E21, F34.

6) Labelling will initially only refer to points, lines and circles

(for 2 1/2p parts), and later will be exteneded to cover other

items including surfaces for 3D parts.

7) At any time, the view can be redrawn with the relevant

labelling. The facility to window any part of the view is to be

included. 1In the event of the particular label of the item not
5 being clear, the user will be able to request the label for that

particular item to be displayed away from the model.

8) The user will be able to point to any particular circlular arc
and be given the centre. radius and the start and end points of the

arc (for drilling applications).

9) The wuser will be able to construct extra lines and horizontal

planes to the model (for NC roughing apllications 1i.e. grid and

plane facilities).

10) The wuser will be able to store the modified model with extra

construction geometries (i.e. save facility).

11) The user will be able to generate APT geometry  source

tatements for all geometric entities in the wmodel including
statem

construction geometries. (i.e. APT enquire facilities).
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12) For a modified object,

the user wil]l be able to

compare and

r NC i i
alte tnstruction only for the modified area without having to

treat it as a new job ({i.e. monitor file facility).

4.3.2.1 COMPUTER SOFTWARE DESIGN

The following general principles have been applied in the

development of the system:

1) The ROMAPT system will be an extension and compatible to
ROMULUS. (To a user, ROMAPT is ROMULUS with extra commands and

facilities for APT geometry generation.)

2) All codings will be done in standard ANSI FORTRAN 66. (As

ROMULUS is implemented in the same language.)

3) As far as possible, ROMULUS software routines will be wused (to

take advantage of the latest development in ROMULUS).

4) New routines are initially designed to accomodate changes (a

odular approach) due to the continuous development of ROMULUS and
m

ROMAPT and to help to facilitate program diagnosis.

5) Later, the system will be tuned for operational efficiency.
a s
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4.3.3 GRAPHIC MANIPULATION

lemer i :
Supplementary to manipulation facilitieg (i.e. transformations

like rotation, scaling, moving and

visualization 1like viewing,

hidden 1line removal, silhoutte line
3

plotting etc) provided by

ROMULUS, further manipulating facilities

have been developed to

help a user”s understanding of the geometric model. All these

additional facilities will help a user

to generate APT geometry

statements for a component. These facilities are described in the

following (see Appendix 2 for the full set of commands):

COMMAND FUNCTION

1. VIEW Facility to see the object

via a display screen.

2. GENERATE Generates name for unnamed geometric entities

(points, edges, faces).

naming conventions:

P : point
E : edge
F : face
3. CANCEL Cancels name(s) of geometric entities

(point, edge, face ).

4. LABEL Labels name(s) of required geometric entities

(point, edge, face) on a display drawing.
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ENQUIRE

Outputs required geometric information

of the model of the part.

SHIFT Shifts the picture on display
in X and Y direction.
7. WINDOW Provides windowing facilities on current view. So
that a more complex geometric model can be handled.
8. SELPLOT Provides plotting facilities on

current view selectively.

9. CONVENTION Converts names to APT convention:

P:

points
straight lines
circles

face

4.3.4 1OOP HANDLING FACILITIES

To enable the user to handle the different faces and

the geometric

are provided in the ROMAPT system as follows:

1) SELECT face L.OOP
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Function:

to display face and its associated loop labels.

2) SELECT face [LOOP] n

Function: to select a face or a loop within a face for operation.

3) SELPLOT face [LOOP] n

Function: to select a face or a loop within a face for plotting.

4) APTLABEL [FACE/ POINT/ EDGE]

Function: To label all faces, or points, or edges.

5) APTLABEL [POINT/ EDGE] face [LOOP] n

Function: To label all points or edges of the 1loop n of face

specified.

4.3.5 MATHEMATICS OF GRAPHIC MANIPULATION

The ability to represent and view a 3D object together with the

trans formation facilities 1like rotation, shifting, scaling and

rojection of the object 1is foundamental to the understanding of
p

th hape of the object. All these operations can be implemented
e shap
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in the
computer neatly by a get of matrix transformations (39).

The transformation

f .
rom homogeneous co-ordinates (i.e. a four

dimensional position vector [X Y 7z H) representing a three

dimensional point [x y z]) to ordinary co-ordinates is given by the

equation:

[(XYZH =(xyz1] T

or alternatively,

[x* y* z*x 1] = [X/H Y/H Z/H 1]

where T is the transformation matrix and is given by:

Let the matrix T be partitioned into 1its various components which

are of interest:
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1) a 3 x 3 matrix

Local shearing and rotation is produced by this 3 x 3 matrix.

2) 1 x 3 row matrix

[1 m n]

This 1 x 3 row matrix produces the translation.

3) 3 x 1 column matrix

(b ]

This 3 x 1 column matrix produces perspective transformations.
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This s term produces global scaling.

4.3.6 ACCESSING THE DATASTRUCTURE OF THE MODEL

The Generate, Cancel, Label and Enquire and other facilities
mentioned above (Section 4.3.3) requires access to the data

structure of the ROMULUS boundary geometric model (Section 3.11.1).

The boundary data structure can be described in term of a tree with
root (i.e. body), node (i.e. face or loop), leaf (i.e. vertices

or edges) and link (pointers). (see Figure 4.1).

An algorithm for accessing every entities of such structure is as

follows:

1) Start at root.

2) If all link entities are marked, then go to step (7).

3) Go down the tree to any unmarked link until a leaf is found or a

node with all links being marked.
4) If a leaf is reached, nark the link and return to the previous

node and go to step (3)-
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If the node is the root,

80 to step (2).

6) Go up the tree through the link to a node

mark the link and go

to step (3).

7) Unmarked all links.

This algorithm will form the basic of a variety of algorithms

accessing the geometric model.

4.3.7 APT GEOMETRY STATEMENT GENERATION

The ROMAPT program scans through the data structure held in the
geometric model in a systematic manner: firstly the body, then the
faces followed by the points and edges (see Section 4.3.6). This
geometric data (bounded) is then converted into standard APT

geometry format (unbounded). The APT geometric statements for a

component are output accordingly. The components are processed

individually. For each component (i.e. a body), the APT geometric

definition for every face will be output and its associated points

and lines will be output accordingly in a systematic manner.

To provide compatibility among many APT processors, standard

APT-AC/APT4/SSRL (29, 30, 31) geometric definitions are employed as
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in the following.

1) POINT

Pl = POINT/ x, vy, z

The co-ordinates of point Pl are given in ( x, y, z ).

2) EDGE

El = LINE/ Pl , P2

El is a straight line defined between point Pl and point P2.

E2P = POINT / x , ¥V , 2

E2 = CIRCLE/ CENTER , E2P , RADIUS , €

$$ P1 TO P2

E2 is a circular arc / circle defined between point Pl and point P2

with centre at E2P (%, ¥ 2 ) and radius of t units.
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E3 = ELLIPS/ INTOF , Fl

$§$ P3 TO P4

E3 is an ellipse between point P3 and point P4 and is defined by

the intersection of plane Fl and cylinder F3.

3) FACE

F1P = POINT/ x , vy , 2

F1V = VECTOR/ u , v , w

F1 = PLANE/ F1P , PERPTO , F1V

F1 is a plane defined by a point on the plane at FIP (x, 9, z2)

and the normal to the plane: vector FI1V (u, v, w ).

F3p POINT/ x , ¥ » 2

il

F3v VECTOR/ u , v , W
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F3 = CYLNDR/ F3P , F3V , ¢t

F3 is a cylinder defined by a point F3P ( x, y, z ) on the cylinder

axis and a vector F3V (u. v, w) along the cylinder axis and the

radius ( t ) of the cylinder.

F4P

POINT/ x , v , z

F4V

VECTOR/ u , v , w

F4 = CONE/ F4P , F4V , d

F4 is a cone defined by the vertex point F4P ( x, y, z), the axis

vector F4V (u, v. w ) and the half-angle (d) of the vertex of the

cone.

F5P = POINT/ x , Vv , 2

F5 = SPHERE/ CENTER , F5P , RADIUS , r

F5 is a sphere defined by the center F5P (x, v, z) and the radius

(r)-
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il

F6P = POINT/ x , y | o

F6V

VECTOR/ un ., v , W

F6 = TORUS/ F6P . F6V . r1

F6 is a torus defined by t

2

he center point F6P ( x, y, z ). the axis

vector F6V ( u v, w ). the major radius (rl) and the minor radius

(r2).

As there 1is no formal de

finition for torus in APT4/SSR1, this has

to be defined indirectly as a surface of revolution.

A torus type has to be def

synthetic curve in SSRI.

of revolution types are

unique to the SSR1 system)

As an example, to represen

CENTRE : 0.0.0

NORMAL : 0.0,1

MAJOR RADIUS : 5
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(Both the synthetic curve and the surface

non-compatible with APT~AC, and they are

t a torus with:



MINOR RADIUS : 1

The following procedures of SSR1 are required:

PO

i

POINT / 0,0,0

PX

POINT / 0,0,5

PPl = POINT / -6,0,0

PP2 = POINT / -5,0,1

PP3 = POINT / -4,0.0

PP4 = POINT / -5,0,-1

Cl SCURV / CURSEG, PPl, PP2, PP3

c2 SCURV / CURSEG, PP3, PP4, PPl

C = SCURV / COMBIN, Cl, C2

TOR = SSURF / REVOLV. C, AXIS, PO, PX, CCLW. O, 360

The torus generated is a form of sculptured surface (31).
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Note that any APT part program containing the standard APT-AC toru

definition will not be accepted by the SSRI.

Only the most elementary forms of geometry definitions (i.e. a

subset of the lowest common demoninator) of the APT family ‘is used

to allow maximum transportability among many different APT

processors.

4.3.8 ROMAPT (STAGE 1): MODE OF OPERATION

The ROMAPT interface consists mainly of 3 commands in 3 different

modes of operations:
1) APTALL (dump mode)

Generates APT geometric statements for all geometric entities of

the body concerned.

2) APTOPTIMAL (optimised mode)

Generates an optimal set of APT geometric statements (mainly for 2

1/2 D parts).

3) APTENQUIRE (interactive mode)

Generates APT statements for requested geometric entities
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interactivel » .
y to enable a3 NC Programmer to select the minimum s

of APT geometric statements for the component Concernedu

APTENQUIRE can  be used to pinpoint the particular entities

required, thus an even smaller set of geometric statements can be

obtained by the NC programmer.

4.3.8.1 GEOMETRY OF ROMULUS

There are three types of geometry entities i.e. point, track and
surface represented in ROMULUS (9). They are stored in a computer

real array (EQ) and are described in the following:
1) Point type
POINT

EQ(1l), EQ(2), EQ(3) stores X, ¥, Z co-ordinates of a point.

2) Track tpye

STRAIGHT LINE

EQ(1l), EQ(2), EQ(3) stores the point on the line.

res the normalized vector along the line.

EQ(4), EQ(5), EQ(5) sto
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CIRCLE

EQ(1), EQ(2), EQ(3) stores the centre of the circle.

EQ(3), EQ(4), EQ(5) stores the normalised normal to

the plane of

circle.

EQ(6) stores the radius of the circle.

ELLIPSE

EQ(1). EQ(2), EQ(3) stores the centre of the ellipse.

EQ(4), EQ(5), EQ(6) stores the normalised normal to the plane of

ellipse.

EQ(7) stores the semi-major axis of the ellipse.

EQ(8), EQ(9), EQ(Ll0) stores the normalized vector along the major

axis.

EQ(11l) stores the minor axis.

INTERSECTION CURVE

EQ(1), EQ(2) references the two intersecting surfaces.
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3) Surface type

PLANE

EQ(1), EQ(2), EQ(3) stores a point on the plane (closest to

origin).

EQ(4), EQ(5), EQ(6) stores the normalized normal to plane.

CYLINDER

EQ(1), EQ(2), EQ(3) stores a point on centre line.

EQ(4), EQ(5), EQ(6) stores the normalized vector along the axis.

EQ(7) stores the radius.

CONE

EQ(1l), EQ(2), EQ(3) stores a point on axis

EQ(4), EQ(5), EQ(6) stores the normalised vector along axis.

EQ(7) stores radius at the specified point.

EQ (8) store the sine of the half angle of divergence of cone.

TORUS
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EQ(1), EQ(2). EQ(3) stores the cehtre’of torus.
EQ(4), EQ(5), EQ(6) stores the nomaliéed/norﬁéltto plane
EQ(7) stores major radius.
EQ(8) stores minor radius.

SPHERE

EQ(l), EQ(2), EQ(3) stores the centre of sphere.

EQ(4) stores radius.

As can be seen, the geometry entities in ROMULUS corresponds to

those APT geometry defined in Section 4.3.7.

4.3.8.2 ALGORITHMS FOR APT GEOMETRY GENERATION

As ROMULUS usually generalizes circle into generalised ellipse for

processing, this may caused problem for APT to generate a circular

interpolation for a circle represented by a generalized ellipse.

To overcome this problem, generalized ellipses are coverted back

into true circles, if applicable, before they are output into APT
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geometry statements.

Algorithms for the APT geometry generation facilities of APTALL,

APTAPTIMAL and APTENQUIRE are described in the following :

A) APTALL

1) Start at the object.
2) If all faces are marked, go to step (11).

3) Go to an wunmarked face, output the corresponding surface

geometry and mark the face.
4) Go to an unmarked loop of the face, mark the loop.
5) If all vertices in the loop are marked, go to step (7).

6) For the current loop, go to an unmarked vertex, output the

corresponding point geometry and mark the vertex, go to step (5).

7y If all edges in the loop are marked, go to step (9).

8) F the current loop. 80 to an unmarked edge (via an vertex),
or

tput the corrresponding track geometry if the coresponding curve
outpu

h ¢ been marked and mark the edge and the corresponding curve
as no ’
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if not already been marked.

9) If all loops in the face are marked, go to step (2).

10) Else go to step (4).
11) Unmarked all entities.

12) Stop.

B) APTOPTIMAL

APTOPTIMAL attempts to minimize the APT geometry required for 2
1/2D parts. All planes with surface normal orthogonal, and

cylinders with axis in parallel, to the orientation of the tool

axis are ignored .

The algorithm for APTOPTIMAL is similar to that of APTALL except

that step (3) is modified as in the following:

1) Start at the object.

2) If all faces are marked, go to step (11).

3) Go to an unmarked face, mark the face. If the face is a plane

and the surface normal is orthogonal or the face is a cylinder with
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the i
axls parallel to the tool axis, then ignored the face, go to

step (2).

Else output the corresponding surface

geometry of the

face.

4) Go to an unmarked loop of the face, mark the loop.

5) If all vertices in the loop are marked, go to step (7).

6) For the current loop. go to an unmarked vertex, output the

corresponding point geometry and mark the vertex, go to step (5).
7) If all edges in the loop are marked, go to step (9).

8) For the current loop, go to an unmarked edge (via an vertex),
output the corrresponding track geometry if the coresponding curve
has not been marked, and mark the edge and the corresponding curve

if not already been marked.

9) If all loops in the face are marked, go to step (2).

10) Else go to step (4)-.

11) Unmarked all entities.

12) Stop.

C) APTENQUIRE
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APTALL except in two

The algorithm for APTENQUIRE isg similar/fo

aspects:

a) The wuser supply the name of the face, loop, edge or point

required.

b) If the direction of the axis of a circle is orthogonal to the

tool axis, the circle is converted into a straight line defined by

the projection of the circle onto a horizontal plane.
The algorithm for APTENQUIRE is given in the following:
1) Start at the object.

2) If all faces are marked, go to step (10).

3) Go to an unmarked face, mark the face. If the face is the one

specified. output the surface geometry if required. If more face

required, go to step (2). If no more entity is required, go to

step (10). Else go to step (4).

4) If all loops in the face are marked, go to step (3).

5) Go to an unmarked loop in the face, mark the loop. If the loop
o]

is the one required. go to step (6). Else go to step (4).
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6) If all vertices in the loop are marked, g§ to step (8).

7) For the current loop, go to an unmarked: vertex, mark the vertex:

If the vertex is the one specified, output the corresponding point

geometry. If more vertices are required, go to step (6). If no

more entity required, go to step (10). Else go to step (8).

8) If all edges in the loop are marked, go to step (5)

9) For the current loop, go to unmarked edge, mark the edge. If
the edge 1is the one specified, output the corresponding geometry.
If more edges are required, go to step (8). If no more entity is

required., go to step (10). Else go to step (8).

10) Unmarked all entities.

11) Stop.

4.3.9 ROMAPT EDITING FACILITY

The output of wvarious ROMAPT APT facilities (see Appendix 2) is a

set of APT geometry source statements on a file required for a NC

APT part program. To complete the part program, the user will have

iption, tolerance, dimension,
ary program descr
to supply the necess

tool definition, spindle, feed, speed, and various post-processor

W t i venient for the user (@] get in
vi i may be inconve
ords ia an editor. t
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and out of ROMAPT to do the editing.

To facilitate APT part programming development within the ROMAPT

environment. an editor command has been added to allow a wuser to

dd i
a APT commands (i.e. control statements and post-processors

etc.) wvia the screen to the file. The command is as follows:

CNC EDIT [APT statements])

Function: To input user”s APT statements.

Hence a complete APT part program can be written (with the geometry
generated by ROMAPT) into a file via a screen. This program 1is
then ready to be processed in APT to generate a NC tape for the

machine tool.

4.3.10 ROMAPT CONSTRUCTION GEOMETRY

The ROMULUS geometric modeller stores primarily the  boundary

description (i.e. points, edges. faces) of the object. Using

ROMAPT. various profiles of the object can be defined in terms of

APT geometry- (Hence, the profiling part of NC part programming

can be made easier.) However, to machine the object. extra

tric entities (i-.e. points, line, planes which are not part
geome

of the geometric model of the object) are needed for  NC

1ications like roughing, area clearance and pocketing.
appiil
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The construction geometry facilities in ROMULUS is intended for use

in the construction of the model and not for use in NC applications

directly. Lo
7 Therefore, the exlsting construction geometry facilities

have been extended to Provide extra construction geometry required
by the NC programmer to complete the geometry description part of

his part program.

The construction geometry facility consists of three parts:
construction, displaying and manipulation. The construction part
provides facilities to create construction geometries for NC
applications. The displying part provides facilities to view
construction geometries selectively. The manipulation part
provides facilities to delete or convert construction geometry into

APT format for NC applications.

4.3.10.1 CONSTRUCTION

As frequently required in NC programming is a need to define a
horizontal grid of parallel straight lines (each separated by the

cutter diameter) on a plane for area clearance or pocketing and a

series of parallel plane (each separated by the cutter diameter) to

a horizontal base plane for roughing. The construction facilities

are described in the following:

CNC GRID [CURSOR/ vector 1, vector 2]
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Function: To define a horizontal grid of

straight lines (each

separated by the amount specified by the user wia the cutter

definition) for area clearance operation in NC applications

CNC PLANE [CURSOR/ height]

Function: To generate a set of parallel planes (each separated by

the amount specified by the user via the cutter definition) to a

horizontal base plane for roughing application.

4.3.10.2 DISPLAYING

This facility is provided so that the user can view construction

tracks and surfaces conveniently:

CL2 [TRACK/ SURFACE]

Function: To view all tracks or surfaces generated.

CL2 [track/ surface]

Function: To view a track or surface.

4.3.10.3 MANIPULATION
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A further facility is provided so that the user can inspect and get

or delete construction geometry in APT format.
CANCEL [track/ TRACK/ surface/ SURFACE]

Function: To cancel a track or face, or all tracks and surfaces.

APTINFORM [track/ TRACK/ surface/ SURFACE]
Function: To inspect a track/surface or all tracks/surfaces.
APTENQUIRE [track/ TRACK/ surface/ SURFACE]

Function: To get APT geometry on a track/surface or all

tracks/surfaces.

4.3.11 APT POCKET FACILITY

Automatic pocket facility for planes has been implemented to be

compatible with IBM APT-AC standard (29). The syntax for the

command is:

ONC POCKET [CURSOR] [CURRENT/ PSURF/ POINT/ ZAXIS/ SET]
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Function: To output

APT  POCKET

statements with the following

options:

1) CURRENT' pocket on the currently selected face.

2) PSURF: pocket on user-generated planes.

3) POINT: pocket on points given (maximum 20, covex polygon).

4) ZAXIS' pocket on user defined Z-planes.

5) SET: wuser can redefine all default values of the pocket.

4.3.12 AUXILIARY FACILITIES

Various auxiliary facilities are provided to aid the wuser to

generate a APT part program:

CNC [CUTTER] [FLAT/ BALL] radius

Function: To define the cutter and its size.

CNC [HEADER/ MACHINE/ END]

F default AP statements for the header section
‘ b
unction: To output
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or machine section, or end statement

CNC RETRACT height

Function: To define the retracting height for the cutter.

CNC [TOLERANCE] intol, outtol

Function: To define the tolerances 1intol and outtol for APT

processing.

CNC [POINT/ DISTANCE] [CURSOR]

Function: To find out the co-ordinates of a point, or a distance

between two specified points.

CNC [SET] point vector

Function: To change the point co-ordinate by a vector.

4.4 WORKED EXAMPLE

To prove the validity of the above concept, a worked example of a

NC part program was carried out using the APT geometry generated by

ROMAPT on an artifical mechanical part Gehause (Figures 4.2a and

4.2b ) designed by using ROMULUS.
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The generati ‘
g ation of the Apyp geometry for the Gehause is shown in

Figure 4.3.

After the geometry of the part has

been generated, the NC

programmer completes the NC program by adding the necessary APT

machining instructions. The APT part program is then processed by

APT and a post-processor to generate a NC tape. The cutter path is

shown in Figures 4.4a and 4.4b, and the part has been machined

successfully on a Lucas Model Making Machine.

4.5 DISCUSSION

The following is a discussion on some of the features of the ROMAPT

(stage 1) system.

1) Names

Names of POINT/ EDGE/ FACE are the wusual means of communication

between the user and the system. These names are generated

automatically by ROMULUS (though not consecutively). fhere are
es for cancelling and re-generating (consecutively) of

also faciliti

names in ROMAPT. These names can be replaced by user defined names

via the renaming function.

2) Machining strategy
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In usin ROMAPT
g (stage 1), the NC Programmer has complete freedom

in deciding the machining strategy and in the choosing of every

separate tool path.
3) Accuracy

The accuracy of the system is limited inherently by the computer

hardware used. Rounding errors may occur as a result of a

trade~off between computing time and resolution. In testing for

approximate equality, ROMULUS makes use of two quantities: REABS
for large wvalues and RENOR for normalized quantities. On entry to
ROMULUS. REABS and RENOR are set to be 0.002 and 0.00002
respectively for the PRIME computer implementation. These factors
account for the occurence of rounding errors in the sixth places

after the decimal (Figure 4.5). Fortunately, these rounding errors

are usually acceptable for machining.

4) Circle and ellipse

Both circle and ellipse are stored internally with references to
their plane and cylinder. If the component 1is tilted, these

references will remain the same and the circle remains unchanged.

However. for machining, if machining angle 1is not ad justed

accordingly, when the component is tilted, then the cutter path for

a circle becomes an ellipse.

As ROMULUS works to a comparision accuracy of three decimal places
S

d APT rks to a higher accuracy, problem may be expected with
an WO
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tangency conditio { ; . :
Y o (e if a line 1is tangent to a circle in

ROMULUS and both are ouput to APT in canonical form, APT may well

not recogni i
gnise them as being tangent and thus may fail on machining

calculation.) However, this problem has not occurred during the

i
various test runs. In  the event of a problem occuring, this is

envisaged to be remedied by the following:

a) Output the APT statements specifying tangency rather than the

simple canonical form.

b) To run ROMAPT on a double precision version.

4.6 CONCLUSION FOR ROMAPT (STAGE 1)

It has been demonstrated that the foundamental concept behind
ROMAPT i.e. the binding the unbounded geometry of APT via a

bounded 3D solid geometric modeller (ROMULUS) is valid.
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FIGURE 4.1: Tree structure
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FIGURE :
4 2a° Gehause (hidden 1line view)
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FIGURE 4.2b
Gehause (orthogonal view)
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FIGURE 4.3- ROMAPT operations
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FIGURE 4 . 4a Cutter path generated for the Gehause

in the x-y plane
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FIGURE 4.4b: Perspective vie 0
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5.

Alth M : .
ough ROMAPT is a working System, it suffers the inconvenience

of only functioning within the ROMULUS modeller. 1In order to have

a modeller-independent version of ROMAPT, the concept of AIAPT is

described in the following.

The Geometric Modelling Project of CAM~I  have developed

specifications for a set of FORTRAN subroutines to act as an

Application Interface (AI) to geometric modellers (see Section

2.6). This specification is available as CAM~I Report R-80-GM-04
and Addenda. The interface effectively shields application
programs from an underlying geometric modeller. ATAPT will perform
the same functions as ROMAPT but instead of calling ROMULUS

routines calls AI routines instead, thus freeing the program from

any modeller dependancies. It should then be possible for AIAPT to
work with any geometric modeller that supports a boundary

description provided that there is an implementation of the AI

available for the modeller.

In Lucas. there 1is also an implementation of an experimental

database (LEDB) with some geometric modelling driving functions for

graphical display- A large portion of the CAM-I Application

Interface (AI) subroutines have been implemented on this database.

Usi this database as a test bed, the ATAPT implemetation can then
sing

be developed and tested.
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5.1 AT NOMINAL BOUNDARY MODEL

The AT nominal boundary model for solids (see Section 2.6.1) can be

described as a graph of vertices and edges situated in a surface

toplogical equivalent to a sphere.

The edges are connected in an ordered manner in Loops. The Loops
bound portion of the surface into Faces. Faces of a surface are
grouped into a Shell. A real object may consist of one outer shell

with optionally one or more inner shells which representing voids.

The datastructure of the AI nominal boundary model is shown in

Figure 2.3.

5.2 DEVELOPMENT OF AIAPT

. . . s { el { ewi windowin and
Graphic manipulation facilities (i.e viewing, windowing

fransformation like scaling, shifting and rotation) very similar to

ROMAPT (see Section 4.3.3) are implemented for ATAPT.

Similarly, the three APT geometry generating facilities (i.e.

APTALL. APTOPTIMAL and APTENQUIRE) have also been implemented in

ATAPT.

The algorithms employed are described in the following.
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5.3 ALGORITHMS FOR AIAPT

The algorithms for accessing the AI

nominal datastructure is

similar to those of ROMAPT (see Section 4.3.8.2) except that a new

topological element Shell is included.

A) APTALL (AI)

1) Start at the object.

2a) If all shells are marked, go to step (11).

2b) Go to an unmarked shell, mark the shell.

2¢) If all faces are marked, go to step (2a).

3) Go to unmarked face of the shell, output the corresponding

surface geometry and mark the face.

4) Go to an unmarked loop of the face, mark the loop.

5) If all vertices in the loop are marked, go to step (7).

tex (via an edge)
o to an unmarked ver ge),
6) For the current loop. 8
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output th i i
P € corresponding point geometry and mark the vertex, go to

step (5).

7) 1If all edges in the loop are marked, go to step (9).

8) For the current loop, go to an unmarked edge, output the

corrresponding track geometry, mark the edge.
9) If all loops in the face are marked, go to step (2c).

10) Else go to step (4).
11) Unmarked all entities.

12) Stop.

B) APTOPTIMAL (AI)

APTOPTIMAL attempts to ninimize the APT geometry required for 2
1/2D parts. All planes with surface normal orthogonal, and

cylinders with axis in parallel to the orientation of the tool axis

are ignored.

The algorithm for APTOPTIMAL is similar to that of APTALL except
e a

that step (3) is modified as in the following:

134




1) Start at the object.

2a) If all shells are marked, go to step (11)

2b) Go to an unmarked shell, mark the shell.

2c) If all faces are marked, go to step (2a).

3) Go to an unmarked face, mark the face. If the face is a plane
and the surface normal is orthogonal or the face is a cylinder with
the axis parallel to the tool axis. then ignore the face, go to

step (2c). Else output the corresponding surface geometry of the

face.

4) Go to an unmarked loop of the face, mark the loop.

5) If all vertices in the loop are marked, go to step (7).

6) For the current loop (via an edge), go to an unmarked vertex,

output the corresponding point geometry and mark the vertex, go to

step (5)-.

7) If all edges in the loop are marked, go to step (9).

8) For the current loop, go to an unmarked edge, output the

corrresponding track geometry, mark the edge.

s in the face are marked, go to step (2c).

9) If all loop
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10) Else go to step (4).

11) Unmarked all entities.

12) Stop.

C) APTENQUIRE (AI)

The algoritm for APTENQUIRE is similar to APTALL except in two

aspects:

a) The wuser supply the name of the face, loop, edge or point

require.

b) If the direction of the axis of a circle is orthogonal to the
tool axis, the circle is converted into a straight line defined by

the projection of the circle onto a horizontal plane.

The algorithm for APTENQUIRE is given in the following:

1) Start at the object.

2a) If all shells are parked, go to step (10).

2b) Go to an unmarked shell, mark the shell.
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2¢) If all faces are marked

s 80 to step (2a).

3) Go to an unmarked face, mark the face. TIf the face is the one

specified. output the surface geometry if required. If more face

required, go to step (2c). If no more entity is required, go to

step (10). Else go to step (4).
4) If all loops in the face are marked, go to step (3).

5) Go to an unmarked loop in the face, mark the loop. 1If the loop

is the one required, go to step (6). Else go to step (4).

6) If all vertices in the loop are marked, go to step (8).

7) For the current loop (via an edge), go to an wunmarked vertex,
mark the vertex. If the vertex is the one specified, output the

corresponding point geometry. If more vertices are required, go to
step (6). 1If no more entity required, go to step (10). Else go to

step (8).
8) If all edges in the loop are marked, go to step (5)

9) F the current loop, go to unmarked edge, mark the edge. If
or ,

1f1 ding geometry.
i ecified, output the correspon
the edge 1is the one SPp

If dges are required, go to step (8). If no more entity is
more e

t 8).
required. go to sStep (10). Else go to step (8)
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10) Unmarked all entities.

11) Stop.

5.4 ATAPT RESULTS

To demomstrate the principle of AIAPT, a geometric model of a 3D
object (an alternator end bracket, see Figures 7.3a ) is
designed by wusing ROMULUS. This model is translated into a XBF
file via a translator. This XBF is then read by the Lucas
experimental database (LEDB) with ATl implemented. As a result, a
nominal boundary model of the 3D object is generated in the LEDB.
ATAPT is then used to generate the APT geometry source statement

for the nominal boundary model held in the LEDB.

This set of APT geometry is then submitted (as the geometry

part of a APT part program) for APT processing. The result is

successful (see Figures 7.3b and 7.3c)-

It has heen demonstrated that the concept behind ATAPT i.e. the

communication of application program (AIAPT) via AI  to  any

underlying geometric modeler is valid.

ability of AIAPT in that it can be

It further demonstrated the port

any geometric modeller that

used to generated APT geometry with
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SUpports a boundary model

representation provided that an AI

implementation is available.

As the ATl specification ig presently only partially implemented,

further development work will be implemented in ROMAPT as there is

more proven software available from the ROMULUS library. However,

the algorithms developed for ROMAPT can be readily transferable to

AIAPT (as demonstrated) when the AT is fully implemented.

139




6. NC AUTOMATION (ROMAPT STAGE 2)

The previous sections have established 4 valid

link between a

geometric modeller and APT at the geometry level. The following

describes how this 1link can be extended to provide automatic

generation of NC cutter path.

6.1 CONCEPT OF MANUFACTURING MODEL

As geometric modeller was first developed, it was charged with the
objective to represent the geometrical aspect of the design intent
of the designer. No or little provision was made for the fact that
the geometric model thus created has to be manufactured using
certain manufacturing process. (Some may argue that this should be
the function of application software for manufacturing.) Perhaps
this is one of the reasons why 3D solid modeller, inspite of its

enormous potentials, has not been much widely used in industry for

production.

With the current state of the art of geometric modelling, the

modeller would be unable to inform the designer that a certain

desi or construct 1is not manufacturable (for certain
esign

facturing process) OT machinable (for certain machining
manufactu

i 1 duction
iti It 1is the task of the designer/pro
conditions or tools).

: i 1 is suitable for
ain geometric mode
, re that a cert
engineer to ensu

igning a manufacturing model
the concept of des
manufacture. Hence,

hat is machinable (i.e. design for manufacture).
a 1
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An anology in

conv { . R
nventional manual engineering practice exits. A

design usually has to g0 through the loop of design and production

a number of tipes before a final production design is attained.

Similarly in geometric modelling, facilities should be provided for

the designer/production engineer to modify the design to generate a
manufacturing model suitable for production. This tpye of
modification is usually local and is known as tweaking in geometric

modelling.

Before a part is made, it usually goes through a process planning
stage (see Section 4.2). The function of process planning is to
detail how the part is to be manufactured depending on the various

features of the part.

A feature that is manufacturable is termed a manufacturing feature.
A manufacturing model can be defined as being made up of a number
of maunfacturing features. In NC processing, a machinable

manufacturing feature is called a machinable feature.

6.2 MACHINING FEATURES

Th hining model MM is defined as a geometric model made up of a
1€ mac N

hining feature is defined as an
ini features. A mac
number of machining

L y E a ous Chl Ig
e 1t1it Of lnteregt for IlUI]leIl:al cO ltr:l variou ma

i ing:
features are described in the following
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1) POINT feature

The point feature relates to

point-to-point operation of NC

machining usually connected with hole drilling or tapping.

2) PROFILE feature

The profile feature relates to the boundary of a face, which 1is

usually made wup of a number of edges bounded in an ordered manner
(i.e. a loop entity with a bounded face). This feature usually

associated with the profiling operation of NC machining.
3) FACE feature

This feature relates to a bounded region (e.g- a face) of a
surface. This feature usually relates to the pocketing facility of

NC machining.

The above three types of machining features will be useful for NC

applications for precision casting parts (where only a skin of the

part need to be machined) and finishing purposes. For roughing or

NC operations on a blank, the volume feature is required.

4y VOLUME FEATURE

f the blank or stock toO give the part desired (i.e. volume =
rom e
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stock - part). Thig

feature wusually

relates to area or volume

clearance operation of NC machining.

6.3 MACHINABLE MODEL

A machinable model can then be defined as a geometric model made up

of a number of machinable features.

6.4 MACHINING STRATEGY

There are two approaches to execute machining strategy.

6.4.1 VOLUME APPROACH (DELTA-VOLUME)

S [¢ es e COnNc ept Of the Uoluﬂle fEature (See S tl1o
met o us h ection

6.2) 4 is used by the CAM-I ANC Project (38). The model of the
. an i

b emoved is the difference between the stock model and
volume to be T

t model. This volume is partitioned into a number
the finished par

ble delta volumes each with 1its machining strategy
of machinable

Wwh all delta volumes have been machined, the
calculated. en
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required part is produced.

6.4.2 POINT-PROFILE-FACE APPROACH (REVERSE)

This method uses the point. profile and face features (see Section

6.2) to determine the final cut strategy (according to surface and

tolerance requirements). The movement of the tool along cutting
strategy will generate a machining volume. This volume is added to
the finished part and the process is repeated until the expanded
part model is equal to the stock. The part is then machined in

reverse order.

6.5 THEORY OF AUTOMATIC MACHINING

Early works of Woo (40) and Grayer (37) on automatic NC machining
of geometric models concerned only with 2 1/2 D parts. For 13D

parts, it is a subject under intensive research (41).

As formal theory for computer aided automatic machining of 3D solid

tric model has not yet existed and as reported work in this
geometri

y -existi o choice but to invent
i isting, the author has n h b
area is nearly non-ex g

i developed for boundary
. The theory 1s
his own theory.

epresentation solid modeller. The current trend is such that
r

tive solid nodeller  (CSG) will provide boundary
construc
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representation, so that

theory developed here will be applicable

for both types of geometric modellers.

The function i :
of NC Programming is to convert the manufacturing

featur i
ures defined above (see Section 6.1) into specific machining

strategies (Si). Therefore, a machinable model (AMM) that can be

machined automatically can be defined as:
MR = QL Li i P

where,

Fmi: 1is the machinable feature.

Si: 1is the specific machining strategy.
Li: is the link between consecutive Si.

For i = 0, the term L(0) S(0) Fm(0) is the starting point of the

cutter. For n machinable features, the term L(n+l) S(n+l) Fm(n+l)

is the finishing point of the cutter (i.e. when i = n+l).

6.6 INFORMATION REQUIREMENT

Whether part is machinable automatically or not depends on its
ether a

f To compute the machinability of features, the following
eatures.
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information ig required.

(The information indicated below is not

an exhausting ligt

but merely an indication of what 1is require.)

6.6.1 GEOMETRY INFORMATION

The following information is needed:

-

1) The kind of geometric entities (i.e. point, track, surface or

volume).

2) The co-ordinates of points.

3) The type and equation of track (i.e. line, circle), surface

(i.e. plane, cylinder, cone, etc) or volume (i-e. cuboid, sphere

etc).

4) The direction of track and surface normal for faces (at a given

point).

5) The intersection of geometric entity A with geometric entity B.

6.6.2 TOPLOLOGY INFORMATION

The following topological information is needed:
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1) The kind of topological entity (i.e.

vertex, edge, loop, face,

shell and object).

2)

3)

4)

5)

6)

7)

8)

9)

The

The

The

The

The

The

The

The

geometry entity attached to the topological entity.

point co-ordinate of a vertex.

vertices of an edge.

vertices of a loop.

edges of a loop.

ad jacent loops of an edge.

loops of a face.

faces of a shell.

10) The shells of an object.

11) The shape of track or surface (i.e concave, convex or smooth at

a given point).

The details of accessing a

boundary geometric model is given in

Section 4.3.6.
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6.7 GENERAL MACHINING FUNCTIONS

The following general machining functionsg are developed to access,

and process information from, a geometric model selectively and

systematically so as to compute efficiently whether a specific

feature is machinable or not.

These functions are designed to operate on boundary geometric
models. The associated algorithms for these functions are initially
-developed to operate on ROMULUS boundary models. As demonstrated
in Chapter 5, these functions can be implemented in the AT
environment. Hence, different boundary models can be handled via

AT.

The algorithms given below are simple implementation of the

functions. More sophistications can be incorporated, if required,

for more complicated objects.

6.7.1 MACHINING CONDITION Mc

S f the following functions are assumed to take place under
Some o

certain machining condition Mc:

= 0 (not machinable)
1, x)
Mc (rl, r2, v, f, s, m 1,
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= 1 (machinable)

where,

rl: is the radius of the cutter

r2: 1is the distance from the cutter end to the centre of the

fillet cutter

(Note: rl, r2 can be replaced by the formal cutter definition).

v is the cut vector

f: d1s the feed rate of the cutter

s: 1s the revolution per minute (r.p.m) of the cutter

m: 1is the material of the work-piece

1+ 1is the coolant

x: any other factors (i.e. tear and wear of tool)

6.7.1.1 ALGORITHM FOR MACHINING CONDITION Mc

The algorithm for the machining condition Mc is as follows:
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1) Set machine flag M = ¢ (i.e. not machinable).

2) Read and check tool definition (ri, r2) against the tool |

library. 1If tool not acceptable. stop.

3) Read material (m) and check against the material file. If

material not acceptable, stop.

4) Read feedrate (f) and check against the feedrate table. TIf

feedrate not acceptable, stop.

5) Read r.p.m. speed (s) and check against the speed table. If

not acceptable, stop.

6) Read the coolant (1), and check against the coolant table. If

coolant not acceptable. stop.

7) Read any other parameters and check against the relevant tables.

If not acceptable. stop.

8) Else set machine flag M = 1 (i.e. machinable condition).

Th ssary libraries, files and tables are usually obtained from
e nece J

cnlne too
Chl 1 r COmmendat ro e ma h
e Shop, e i1ons f 1

humb. It is assumed here that,
d on rules of t
manufacturers or base

rameters are provided via the process

in practice, all machining pa

planning function.
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The rest of t .
he functions concentrate on the geometrical aspects of

machining.

6.7.2 HOLE FUNCTION Fh

The point feature can be described as either machinable or

the hole function:

Fh (rl.pl.r2,p2,vl,r,face,Mc) =

where,

Mc:

face:

r:

vl:

ri:

pl:

r2:

0 not machinable

1 machinable

is the machining condition

is

is

is

is

the

the

the

the

is the cylindrical face defining the hole

is the radius of the cylinder

vector defining the axis of the cylinder

radius of the “top” circle of the cylinder

centre of the “top” circle

radius of the “bot tom” circle
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p2: is the centre of the

“bottom” circle

fhe Hole Function is equal to 1 (i.e. machinable) when r=rl=r2 and

face is cylindrical. The function is 0 (i.e. not machinable) when

rl not equal r2 and/or that face is not cylindrical.

6.7.2.1 ALGORITHM FOR HOLE FUNCTION

The algorithm for the hole function Fh is as follows:

1) Set machining flag M = 0 (i.e. not machinable).

2) Identify the face where hole 1is required. If the surface

defining the hole is not a cylindrical type, stop.

3) Identify the two circular edges of the cylindrical face.

4) If the radii of the two circular edges are not equal, stop.

5) Else, set M =1 (i.e. machinable).

6) Stop-

6.7.3 CONNECTIVITY FUNCTION Fc
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The connectivity function Fe

defines the type of connectivity

between two consecutive edges in a given loop of a face

Fe (vx,el,eZ,face,sense) = 0 no connection
1 line/line

2 line/circle

3 circle/line

4 circle/circle

5 any others

where,
vx: 1s the node between edge el and edge e2 fl
el: 1is the edge preceeding wvx

e2: 1is the edge following vx

face: 1is the face where connection takes place

sense: 1is the sense of direction of the loop containing edges el
and e2.

Th ectivity depends on the instrinsic geometrical properties
e conn

5 of Fc can be defined in terms of the two
of the edges. (Type

intersecting surfaces.)

153




6.7.3.
1 ALGORITHM FOR CONNECTIVITY FUNCTION

The algorith
g m for the comnectivity function Fe is as foll
ows

1) Set connectivity M = ¢ (i.e 00 connection)
. ction).

2) Identify the face (i.e. the part surface)

3) Identify the loop.

4) Tdentify the edge (El) and get its track geometry type.

5) Identify the next edge (E2) and get its track geometry type.

6) Set M according to the following combination of connectivity

types (for El and E2):
1: straight line/ straight line.
2: straight line/ circle.
3: circle/ straight line.

circle/ circle.

o

5: any other type combinations.
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7) Stop

6.7.4 INTERSECTION FUNCTION Fi

The intersection function defines the

within each connectivity types.

where,

Fc: is the connectivity function

The intersection class depends on the

intersections between the two edges.

1) LINE/LINE

The intersection cla

1 no intersection

9 one intersection

3 one “down” intersection

4 one “up” intersection

155

gs of the line/line cas

classes of 1intersection

Fi (Fc) = 0 co-incidence
1 no intersection

>1 classes of intersection

number and manner

e is defined as:

of




The “up” or “down”

intersection

will affect the

direction
on of the cutter to turn “left” or “‘right” (see Section

8.2.6).

2) LINE/CIRCLE

The intersection class of the line/circle and circle/line cases are

defined as:

1 no intersection
2 one tangential intersection

3 two intersections

3) CIRCLE/CIRCLE

The intersection class of the circle/circle case is defined as:

1 no intersection
2 one tangential intersection

3 two intersections

6.7.4.1 ALGORITHM FOR INTERSECTION FUNCTION

for the intersection function Fi is as follows:

The algorithm

i i section).
1) Set intersection flag I =1 (i.e. no inter )
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2) Get the connectivity flag M from the connectivity function Fe.
If M= 0. stop

3) Identify the two edges and their track geometries.

4) Calculate intersections., if any, of the two edges.

5) If no intersection, stop

6) If co-incidence, set I = 0 and stop.

7) If one intersection, set I = 2.

8) If M =1, go to step (10).

9) If two intersections, set I = 3, stop.

10) If one “down” intersection, set I = 3, stop.

11) If one “up” intersection, set I =4, stop-

12) Stop.

6.7.5 RAISE FUNCTION Fr

The raise function defines whether an adjacent face f£2 of the
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selected part surface f1 jg a raise or t
not.

Fr (r,vxl,vxZ,e,fl.fZ) = 0 no rais
e

1 raise

where,

r: is the radius of the cutter specified

e: 1is the boundary edge between ad jacent faces fl and f2.

vxl- forward vertex of edge e
vkZ2: backward vertex of edge e
fl- the selected part surface

£f2+ the adjacent face to fl

An ad jacent face f2 is a raise. if an intersection occurs between

face f2 and a cutter of radius r, such that it is placed on the

boundary edge with the cutter axis along the surface normal of the

selected part surface fl.

6.7.5.1 ALGORITHM FOR RAISE FUNCTION
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The algorithm for the raise function pr is as follows:

1) Set the r

2) Read the

3) Identify

o
~—

Identify

5) Identify

6) Calculate

7) Calculate

8) Calculate

point p.

9) Place an

aise flag N = g (i.e. not raise).

cutter radius r.

the part surface f].

the ad jacent face f2.

If f2 is coplanar to f1, stop

the edge e common to both faces.

the track geometry of the edge e.

the mid-point p of the track.

the surface normal n of the part surface fl at

imaginary cutter of radius r at the mid-point p of

track such that the cutter axis lies along the surface normal n

the part sur

10) Calculat

face fl.

the track geometry of the circle c with centre at
e

mid-point p and radius T of the cutter.

11) Calculat

te intersections, if any, between circle ¢
e the

ad jacent face f2.

the

the

of

the

and




12)

13)

14)

If no intersection\

If there is intersection,

Stop.

stop.

set N =1 (i.e. raise face)

.6 LOOP FUNCTION F1

The loop function is a function of Mc, Fc, Fi, and Fr, which

defines whether a profile feature is machinable or not.

F1 (Mc,
where,

Mc: 1is
Fc: 1is
Fi is
Fr: 1is
A loop

Fc,

the

the

the

the

Fi, Fr) = 0 not machinable

1 machinable

machining condition

connectivity function

intersection function

raise function

y Intersect on
en bOt the conne and t
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functions of itg

d 3
edges can bhe defined properly and that any

ad jacent raise . . )
i face is not inclined more than 90 degree towards the

centre of the loop.

6.7.6.1 ALGORITHM FOR LOOP FUNCTION

The algorithm for the loop function F1 is as follows:

1) Set machining flag M = 0 (i.e. not machinable).

2) Identify the part surface fl.

3) Identify the loop and all edges in the loop.

4) If machining condition Mc not acceptable, stop.

5) Calculate the connectivity function Fc of all edges in the loop.

6) Check the connectivity function of each edge pair. If not

acceptable (i.e. no connection), stop.

7) Calculate the intersection function Fi of all edges in the loop.

8) Check the intersection function of each edge pair. If not

i ion or co-incidence), stop.
i no intersectlo
acceptable (i.e.
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9) Identify

all raise faces in the loop.

10) If :
) any  of the raise face i inclined more than 90 degree

towards the centre or interior of the loop, stop
, .

11) Set M =1 (i.e. machinable)

12) Stop.

6.7.7 CUT FUNCTION Cf

The cut function defines whether a cut vector is machinable or not.

Cft (Mc, v, Frl, Fr2,........ Frn-1, Frn) = O not machinable

1 machinable

where,

Mc: 1is the machining condition

v: is the cut vector

Frl, Fr2 : raise functions (in pairs) for the lst loop

. . : airs) for the n/2th lOOp.
Fr(n-1). Frn raise functions (in P
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n:

is an e
ven number denoteg number of intersections

between the
cut vector v and the loops of the face

A cut vect { ; .
Or 1s machinable when it forpg a proper intersection of

the part surface.

6.7.7.1 ALGORITHM FOR CUT FUNCTION

The algorithm for the cut function Cf is as follows:

1) Set cut function flag M = 0 (i.e. not machinable).

2) Identify the part surface fl.

4) Identify the cut vector v. If v is not acceptable, stop.

5) Calculate the intersections of the cut vector v and the face fl.

6) If there is no intersection, stop.

7) For each intersection point. identify the adjacent face and 1its

raise function.

8) 1f any raise function is not acceptable, stop.

9) Else, set M =1 (i.e. machinable)
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10) Stop.

6.7.8 REGION FUNCTTION RE

The region function, which is a function of Cf, defines whether a

face feature is machinable or not.

RE (Cf) = 0 not machinable
1 machinable

where,

Cf: dis the cut function

A region is machinable when all associated cut vectors for that

region are machinable.

6.7.8.1 ALGORITHM FOR REGION FUNCTION

The algorithm for the region function is as follows:

1) Set the region function flag M = 0 (i.e. not machinable)
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2)

3)

&)

5)

6)

7)

Identify the part surface f1.

Calculate all cut vectors required for the face fl.

For each cut vector, calculates its cut function Cf.

If any cut function Cf is not acceptable, stop.

Set M =1 (i.e. machinable).

Stop.
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7. BOUNDED NC CUTTER PATH GENERATOR

the follouing describes the development of a bounded NC cutter path

generator based on a geometric part model.

7.1. BOUNDED VS UNBOUNDED NC PROCESSORS

Existing APT based NC systems are based on the philosophy that the
direction and the position of the tool is known and the problem is
to “find” the part. With bounded geometry description of the part,
the problem of the NC processor becomes reversed: the desription
of the part is known and the problem is one of finding the position
of the tool and 1its direction to generate the tool path required

for the part and process involved.

7.2. CONCEPT OF OFFSET

On a closer examination, the cutter path required for the bounded

NC tter path generator is the cutter offset of the part
cu :

d In the case of a profile feature, the cutter path 1is
concerned.

oop of a race or a face feature, the
1 £ f . F ,
the cutter offset of a h

e.
cutter path is the cutter of fset of the fac

i erations, the machining requirement  usually
As for milling ©OP ,
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consisted of g

combination

of profiling and pocket milling. The

following conc
& entrates on the development of functions required for

automatic profiling and face milling facilities

7.2.1 POINT OFFSET FUNCTION 0p

The offset function of a point, Op, is defined as the cutter offset

of the point along the surface normal, nl, of the part surface, f1

)

such that, it does not violatesg check surfaces f2, f3 with surface

normals n2, n3.

7.2.1.1 ALGORITHM FOR POINT OFFSET FUNCTION

The alogorithm for the point offset function is as follows:

1) Identify the part surface fl and calculate its surface normal

nl.

2) Locate the point pl interested.

3) Identify the ad jacent faces around the point p at a distance

equal to the cutter radius r.

4y If no adjacent face 1is jdentified, go to step (11).
n
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5) Calculate the

raise function Fr for alil

ad jacent faces
identified above.

6) If there is more than 9 raise faces, stop.

7) Identify the two raise faces £2, f3 and the intersection points

p2. p3 from step (3).

8) Calculate the surface normal n2, n3 of faces f2, f3 at points

p2. p3.

9) If there is one raise face f2, offset point pl (from p2) by r

along the surface normal n2 of face f2. Go to step (11).

10) If there are 2 raise faces f2 and f3, offset point pl from p2

and p3 by r along the surface normal n2 and n3 of faces f2 and f£3.

11) If the cutter is ball-ended, offset point pl by the cutter

radius r along the surface normal nl of the part surface fl.

12) Stop.

7.2.2 TRACK OFFSET FUNCTION

Th \ offset function, Ot, is defined as the cutter offset of
e trac (¢]

tter radius along the surface normal nl of the
he cu

that track by t
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check surface f1.

7.2.2.1 MATHEMATIC FOR OFFSET FUNCTION

A straight line L can be represented by a point P and a vector V,

i.e.

L=f (P, V)

If the cutter radius r and direction N of offset are given, then

the track offset L” for the line L is given by:

L” = f (P7, V)

where P~ = P +1r * N

A circle C can be represented by a centre point P and a radius R,

@]
1]

f (P, R)

The track offset c- for the circle C is:

c” = f (P, R+ 1)

by its centre P and its two radii,
R be represented
An ellipse E can
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rl and rza i.e.

E=f (P, rl, r2)

The track offset function E” for the ellipse E is:

E" =f (P. rl +r, r2 +r)

The above representations are used in ROMULUS .

7.2.2.2 ALGORITHM FOR TRACK OFFSET FUNCTION

The algorithm for the track of fset function Ot is as follows:

1) Identify the part surface fl.

2) Identify the edge el.
3) Identify the ad jacent face £2 and its surface normal n2 (el

common between £1 and £2)-

4) Get the track geometry t for the edge el.

5) Offset t py r (cutter ra

from check face f2.
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6) Stop.

7.2.3 EDGE OFFSET FUNCTION Oe

The edge offset function, Oe, can be defined as the cutter of fset
of that edge, away from the check surface, fl, of surface normal,
nl, and delimited by the offsets of ad jacent surfaces s2 and 83

with surface normals n2 and n3.

Alternatively, the edge offset can also be expressed in terms of

point offsets:

Oe = Z ° Opi
}

7.2.3.1 ALOGORITHM FOR EDGE OFFSET FUNCTION

The algorithm for the edge offset function Oe is as follows:

1) Tdentify the part surface f.

2) Identify the loop in £

3) Tdentify edge el and the ad jacent check surface f1. (el is the
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P

G

i

v

s

edge common to f and f1.)

4) Calculate the raise function of fl.

5) If fl is not a raise face, go to step (7).

6) If fl1 inclined more than 90 degree towards the centre or

interior of the loop. stop.

7) Identify el”s forward edge e2 and forward vertex vx2 and the

ad jacent check surface f2. (e2 is the edge common to f and f2).

8) Check the connectivity and intersection functions between el and

e2. if not acceptable, stop.

9) Identify el”s backward edge e3 and backward vertex vx3 and the

ad jacent check surface f3. (e3 is the edge common to f and f£3).

10) Check the connectivity and intersection functions between el

and e3, if not acceptable, stop.

11) Get the track equation tl for edge el and offset it by r
(cutter radius) along the sense of the surface normal nl of f1
(i.e. calculate the track of fset function Ot of tl).

12) Get the track equation t2 for edge e2 and offset it by r along
the sense of the surface normal n2 of f2 (i.e. calculate the track

of fset function for t2).
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13) Get the track equation t3 for edge e3 and offset it by r along

the sense of the surface normal n3 of £3 (i.e. calculate the track

offset function of t3).

14) Calculate the 1intersection Pl (nearest to vx2) between tl and

t2, and the intersection P2 (nearest to vx3) between tl and t3.

15) If there is no intersection, stop.

16) The edge offset required is the track tl with Pl and P2 as end

points.

17) Adjust tl, Pl, P2 if necessary according to the shape of the

cutter.

18) Stop.

7.2.4 LOOP OFFSET FUNCTION Ol

The loop offset function, 0l, can be defined as the cutter path of

that loop of the face (profile feature).

0l (Oe) = EZ: i Oei iff Fl exits.

where,
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Oe' 1is the edge offset function.

The validity of Ol is established by the loop function Fl.

7.2.4.1 ALGORITHM FOR LOOP OFFSET FUNCTION

The algorithm for the loop offset function 0l is as follows:

1) Identify the part surface fl.

2) Identify the loop in fl.

3) Calculate the loop function Fl of the loop.

4y If F1 is not machinable, stop.

5) Identify all edges in the loop.

6) For every edge, calculate the edge offset function Oe.

7) If any Oe is not acceptable, stop.

8) Store all Oe in an ordered manner (in a machining file).

9) Stop-
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7.2.5 CUT VECTOR OFFSET FUNCTION Oc

The cut wvector offset function, Oc, can be defined as the cutter

path of a cut vector. v, across a face.

The validity of Oc is established by the cut function, Cf.

7.2.5.1 ALGORITHM FGR CUT VECTOR OFFSET FUNCTION

The algorithm for the cut vector of fset function is as follows:

1) Identify the part surface fl.

2) Get the cut vector V.

3) Calculate the cut function Cf of V.

4y 1f Cf is not machinable, stop-

5) Identify all intersection points Pi between V and fl.

6) For every intersection point Pi, <calculate the point offset

function Opi.
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7) 1f any Opi is not acceptable. stop.

8) Store all Opi in an ordered manner together with

information between successive Opi.

8) Stop.

7.2.6 REGION OFFSET FUNCTION Or

The region offset function, Or, can be defined as

pattern for the selected part surface (face feature).
Or (Oc) = 2 i Oci iff Oci exits
where,

Oc: is the cut vector offset.

the linking

the cutter

The validity of Or is established by the region function, Rf.

Alternatively, as a region can be machined by cutter path pattern

of a profile feature:
Or = E::i 01j iff 0lj exists

176




7.2.6.1 ALGORITHM FOR REGION OFFSET FUNCTION

The algorithm for the region offset function Or is as follows:

1) Identify the part surface fl.

2) Calculate the region function Rf of f1.

3) If Rf is not machinable, stop.

4) Calculate all cut vector offset functions O0Oci for the part

surface.

5) Store all Oci in an ordered manner together with the linking

information for successive Oci (in a machining file).

6) Stop.

7.3 AUTOMATIC CUTTER PATH GENERATOR FOR 2D AND 2 1/2D PARTS

Using the above concept. the automatic cutter path generator for 2D
and 2 1/2D parts is developed. To demonstrate the applicability of
the above theory. an engineering test part has been created by
using ROMULUS and then the geometric model is machined by using

ROMAPT to generate the cutter path automatically (see Chapter 9).
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The automatic generation of cutter paths is described in the

following.

7.3.1 MACHINING OF HOLE

The cutter path for the machining of the hole defined by a circular

edge can be generated by the command:

HOLE [edge 1..... edge n] [t?ol] [radius]

where,

[edge]: name of the circular edge.

[tool]: options for either flat-end or ball-end cutter.
[radius]: radius of cutter.

The HOLE command uses the hole function Fh (see Section 7.2.3).

The machining strategy S built in the HOLE command 1is to start

machining from the centre of the top circle plus offset to the

centre of the bottom circle plus of fset.

7.3.1.1 ALGORITHM FOR HOLE
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The algorithm of HOLE is given in the following:

1) Identify the selected face.

2) Identify the top and bhottom circular edges Cl and C2 and their

centres Pl and P2 (of the selected hole).

3) Define the cutter radius r so that it equals the radius of Cl

(and C2).

4) Start machining from Pl to P2.

5) Move cutter from P2 to Pl

6) Output and display the cutter path.

7) Repeat steps (2) to (6) for other holes specified.

8) Stop.

7.3.2 MACHINING OF A LOOP (PROFILE FEATURE)

The cutter path for a profile can be generated automatically by the

command :
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PROFILE [edgel, edge2...) [LOOP] [tool] ([radius] [options]

where,

[edge]: mname of edges.

[LOOP]: options for the whole loop.

[tool}: options for either flat-end or ball-end cutter.

[radius}: radius of the cutter.

[options]: either the current selected face or user—defined
Z-planes.

The PROFILE command uses both the edge offset function Oe and the

loop offset function Ol (see Sections 7.2.3 and 7.2.4).
The machining strategy built in the PROFILE commands 1is to start

machining with the start vertex of the edge specified and follows

the logical direction of the loop or the order of edges specified.

7.3.2.1 ALGORITHM FOR PROFILE

The algorithm of PROFILE is given in the following:
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1) Identify the selected part surface.

2) Identify the starting edge E.

3) Identify the cutter and its radius r.

4) Calculate the edge offset function Oe for E.

5) Output the offset edge in the machining file and display the

cutter path.

6) Repeat steps (4) to (5) for all edges specified or all edges in

the loop.

7) Stop.

7.3.3 MACHINING OF FACE (FACE FEATURE)

The cutter path for the machining of a face of the part can be

generated by the command:

MACHINE [face] [edge] [tool] [radius] [options]

where,
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[face]: name of face.

[edge]: name of the edge indicating the cutting direction.
[tool]: options for flat-end or ball-end cutter.

[radius]: radius of the cutter.

[options]: options for the cutter to cut TO, ON, PAST.

The MACHINE command uses both the cut vector offset function Oc and

the region offset function Or.

The machining strategy built in the command MACHINE uses a zig—zag
machining method. The wuser specified the cut vector via an edge.
All intersections between the cut vector and the loops of the part
surface are calculated. These intersection points are offseted

appropriately by r (cutter radius) if necessary.

Machining starts on the first intersection point to the second

point. The cutter then retracts to a specified height, moves over
to the top of the subsequent intersection (3rd) point. Machining
resumes on this point to the next (4th) intersection point. This

process continues untill all intersection points (of the current

cut vector) have been processed.

The next cut vector is generated from the previous cut vector (i.e.
offset the previous cut vector by the cutter diameter 2r for a
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flat-end cutter, or 1/5 of r for a ball-end cutter, via the track

offset function Ot). The linking strategy between successive cut

vector is such that the finishing point of the previous cut will be

retracted to a specified height, and the cutter then moves over to

the top of of the first cut of the cut vector.

The whole procedure is repeated until the whole surface 1is

machined.

A special feature of both commands PROFILE and MACHINE is that the
cutter path 1is displayed simultaneously on the screen as it is
generated. This facility helps the user to have a visual check on

the performance of the system.

7.3.3.1 ALGORITHM FOR MACHINE

The algorithm of MACHINE is given in the following:

1) Identify the selected part surface (PS).

2) Identify the cutter definition and its radius r.

3) Identify all loops in the face.

4) Identify the edge E for generating cut vectors v.
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5) Calculate the region offset function Or of the PS.

6) If Or is not machinable, stop.

/) All intersections between the cut vectors and the edges in the
loops of the face are calculated. (Hole loops are ignored. Cut

vectors for parallel edges are appropriately ad justed.)

8) For each intersection point, check whether the ad jacent face F

(ot the PS) is a raise or not.

9) If F is a raise, offset the intersection point (via the point
offset function Op) away from the obstrusting face F to avoid

collision.

10) Output and display the cutter path.

11) Stop.

7.3.4 ROUGHING

The output of the above automatic cutter path generator is a cutter
location file containing the centre of the cutter in x, vy, z
co~ordinates (Figures 7.1). This machining data will move a cutter
across the surface of the model. For machining on precision
casting parts where only finishing is required, the above machining
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will suffice. However, for machining on a blank block, roughing

processing will be necessary.

Accordingly a roughing processor (ROUGH) is developed to generate a
series of roughing passes at a specified cutting depth. The method
is to reproduce the final cut but offset (via the cut vector offset
function) vertically by a certain amount specified by the user.
This process is repeated until the top of the block is reached.
Any cut that would be made above the block is truncated to save
unnecessary machining movement and time. The whole process is

reversed for actual cutting (i.e. the Reverse approach of

machining of Section 6.4.2).

Figure 7.2 shows a simple final machining pass with four roughing

passes generated by ROUGH.

The machinig file output of PROFILE and MACHINE will have one or
more separate machining sequences. Each machtining sequence will
contain a header record, the machining data record and an end

record.

The header record contains the cutter indentifier, cutter diameter,
spindle speed (via default values set for the Lucas Model Making
machine) and initial setting position and the the height (along
z—axis) of the block from which machining 1is to be made. The
machine data record contain the cutter location of the centre of

the cutter in x, vy, 2 co-ordinates. The end record is a

terminator.
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If all 1information in the header record are the same for various

sequences, these sequences will be combined into one and a single
set of rough passes will be produced from them all. If all
information in the header record of sequence is different from the
previous sequence, then all previous sequences are grouped together
and roughing passes generated and output before this present and
sebsequent sequences are dealt with. The user can also re-output
the input sequences combined into a single output sequence (i.e.
editing the sequences) or not generating roughing passes for a

particular set of sequences (i.e. a hole sequences).

The command to use the rough processor is as follows:

ROUGH input output

where,

input: is the file containing the machining data generated by

PROFILE or MACHINE.

output: is the file in which the resultant roughing passes are

written into.

7.3.5 DISPLAYING OF MACHINING DATA
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After the generation of roughing passes, it is desirable to have
some kind of graphic check on the machining data. The DISPLAY

processor is therefore developed.

The command to use the DISPLAY processor is as follows:

DISPLAY input

where,

input: 1is the machining data file.

The DISPLAY processor allows the user to view the machining data

(both the roughing and final passes) by the following facilities:
OBJECT: to read the machining data.

VIEW: to see the perspective view of the machining sequences.

VIEW 3: to see the perspective view and the three orthogonal

projections of the machining sequences.

ROTATE: to rotate the dview.

WINDOW: to window on portion of the machining sequences.

7.3.6 MANIPULATION OF THE CO-ORDINATE SYSTEM
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If for some reasons, the co-ordinate system of the machining data
is found to be not suitable for manufacture. The change of the

co-ordinate system for the machining data can be effected by the

following processor:

MODIFY input output

where,
input: 1is the machining data file.
output: 1is the machining data file with the new co-ordinate

system. The user can change the co-ordinate system by input the

new co—ordinate directions. For example, replacing X~ by =-Z, Y~ by

+Y and Z° by +X.

7.3.7 MACHINING PROCESSING

The machining data file can now be further processed to generate a

NC tape. There are two approaches:

7.3.7.1 SPECIAL POST-PORCESSOR FOR THE LUCAS MODEL MAKING MACHINE
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A special post-processor to convert the machining data file into a
NC tape into a suitable machine readable format for the Lucas Model

Making Machine has been developed.

The command to use the special post-processor is as follows:

PROCESS input [MODEL]

where,

input: is the file containing the machining data.

3

[MODEL]: 1is the key word to activate the post—processor.

After the processing, a paper tape will be produced. The NC tape
can then be used on the Lucas Model Making Machine to machine the

part on soft foam material.

7.3.7.2 SIMPLE APT TRANSLATOR

For machining on harder material 1like aluminium, proper machine
tool has to be used. Hence the development of this simple APT
translator. The translator. converts the machining data from
PROFILE or MACHINE into a simple APT part program. Each machining
sequence is converted into a separate APT part program.
Information at the header record of the machining data i.e. cutter
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diameter, spindle speed and initial setting poit are converted into

corresponding APT statements as in the following:

LOADTL / 1

UNITS /

SPINDL /

FROM /

RAPID, GO TO /

Each machining data record is converted into a simple APT

GO TO / x, y =z statements.

The end record generated a APT

FINI statement.

For a flat-end cutter, the x, y, z co-ordinates are the same as

that machining data (assuming machining a horizontal planar

surface.) For ball-end cutter, the x, y, z is offset by the radius

r vertically (for 2 1/2 D parts) w.r.t. machining record in the

machining data file.

This resultant APT part program can then be processed with a
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suitable post-processor to produce a NC tape for the machine tool.

7.3.8 IMPLEMENTATION

The processors ROUGH. DISPLAY, MODIFY and PROCESS are developed as
an enchancement to the software suite SURFSET designed for

sculptured surface applications.

These processors are originally developed for sculptured surface
processing using ball-end cutter only. They are modified to cater

for machining data generated based on a geometric models.

The decision to make use of any available existing working software
is to minimize 1lead time and avoiding “re-inventing” the wheel

syndrome.

7.3.9 DEMONSTRATION OF RESULTS

To demonstrate the applicability of the above system, commands HOLE
(for the point feature). PROFILE (for the profile feature) and
MACHINE (for the face feature) have been wused to machine
successfully an engineering 2 1/2 D part model (i.e. an end
bracket of an alternator) on the Lucas Model Making Machine (see
Figures 7.3a - d).
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The above example has demonstrated the validity of the concept of

the automatic 2 1/2 D cutter path generator mentioned above.

If the cutting strategy (Si) of every machining features (Fmi) and
the links (Li) between them can be defined and stored 1in the

computer, it can be seen that the automatic machining model is

possible:

AMM = :;— i Li Si Fmi

7.3.10 EXTENSION OF SYSTEM TO 3D

The system has been successfully extended to cover inclined plane

and horizontal cylinder machining using ball-end cutter.

Although the above approach works effectively for 2D, 2 1/2 D and
limited 3D parts (with inclined plane and horizontal cylinders)
applications, for fully 3D applications it is envisaged to have the

following disadvantages:

1) As the output 1is a cutter location file, it is difficult to
understand and debug. The NC programmer cannot check conveniently

whether the program has performed correctly or not.
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2) The part program thus generated tends to be much larger than

that generated by manual APT programming .

3) To develope the system to a production grade system for tooling

would require a substantial investment especially 1in machining

technology and post-processing development.

4) Complexity of developing offset functions for specific shape or

forms of tool.

7.3.11 PARAMETER MODEL

The above problem can be tackled by using the concept of modifying
interactively the geometric model face by face with suitable offset
to generate a machining model consisting of parameterized faces
(i.e. a parameter model). These faces are the envelope of the
cutter of the centre, and which can be machined parametrically.
Currently CAM-I"s ANC Project is addressing this problem with a $4

million to produce a 2 1/2D bounded NC processors.
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FIGURE 7.1
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FIGURE 7.2  Roughing passes
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FIGURE 7 3a-

The alternator end-bracket
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FIFURE 7.3b- Cutter path (milling) generated for the
alternator end-bracket in the x-y plane
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FIGURE 7.3c: Perspective view of the cutter path
(milling) of the alternator end-bracket
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FIGURE 7.3d Perspective view of the cutter path (hole and
pocketing) of the alternator end-bracket
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8. ROMAPT (STAGE 2)

This is an extension of the ROMAPT (stage 1) concept. Instead of
outputing the cutter locations. the corresponding APT motion
statements (for cutter path generation) are output.

Together with the APT geometry generation capability and some
auxiliary facilities, a complete APT part program can be generated

using ROMAPT.

The following describes the development of the ROMAPT 2 system.

8.1 APT MOTION STATEMENTS

There are four types of APT motion statements.

1) Direct

GO TO / P1

This moves the cutter centre (i.e. tool tip) to point Pl.

2) Incremental

GODLTA / -n
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This moves the cutter in the Z-direction.

3) Start-up

GO / drive surface (DS), part surface (PS), check surface (CS)

The moves the cutter from an initial position to the location

defined by the drive surface. part surface and check surface.

The following APT statements of the part prgram example (see

Section 2.8.1):

FROM / PST

GO / TO, L4, TO, PS, TO, L1

moves the cutter from point PST to reach the drive surface, L&,

part surface, PS. and check surface LI.

In general, the start-up can be defined as:

GO / TO \ DS , TO R PS s TO , CS
ON ON
PAST PAST
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where ON, TO, PAST are final positional modifiers.

4) Contouring

TLON , GOFWD / DS TO CS
TLRGT GOBACK ON
TLLFT GORGT PAST

GOLFT TANTO

The contour statement defines the relative position of the tool
(via positional modifiers- TLON, TLRGT, TLLFT) to the drive
surface (DS) e.g. sitting on the DS (TLON), touching the DS on the
right (TLRGT), or touching the DS on the 1left (TLLFT). The
statement also defines the direction of the tool (via directional
modifiers: GOFWD, GOBACK, GORGT, GOLFT) would move along the DS
e.g. forward (GOFWD), backward (GOBACK), turn right (GORGT) or
turn left (GOLFT). The tool is to move until it is touching (TO)
or sitting on (ON), or passing (PAST) or tangential to (TANTO) the

check surface CS. Again using the part program example in Section

N
0¢]
.

—

TLRGT, GORGT / L1, PAST, L2

This directs the cutter to turn right and touches on the right of
the DS (L1) and moves the cutter along Ll until it passes CS (L2).
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It is this relationship of the cutter to the DS, PS and CS that

defines the cutter path.

To generate the APT motion statement automatically, the development

of the following functions are therefore required.

8.2 FUNCTIONS FOR AUTOMATIC GENERATION OF APT MOTION STATEMENT

These functions are developed as an extension to those discussed in

Section 6.7

8.2.1 SENSE FUNCTION Fs

The Sense Function, Fs, defines the sense (clockwise or

anti-clockwise) of the cutter when machining round a feature (i.e.

a loop).

Fg = 1 anti-clockwise

2 clockwise

8.2.2 INITIAL FUNCTION Fin
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The position function defines the relative position (outside, on or

inside) of the starting point of the cutter in relation to the

feature (i.e. a loop).

Fin = OUT (outside)

ON (sitting on)

IN (inside)

8.2.3 GLOBAL RAISE FUNCTION Fg

The global raise function Fg is an arbitrary function to regard all

faces of a feature (i.e. a loop) are raise faces without affecting

the value of their raise function Fr.

Fg (F1) = 0 no change

1 all faces are raise

where Fl: is the loop function.

8.2.4 START-UP FUNCTION Fst
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In APT motion part programming, there is a need to define the
start—up point for the cutter. The start-up function, Fst, is

developed for this purpose. It is a function of Mc, Fs, Fin, Fg,

Fc. Fi and Fr.

Fst (Mc, Fs, Fin, Fg, Fc, Fi, Fr) = 0 not machinable

> 1 machinable

(start-up identified)

where,

Mc: is the machining condition

Fs: is the sense function

Fin: is the global raise flag

Fc' is the connectivity function

Fi: is the intersection function

Fr: is the raise face function

The start—up function identifies the drive surface (DS), part

surface (PS) and check surface (CS) in relation to the cutter and
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defines the first cutter contact point on the PS.

8.2.4.1 RULES OF START-UP FUNCTION, Fst

The rules of the start-up function are developed for a loop as in

the following (Figure 8.1).

Let,

PS: part surface

El: 1lst edge in the loop

Fl: adjacent face of El

Frl: raise function of E1l1

En: n-th (i.e. the last) edge in the loop

Fn: adjacent face of En

Frn: raise function of En

The rules for defining DS and CS are such that the first edge (EL)
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and last edge (En) will normally be the drive and check surface

respectively. However, if their ad jacent faces Fl and Fn are raise

face, then F1 and Fn would replace E1 and En as drive and check

surface respectively (see Table 8.1).

TABLE 8.1 RULES OF ASSIGNING DRIVE AND CHECK SURFACES

INPUT OUTPUT

Frl Frn DS CS

0 0 El En

1 0 Fl En

0 1 El Fn
1 1 F1 Fn

The initial relation of the cutter to the loop is defined by the
initial function Fin. Of the three positional modifiers : TO, ON,

PAST for DS and CS, the PAST modifer is not necessary.

As the positional modifier for the PS is always TO, hence, there
are in total only 4 combinations. They are assigned an arbitrary
Start-up Function , Fst, value as follows:
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Fst = 1

i

GO/ ON, DS. TO, PS, ON, CS

2 = GO/ TO, DS, TO, PS, ON, CS

3 = G0/ ON, DS, TO, PS, TO, CS

4 = GO/ TO, DS, TO, PS, TO, CS

The rules for defining the start-up function Fst are as 1in the

Table 8.2.

TABLE 8.2 RULUS FOR START-UP FUNCTION

INPUT OUTPUT
Fg Frl Frn Fst

1 - - 4

0 0 0 1

0 1 0 2

0 0 1 3
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8.2.4.2 ALGORITHMS OF START UP FUNCTION

The algorithm of start-up function is given in the following:

1) Identify the selected face (PS).

2) Identify the loop.

3) Identify the 1lst edge El and the last edge En and their ad jacent

raise faces Fl, Fn respectively, if any.

4) Store E1 in DS and En in CS.

5) Replace DS by Fl if Fl is a raise face and CS by Fn if Fn is a

raise face.

6) If global raise function Fg = 1, or Fl is a raise face, output

“GO / TO. DS 7, go to step (8).

7) Else output ~ GO / ON, DS 7.

8) Output = , TO, PS 7.

9) If Fg = 1 or Fn is a raise face, output = , TO, CS ” and go to

209



step (11).

10) Else output = , ON, CS ~.

11) Stop.-

8.2.5 POSITION FUNCTION Fp

In NC machining, there is a need to determine the relative position
of the cutter w.r.t. the current drive surface. This is
equivalent to finding out whether a point is inside or outside the

material of the geometric model.

Fp (Fin, ¥Fs, Fc, Fi, Fr, Cf) = O indeterminate

1 TLON (tool on)

2 TLLFT (tool left)

3 TLRGT (tool right)

where,

Fin: initial function

Fs: sense function

Fc: connectivity function

Fi: intersection function
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Fr- raise function

Cf: cut function

The position function Fp defines the next correct orientation of
the cutter 1in relation to the current drive surface, i.e. tool on
| the surface, tool on the left of the surface or tool on the right

hand side of the surface.

8.2.5.1 RULES OF POSITION FUNCTION Fp

The rules of the position function Fp are developed as in the i

following (Figure 8.1).

Let,

PS- part surface

Fin: initial function (OUT/ ON/ IN)

Fs: sgense function of the loop

The other variables (i.e. El1. Fl, Frl, En, Fn, Frn) are the same

as those defined in Section 8.2.4.1
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There are 3 positional modifiers: TLON, TLLFT TLRGT. They are

assigned to an arbitrary value of the position function Fp:

Fp = 1 = TLON
2 = TLLFT
3 = TLRGT

The rules for defining the position function Fp are given in Table

8.3.

TABLE 8.3 RULES OF POSITION FUNCTION

INPUT OUTPUT

Fin Fs Fg Frl Frn Fm MODIFIER
OUT 1 1 - - 3 TLRGT

IN 1 1 - - 2 TLLFT
ouT 2 1 - - 2 TLLFT

IN 2 1 - - 3 TLRGT
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TLON

TLON

TLRGT

TLON

TLRGT

TLON

TLLFT

TLON

TLLFT

TLON

TLLFT

TLON

TLLFT

TLON




IN 2 0 1 0 3 TLRGT

IN 2 0 0 1 1 TLON

IN 2 0 1 1 3 TLRGT

8.2.5.2 ALGORITHM FOR POSITION FUNCTION

The algorithms for the position function Fp is given in the

following:

1) Set ' Fp = 0 (i.e. not machinable or indeterminate ).

2) Identify the selected face (PS).

3) If cut vector Cf not acceptable, stop.

4) Identify the loop.

5) Identify the sense function Fs, the initial function Fin, the

global raise function Fg.

6) Identify the 1st edge El and last edge En and their ad jacent
face F1 and Fn and calculates their raise function Frl and Frn

respectively.
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7) Calculate the position function according to the Table 8.3.

8) Set the appropriate value to Fp.

9) Stop.

8.2.6 DIRECTION FUNCTION Fd

In NC machining, there is a need to determine which direction the
cutter should go next w.r.t. the current tool position. This
requirement leads to the development of the direction function.
This function is based on the topology and geometric structure of

the geometric model.

Fd (Fs, Fc, Fi, Fr, Cf) = 0 indeterminate
1 GOFWD (go forward)
2 GOLFT (go left)

3 GORGT (go right)

where,

Fs: is the sense function

Fc: connectivity function

Fi: intersection function
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Fr: raise function

Cf: cut function

The direction function defines the next move for the cutter, i.e.

forward left or right of the current direction.

It should be emphasized that this function should also be

applicable to robotic movement or other manipulator that require a

direction evaluator.

8.2.6.1 RULES FOR DIRECTION FUNCTION Fd

There are two methods to define the direction of the cutter i.e.

the point and the line methods.

8.2.6.2 POINT METHOD

This method wuses the point direction statement of APT to give a
direction to the cutter via a point (Pl). This point 1is wusually
provided by the next point in the loop. If next edge is an arc,

then the mid-point of the edge is used (Figure 8.2).

INDIRP / P1
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This indicates a direction for the cutter to move from the current

cutter position (PO) along the vector, V.

vV =Pl - PO

In this method, the direction function Fd for the cutter is always

GOFWD i.e. along the direction given by V, i.e.

TLON GOFWD / DS, .....

TLLFT

TLRGT

This method has two main advantages:

1) Simple calculation for direction function

The direction is always easily determined by the next point in the

loop (or mid-point of the edge if circular).

2) Suitable for 3D application

As the direction is indicated by a vector V, this method is well

suited for 3D machining applications.
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However, this method would fail on some special cases when the

radius of the cutter is greater than the length of the forward edge

(see Figures 8.3a, 8.3b).

To remedy this situation, the line method is used.

8.2.6.2.1 ALGORITHM FOR DIRECTION FUNCTION (POINT METHOD)

1) Identify the part surface (PS).

2) Identify the loop.

| 3) Identify the current edge.

4) Identify the next point Pl in the loop-.

é 5) Get the co-ordinate of the point.
6) Output -~ INDIRP / Pl ~.
7) Output 7 GOFWD ~.

8) Stop.
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8.2.6.3 LINE METHOD

In this method, formal direction modifiers: GOFWD, GOLFT and GORGT
are used to define the direction for the cutter i.e. go forward,

go left, go right respectively.

If the current edge (El) is tangent (i.e. TAN = 1) to the next

edge (E2) (i.e. the Fc = 2 or 3, Fi = 2), the direction for the

cutter is GOFWD (see Figure 8.4).

With reference to Figures 8.5a and 8.5b, let

Fs: sense of the loop

Pl: 1lst point in the loop

P2: 2nd point in the loop

P3: 3rd point in the loop

Two evaluator functions required by the Direction Function Fd are

described in the following:

1) SENSE EVALUATOR Es

The sense evaluator determines the relative sense for the cutter
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(when machining round the loop).

Es (Pl. P2, P3) = 1 (-ve, anti-clockwise)

2 (+ve. clockwise)

where Pl. P2, P3 are defined as above.

2) DIRECTION EVALUATOR Ed

The direction evaluator Fd determines the relative direction for

the cutter:

Ed (Fs, Es) = 1 (GOLFT)

2 (GORGT)

where,

Fs: sense function

Es: sense evaluator

(In the computer, Ed is stored as variable IFRLZ).

The direction of the cutter (i.e. Fd) can be determined by the
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direction evaluator Ed via a simple vector cross—product

multiplication.
Let,

V1l = P2 - Pl

V2 = P3 - P2

The co—-ordinate system 1is assumed to be right-handed (with normal

pointing out of the paper).

For sense function Fs = 1 (anti-clockwise), the cross product V2 X
Vi = =-ve (i.e. normal is “into” the paper) defines Es = 1 (i.e.
anti-clockwise) and Ed = 1 (i.e. GOLFT).

Similarly. the cross—produ&t V2 X V1 = +ve (i.e. normal 1is “out”
of the paper), defines Es = 2 (i.e. clockwise) and Ed = 2 (i.e.

GORGT).

For Fs = 2 (clockwise), then the cross-product V2 X VI = +ve

defines Es = 2 (clockwise) and Ed = 1 (GORGT)-

Similarly. the cross-product V2 X Vi1 = -ve defines Es = 1

(anti-clockwise) and Ed = 2 (GOLFT).

Hence, the rules for the direction function Fd 1is as in the
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following:

TABLE 8.4 RULES FOR DIRECTION FUNCTION

é INPUT OUTPUT

; Fs Es TAN Ed Fd MODIFER
i 1 1 0 1 2 GOLFT
|

g

g 1 2 0 2 3 GORGT
; 2 2 0 1 3 GORGT
§ 2 1 0 2 2 GOLFT
é\ - - 1 - 1 GOFWD
.

g

8.2.6.4 ALGORITHM FOR DIRECTION FUNCTION (LINE METHOD)

The algorithm for the direction function Fd 1is given 1in the

following:

1) Identify the part surface.

2) Identify the loop.
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Identify the current edge El and its end points Pl and P2.

Identify the next edge E2 and its end points P2 and P3.

Calculate the connectivity function Fc and intersection function

Fi of the two edges.

% 6) If the two edges are tangent (i.e. Fc = 2 or 3, Fi = 2), then

output the modifier “GOFWD”. stop.

7) Identify the sense function Fs.

5 8) Calculate the cross-product V2 X VI and set the direction

. evaluator Ed flag accordingly.

9) Assign the value for the direction function Fd and output the

modifier according to the rules of Table 8.4.

8.2.7 RELATION FUNCTION Fre

In NC machining, there is a need to determine the relative position

of the cutter w.r.t. to the current check surface CS.

This function is related to the topology and geometric structure of

the geometric model.
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Fre (Fin, Fg, Fc, Fi, Fr, Cf) = 0 indeterminate
1 TANTO
2 ON
3 TO

4 PAST

where,

Fin: initial function

Fg: global raise function
Fc: connectivity function
Fi: intersection function

Fr: raise face function

Cf: cut function

This function defines the relationship between the cutter and the

current check surface i.e. TANTO, ON, TO or PAST.

8.2.7.1 RULES OF RELATION FUNCTION Fre



The four final positional modifiers: TANTO, ON, TO and PAST are

used to define the position of the cutter w.r.t. the current check

surface (CS). These modifiers are assigned to an arbitrary value

of the relation function Fre:

Fre = 1 = TANTO
2 = ON
3 =T0
4 = PAST

With reference to Figures 8.la and 8.1lb, let

El: 1lst edge in the loop.

Fl: adjacent face of El.

Frl: raise face function of Fl.

E2: 2nd edge in the loop.

F2: adjacent face of E2.

Fr2: raise face function of F2.
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The rules defining the relation function Fre are given in the Table

8.5.

. TABLE 8.5 RULES FOR RELATION FUNCTION

INPUT OUTPUT

Fin Fg Frl  Fr2 TAN Fre  MODIFIER
ouT 1 - - 1 1 TANTO

IN 1 - - 1 1 TANTO

ouUT 1 0 0 0 A PAST

ourT 1 1 0 0 4 PAST *
ouT 1 0 1 0 3 TO

ouT 1 1 1 0 4 PAST *
IN 1 0 0 0 3 TO *
IN 1 1 0 0 3 TO

IN 1 0 1 0 3 TO

IN 1 1 1 0 A PAST *
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ON 0 0 0 0 9 ON

oN 0 0 0 1 1 TANTO

OUT 0 0 0 0 5 oN

OUT 0 1 0 0 5 oN

ouT 0 0 1 0 3 TO

oUT 0 1 1 0 3 TO %
IN 0 0 0 0 2 ON

IN 0 1 0 0 2 ON

IN 0 0 | 0 3 TO

IN 0 1 1 0 3 0 x

(* Denotes those rules that can be reversed, see Section 8.2.7.3.)

However, the above general rules would fail on some special cases

when both Frl = 1 and Fr2 = 1 (see Figures 8.6a, 8.6b).
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In Figure 8.6a, according to the rules in the Table 8.5, the
positional modifier is TO i.e. El1. TO, E2 which is wrong. The
modi fier should be PAST (i.e. E1, PAST, E2 as in Figure 8.6b) to

give the correct cutter path as required.

To overcome the above special cases, the Correlation Evaluator Ec

and the Reverse Evaluator Er are used.

8.2.7.2 CORRELATION FUNCTION Ec

The correlation function Ec correlates the surface normal of the
ad jacent face of an edge and the sense of direction of the next

edge in the loop.

Ec (El, E2, Pl, Fl, N, V) = ( (same sense)

1 (oppesite semse)

where,

El: 1st edge in the loop.

E2: 2nd edge in the loop.

Pl: point between the above 2 edges. (P2 is the end point of E2.)

Fl1: adjacent face of edge El.
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N: surface normal of F1 (at P1l).

V: sense of direction of E2 (along the direction of the loop).

The Ec defines whether the normal N of face Fl1 is of the same sense

or opposite with the sense of the direction V of edge E2 (Figures

8.7a, 8.7b).

If E2 is a staright line, then V = P2 - Pl. 1If E2 is circular, the

V is the tangent of edge E2 at point Pl.

The Ec can be calculated by a simple dot product. The dot product
N.V = +ve defines Ec = 0 (i.e. same sense). Conversely, the dot
product N.V = -ve defines Ec = 1 (i.e. opposite sense). The rules

for the correlation function Ec is given in the Table 8.6.

TABLE 8.6 RULES FOR CORRELATION FUNCTION

INPUT OUTPUT

N.V Ec SENSE
+ve 0 same

~ve 1 opposite
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8.2.7.3 REVERSE FUNCTION R

The reverse function R defines whether the rule of certain special

case (as given in Table 8.5) should be reversed.

R (Fg. Ec) = 0 (no change)

1 (reverse)

where,

Fg: is the global raise function.

Ec 1s the correlation evaluator.

The relationship between Fg, Ec and R is given in Table 8.7.

TABLE 8.7 RULES FOR REVERSE FUNCTION

INPUT OUTPUT
Fg Ec R
0 0 0
0 1 1
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The effect of the reverse function R on the rules of Table 8.5 is

given in Table 8.8.

TABLE 8.8 REVERSE RULES FOR RELATION FUNCTION

INPUT

Fin Fg Frl Fr2 TAN R Fre
ouT 1 0 0 0 1 3
IN 1 0 0 0 1 4
ouT 1 1 1 0 1 3
IN 1 1 1 0 1 3
OUT 0 1 1 0 1 4
IN 0 1 1 0 i 4

8.2.7.4 ALGORITHM FOR RELATION FUNCTION Fre
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TO
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The algorithm for the relation function Fre is given in the

following:

1) Identify the selected part surface (PS).

2) Identify the loop.

3) Identify the current edge El and its ad jacent face Fl. and its

raise function Frl.

4) Identify the next edge E2 and its ad jacent face F2 and its raise

function Fr2.

5) Identify the initial function Fin.

6) Identify the global raise function Fg.

7) Identify the sense function Fs.

8) Calculate the tangency TAN between El and E2.

9) Calculate the reverse function R.

10) Assign appropriate value to Fre according to Table 8.5 and

Table 8.3.
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11) Stop.

8.2.8 LOOP MODIFIER FUNCTION Fmo

é The loop modifying function Fmo defines whether a loop is closed or
é open.
Fmo = CLOSE

OPEN

CLOSE indicates the whole loop will be machined.

OPEN indicates only part of the loop will be machined.

8.3 AUTOMATIC MACHINING FUNCTION FOR A LOOP M1

i

[
|
i

i
i
E

The automatic machining function for a loop defines whether a

profile feature can be machined automatically or not.

M1 (Fmo, Fin, Fg. Fl, Fst, Fp, Fd, Fre) = 0 (not machinable)

1 (machinable)

where,
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Fmo: loop modifying function.

Fin: initial function.

Fg: global raise function.

Fl: 1loop function.

Fst: start—up function.

Fp: position function.

Fd: direction function.

Fre: relation function.

A loop can be machined automatically when its Fmo, Fin, Fg, F1,

Fst, Fp. Fd and Fd can be defined properly.

As many of the above functions, particularly, Fp, Fd and Fre need
to access the data in the loop from the geometric model frequently,
this would require scanning the geometric model many times to
access the data. It 1is computationally more efficient to have a
special data structure to store the data of the loop concerned.
The above functions can then access the data much more rapidly via
the special data structure. This data structure is described in

the following.
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8.4 LOOP DATA MODEL

The loop model data structure is wused to represent a profile

feature. The data is stored in an array LOOP and its items are

described in the following.

(1) sense of loop (i.e. Fs).

9
i
a
[
|
|
;
|
.

(2) global raise flag (i.e. Fg).

(3) no. of elements n in the loop.

(4) minimum distance.

(5) minimum radius.

(6) flag OUT/ ON/ IN (Fin).

(7) flag CLOSE/ OPEN.

! (8) flag MANUAL/ AUTO.

(9) pointer to tool.

(10+1) 1st point.
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(10+2)

(10+3)

(10+4)

(10+5)

(10+6)

(10+7)

(10+8)

(10+9)

lst edge.

raise flag (Fr).

raise face.

connectivity flag (between the lst and the nth edges).

intersection flag (between the lst and the nth edges).

double flag.

omit flag.

concave flag.

(10+10) reverse flag (R).

(10n+1) nth point.

(10n+2) nth edge.

(10n+3) raise flag (Fr).
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(10n+4) raise face.

(10n+5) connectivity flag (between the nth and the n-lth edges).
? (10n+6) intersection flag (between the nth and the n-1th edges).
(10n+7) double flag.

(10n+8) omit flag.

(10n+9) concave flag.

(10n+10n) reverse flag (R).

The loop model, LM, can be expressed in the following form:

LM = H + nE

where,

H: 1is the header description of the loop.

n- no. of elements in the loop.

E: elment of the loop.
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The header description of the loop model is designed to hold the

following data (currently 10 records):

(1) Sense of loop (Fs)

This defines the loop is to be machined in the same sense (i.e.

anti-clockwise for an outer loop) or opposite (i.e. clockwise) of

the loop.

(2) Global raise flag (Fr)

This flag allows the user to machine the loop as 1if all adjacent

faces are raise faces.

(3) No. of elements n

This defines how many (n) elements of the loop.

(4) Minimum distance

This defines the critical minimum distance between 2 edges of the
loop (or of different loops of the same face), which determines the
maximum size of the cutter allowed to contour through these 2
edges.

(5) Minimum radius

This defines the smallest radius of the circular edges, if any, in
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the loop. This also determines the maximum size of the cutter to

contour through those edges.

(6) CLOSE/ ON/ IN flag (Fin)

This defines the relative start position of the tool in relation to

the loop.

(7) CLOSE/ OPEN flag

This flag allows the user to manipulate the loop as either close or

open (to suit machining requirement).

A close loop 1implies the cutter will start machining at the
starting vertex of a specified edge, through the whole loop and

back to the start vertex.

An open loop implies the cutter will start machining on an end
vertex of a specified edge, through the number of edges specified

and end on the start vertex of the last edge.

This allows the user to have some flexibilities to change the
contour of the profile to suit practical machining strategy. For
example, an open loop can be used to machine only one edge , or

more but less than n, even there are n edges in the loop.

(8) AUTOMATIC/ MANUAL flag
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This allows the user to generate the data for the elements of the
loop based on the geometry and topology (i.e. Fc, Fi, Fr etc.) of

the loop automatically or manually by the user.

The manual mode allows the user to overwrite (or modify) the

geometry and topology of the loop to suit practical machining

strategy (e.g. one or more edges can be omitted).

If required, the user can use this facility to construct a new loop
model to suit machining requirement. Hence, a maximum flexibility
is allowed.

(9) Tool

This stores the radius of the cutter.

(10) Unused.

This header description is designed to be extensible to cope with

future requirement. The details of an element of a loop is

described in the following.

8.4.1 ELEMETS OF LOOP MODEL (INTELLIGENT DATA)

Each element of the loop model, LM, consists of m (currently 10)
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records as in the following (Figure 8.8).

RECORD(1): Point

This is pointer to the name of the point (i.e. Pn).

RECORD(2): Edge

This is pointer to the name of the edge (i.e. En, which is the

backward edge of Pn).

RECORD(3): Raise function, Fr

This defines whether the ad jacent face (i.e. Fn of En) is a raise

face (=1) or not (=0) (Section 6.7.5).

RECORD(4): Raise face

This is a pointer to the name of the ad jacent face (i.e. Fn).

RECORD(5) Connectivity function Fc

This defines the connectivity function, Fc, between En and En-1

(Section 6.7.3).

RECORD(6): Intersection function Fi

This defines the intersection function Fi between En and En-1
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(Section 6.7.4).

Record 1 to 6 provides all information required by the loop
function F1. As record 7 to 10 will provide some form of

intelligence to the loop model, they are discussed in some details

as follows.

8.4.2 INTELLIGENT DATA OF LOOP MODEL

The following descibes the intelligent data record 7 to 10 of the

loop model.

8.4.2.1 REVERSE FUNCTION R flag ( RECORD (10) )

The reverse function R has been described in detail in Section

8.2.7.3.

The reverse function R is used to reverse the rules (Table 8.8)
(for some special cases) for controlling the relative position of
the cutter in relation to the current drive surface (DS) and check

surface (CS) (i.e. En and Ent+l respectively, see Section 8.2.7.3):

=
it

0 (no change of rules)
1 (reverse rules)
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8.4.2.2 CONCAVE FUNCTION Fcon flag ( RECORD(9) )

The concave flag defines whether the current edge (En) is concave

or convex (assuming the edge is circular).

Fcon (En) = 0 (concave)

1 (convex)

The concave flag may affect the direction of the NC contouring of
the loop. If the edge 1is convex, the sense is usually forward
(i.e. GOFWD). Conversely, if the edge is concave, the sense is

backward (i.e GOBACK).

In a special case where a straight 1line (El) is tangent to a

concave circular edge (E2), an extra line (L1) and logic has to be

constructed to contour properly (see Figure 8.9).

8.4.2.2.1 ALGORITHM FOR CONCAVE FLAG Fcon

The algorithm for the concave function flag Fcon is given in the

following:

1) Identify the circular edge El.
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2) Identify the adjacent face F defining the cylinder which

contains El.

3) If the inside of F is solid, set Fcon = 0.

4) If the outside of F is solid, set Fcon = 1.

5) Stop.

8.4.2.3 OMIT FUNCTION FLAG Fo ( RECORD (8) )

In NC machining, there are certain cases where the edge (El)
concerned is not suitable or convenient to machine (say for a
certain cutter size). The edge 1is then temporarily ignored or

deferred later (see Figures 8.10a, 8.10b).

The omit function Fo allows a user to omit one or more edges in the

loop for the current contouring.

Fo (En) = 0 (retain)

1 (omit)

The contouring would proceed as if the edge (or edges) are not
there. Therefore, care must be taken to ensure that omitting an
edge (or edges) will not generate an impossible case (i.e. edges
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do not intersect etc.).

8.4.2.3 ALGORITHM FOR OMIT FUNCTION FLAG Fo

The algorithm for the omit function flag Fo is given in the

following:

1) Set Fo = 0 (i.e. retain).

2) Identify the edge En.

3) Get the cutter radius r.

4) Get the track equation of the edge En.

5) If the edge is circular, go to step (7).

6) If the length of the line is greater than the diameter (2r)

the cutter, set Fo = 1, stop.

7) If the radius rl of the edge is less than r, set Fo = 1.

8) Stop.

8.4.2.4 DOUBLE FUNCTION FLAG Df ( RECORD(7) )
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In APT contouring, the position of the cutter as defined by the

drive surface (DS) and check surface (CS) can be ambiguous as shown

in Figures 8.1la - d.

The cutter position can be determined by calculating the number of

intersections (INT) between the edge En and the track geometry of

the consecutive edge En+l. If there 1is one intersection, the
cutter is located at the 1st position. If there is two
intersections, the cutter is located at the 2nd position. (Hence,

the corresponding APT statement has to be repeated.)

The double function Df 1is developed to resolve the above APT

ambiguity. The following Segment Function is required by Df.

8.4.2.4.1 SEGMENT FUNCTION Fseg

As can be seen in Figure 8.11d, the final cutter position sometimes

depends on another parameter: the height of the segment h (Figure

8.12a).

Let,

r: 1is the cutter raidius.
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rl: 1is the radius the circular edge C.

Pl, P2: are the two intersection points between staight line L and

circle C.

d: is half of the cord length between Pl and P2.

e: 1s the perpendicular distance from the centre PO of C to d.

h: is the segment height.

The h is calculated as follows:

d = (Pl - P2) / 2

e =/ (rl*rl - d*d) =< ((rl-d)(rl+d))

If h > 2r, the lst PAST postion of the cutter is inside the circle

(Figure 8.12b).

If h < 2r, the lst PAST position of the cutter 1is outside the
circle (i.e. the cutter 1is forced to the 2nd position) (Figure

8.12¢).

The segment function Fseg defines whether the segment height h is
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larger than the cutter diameter 2r.

Fseg (En, En-1, h, 2r) = 0 (i.e. h < 2r)

1 (i.e. h > 2r)

where,

En: the current edge in the loop.

En—-1: the preceeding edge in the loop.

h: is the height of the segement.

T is the cutter radius.

8.4.2.4.2 SEGEMENT FLAG SEG

The segment flag , SEG, defines the conditions whether the segment

function should be invoked.
[ SEG (En, En-1, INT, Fin, Fc, Fi, Fcon) = 0 (not invoke)

1 (invoke Fseg)

where,
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En- the current edge in the loop.

En-1: the preceeding edge in the loop.

INT: no. of intersections between edge En-1 and track geometry of

En.

Fin: initial function.

Fc+ connectivity function.

Fi: intersection function.

Fcon: concave function.

The rules for invoking the Fseg is given in the Table 8.9.

TABLE 8.9 RULES FOR INVOKING SEGMENT FUNCTION

INPUT OUTPUT
Fin Fe Fi INT Fcon SEG
- 1 - - - 0

- 4 - - - 0
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OUT 3 3 2 0 0

OUT 3 3 2 1 1
OUT 2 3 2 0 1
OUT 2 3 2 1 0
IN 3 3 2 0 1
g IN 3 3 2 1 0
N 2 3 2 0 1
IN 2 3 2 1 0
- _ - 1 - 0

8.4.2.4.3 DEFINITION OF DOUBLE FUNCTION Df

The double function, Df, defines the exact position of the cutter
as determined by the corresponding drive surface (DS) and check

surface (CS).

Df (En, En-1. Fc, Fi, INT, SEG, Fseg) = 1 (lst position)
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2 (2nd position)

where,

En- 1is the current edge.

En-1: 1is the preceeding edge.

Fc: connectivity function.

Fi: intersection function.
INT: no. of intersection between edge En-1 and the track geometry
of En.

SEG: segment flag.

Fseg: segment function.

8.4.2.4.4 RULES OF DOUBLE FUNCTION Df

The rules for the double function Df is given in Table 8.10.

TABLE 8.10 RULES FOR DOUBLE FUNCTION
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INPUT OUTPUT

Fc INT SEG Fseg Df
- 1 0 - 1
- 2 0 - 2
% - 1 1 1 1
- 2 1 1 2
- 1 1 0 1
- 2 1 0 1
1 - - - 1
4 - - - 1

o]

.4.2.4.5 ALGORITHM FOR DOUBLE FUNCTION Df

1) Set double function flag M =1 (i.e. Ist position).

2) Identify the edge En.
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3) Identify the preceeding edge En-1.

4) TIdentify the connectivity function Fc between En and En-1.

5) If Fc = 1 or 4, stop.

6) Calculate the intersection (INT) between the edge En-1 and the

track geometry of the edge En.

7) If INT = 1, stop.

8) Test the segment flag SEG, if SEG = 0, stop.

9) If SEG = 1, calculate the segment function Fseg.

10) If Fseg 0, stop.

11) If Fseg 1, set M = 2 (i.e. 2nd position)

12) Stop

8.5 ALGORITHM FOR AUTOMATIC MACHINING FUNCTION FOR A LOOP M1

The algorithm for automatic machining function for a loop is given

| in the following:
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1) Identify the selected part surface PS and the loop concerned.

2) Read the loop modifying function Fmo for CLOSE/ OPEN option.

3) Read the global raise face function Fg.

4) Evaluate the loop function Fl and generate (or read) the

intelligent data to set up the loop model.

5) Identify special cases, if any (i.e. single cylinder etc).

Move the cutter to the starting point PST.

6) Evaluate the start—up function Fst for the first edge in the

loop and output the APT start-up statement according to the rules

in Table 8.2.

7) Evaluate the position function Fp of the current edge and output

the APT positional modifier statement according to the rules in

Table 8.3.

8) Evaluate the direction function Fd of the current edge and

output the APT statement according to the rules in Table 8.4.
9) Evaluate the relation function Fre of the current edge and
output the APT final position modifier statement according to the

rules in Tables 8.5 and 8.8.
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10) If necessary, evaluate the double function Df of the current

edge. If Df = 2. output the current complete APT statement again

(to place the cutter in the 2nd position).

11) Repeat steps (6) to (8) for all other edges specified in the

loop.

12) Return cutter to the starting point.

13) Stop.

8.6 IMPLEMENTATION OF AUTOMATIC PROFILING

The following describes a practical computer implementation of the
above algorithm. The operation of the system is illustrated in the

following (for details see Chapter 9).

The data structure required for the generation of APT motion

statements can be set up either manually or automatically:

CNC [LOOP] [option 1] [option 2] [option 3]

where,

[LOOP]): is the key word for the generation of the data structure

for the loop.
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[option 1]: 1indicates whether the loop is OPEN or CLOSE.

[option 2]: dindicates whether the cutter is situated IN, ON, OUT

of the loop.

[option 3]: indicates whether the MANUAL or AUTOMATIC mode is
required.
The manual method allows more flexibility (to suit the

technological requirement of the machining).

The automatic generation of the required APT motion statement is

effected by the command:

CNC [APTLOOP] [options]

where,

[APTLOOP]: 1is a keyword for the generation of the APT motion

statement for the loop.

[option]: define either the currently selected face or

user—defined Z-planes.

The corresponding APT motion statements is then generated
automatically. ( This assumes the required geometry statements
have been generated previously by using the APTENQUIRE command. )
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8.6.1 ROUGHING FOR LOOP

If roughing 1is needed, then before the above APT contouring

instructions are output, it is preceeded by using the APT thickness

statement (29):

THICK / THPS, THDS, THCS1, THCS2. THCS3

where,
THPS - thickness for part surface.
THDS: thickness for drive surface.

THCS1, THCS2, THCS3: thickness for first, second and third check
surfaces. The APT processor assumes that the last thickness

specified is to apply for the remaining surfaces.

The thickness specified above would then be left for the finishing
cut (see Figure 8.13a). The thickness statement can also be used
repeatedly to generate a pocketing effect, if required (see Figure

8.13b).

As can be seen above, a machinable profile feature can be machined

automatically (via an APT part program).
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8.7 FACE MODEL

The concept of the loop model can be easily extended to the face

model (FM) for a face feature.

The face data model is used to represent a face feature. The data

is stored in an array (MACH) and its items are described in the

following:

(1): pointer to the face.

(2): mno. of loops n in the face.

(3): minimum distance between loops.
g (4): minimum radius in the face.

(5): pointer to the tool.

(6): pointer to feed rate.

(7): pointer to speed.
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(m) : the last pointer for the header of face model.

(m+1l): pointer to links (machining strategy): to the lst loop.

(m+2): pointer to the lst loop.

(m+3): pointer to links to the 2nd loop.

(m+4): pointer to the 2nd loop.

(m+2n~1): pointer to links to the nth loop

(m+2n): pointer to the nth loop

(m+n+1): pointer to links to return.

Using the APTLOOP facility, all the loops (if machinable) can be

machined automatically as above. The area left between loops can

?ﬁg
%

be machined by the area clearance facility described in the

following.

8.7.1 AREA CLEARANCE
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Area clearance facility is provided as an extension to the

construction facility of GRID (see Section 4.3.10.1) for 2D or 3D
part surface. A horizontal grid of straight lines (each separated
by the amount specified by the the user indirectly) bounding that
area are generated. The area 1is defined by the two cursor
positions. ROMAPT generates a series of APT motion statement
corresponding to a zigzag path for the cutter to traverse the area
using those lines generated as drive surfaces and the boundray of
the grid as check surface. The user has the option to machine on

or within the grid. The command for this facility is as follows:

CNC CLEAR [CURSOR/ vector 1, vector 2]

Function: to <clear off an area defined by two cursor positions or

by two vectors.

8.7.2 ALGORITHM FOR AREA CLEARANCE

The algorithm for the area clearance operation 1is given 1in the

following:

1) Identify the selected part surfac (PS).

2) Read the two cursor positionms, or the two vetors, (Pl and P2)
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defining the area for clearance.

3) Generate a grid of straight 1lines (as drive surfaces) each
separated by the cutter diameter (or by the scallop distance if the

part surface is inclining or non-planar) to cover that area.

4) Move the cutter from the starting point PST to point Pl.

5) Move the cutter to traverse the area in a zigzag path using the

lines within the grid as drive surfaces and the grid as check

surface.

6) Return the cutter to the starting point.

7) Stop-.

8.7.3 MACHINING OF HOLE

The machining of hole facility in APT is an extension of the HOLE

command (see Section 7.3.1).

To provide further flexiblity 1in machining holes, two offset
quantities are allowed (OFFl and OFF2). The machining starts from
the starting point PST to the centre Pl of the top circular edge
plus the first offset (Pl + OFF1) to the centre P2 of the bottom
circular edge minus the second offset (P2 - OFF2). The cutter is
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then retracted to Pl + OFFl before return to the starting point

PST.

8.7.4 ALGORITHM OF MACHINING HOLE

The algorithm for machining holes is given in the following:

1) Identify the selected part surface.

2) Identify the top and bottom circluar edges Cl and C2 and their

centres Pl and P2 (of the hole specified).

3) Get the cutter radius r.

4) Read the two cutter offsets OFFl and OFF2.

5) Offset Pl and P2 by OFFl and OFF2 respectively.

6) Start machining from the start point PST to Pl + OFF1.

7) Move the cutter from Pl + OFFl to P2 - OFFZ.

8) Retract the cutter from P2 - OFF2 to Pl + OFFl.

9) Return the cutter to PST.
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10) Repeat steps (2) to (9) for other holes specified.

11) Stop.

8.8 FACE MILLING

As an alternative, a face can be machined using the method

developed in MACHINE.

The face milling facility is an extension of the MACHINE facility

(see Section 7.3.3) to generate APT motion statements to machine

the selected 2D or 3D faces.

The cut vector is translated in straight 1line tracks (as check
surfaces) for 2D part surface or into cut planes (as check

surfaces) for 3D part surface.

All the intersection points between the cut vectors and the loops
of the face are stored in the order they occur (in array POI)
together with their edges (where intersection occur) or adjacent

faces if raised (in array FINT).

The intersection points together with their associated edges or
faces are re-ordered in ascending order according to the wvector
distance of the intersection points and the initial cutter
position. The APT motion statements are output using the
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intersection point, Pint, as direction, i.e.

INDIRP / Pint

The cut wvector is used as drive surface. The selected face is the
part surface. The associated edge or face of the intersection
point is wused as the check surface. The machining starts with the
lst intersection point to the 2nd. The cutter then retracts to a
specified height, moves over to the top of the subsequent
intersection (3rd) point. Machining resumes on this point to the
next (4th) intersection point. This process continues until all
intersection points have been processed. The whole procedure 1is

then repeated for the next cut vector until the whole face is

machined.

8.8.1 ALGORITHM FOR FACE MILLING

The algorithm of MACHINE is given in the following:

1) Identify the selected part surface (PS).

2) Identify the cutter definition and its radius r.

3) Identify all loops in the face.

4) Identify the edge E for generating cut vectors v.
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5) Calculate the region offset function Or of the PS.

6) If Or is not machinable, stop.

7) All intersections between the cut vectors and the edges in the
loops of the face are calculated. (Hole loops are ignored. Cut

vectors for parallel edges are appropriately ad justed.)
8) Sort the intersection points in an ascending order according to
the vector distance of the 1intersection point and the initial

cutter position.

9) Move the cutter to the lst intersection point to the 2nd point,

using the cut vector as the drive surface.

10) Retract cutter and move it over to the top of the next

intersection point.

11) Resume machining on this point to the subsequent point.

12) Repeat steps (10) to (11) for other intersection points of the

current cut vector.

13) Repeat steps (7) to (12) for other cut vector until the whole

face is machined.

14) Stop.




8.9 OBJECT MODEL (FINISHING)

The face model can be further extended to represent a complete

ob ject.

The object model can be wused to represent a finished (i.e.

machined) object. The data is stored in an array (OBJECT) and its

items are in the following:

(1): pointer to the object.

(2): no. of faces n.

(3): pointer to tool.

(4): pointer to feed rate.

(5): pointer to speed.

(m): the last record of the header.

(m+1): pointer to links (machining strategy) to the Ist face (from
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the starting point).

(m+2): pointer to the lst face.

(m+3): pointer to links to the 2nd face.

(m+4): pointer to the 2nd face.

(m+2n~1): pointer to links to the nth face.

(m+2n): pointer to the nth face.

(m+2n+1): pointer to links to return (to the starting point).

8.9.1 BLOCK MODEL (ROUGHING)

The block model can be wused to represent the blank block of the
original stock for roughing machining. The data is stored 1in an

array (BLOCK) and its elements are described in the following:

(1): pointer to block.

(2): pointer to object.
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(3) no. of volume features n (see Section 6.2)

(4) pointer to tool.

(5) pointer to feed rate.

(6) pointer to speed.

(m): the last record of the header.

(m+1): pointer to links (machining strategy) to the lst volume

feature (from the starting point).

(m+2): pointer to the lst volume feature.

(m+3): pointer to links to the 2nd volume feature.
(m+4): pointer to the 2nd volume feature.

(m+2n—l): pointer to links to the nth volume feature.
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(m+2n): pointer to the nth volume feature.

(m+2n+l): pointer to links to return (to the starting point).

The above various models. i.e. 1loop. face, object and block are

data models of the machining model MM. (see Section 6.3).

8.10 DEVELOPMENT AND RESULTS

The main effort of this research lies on the development of the
above mentioned theory and the implementation of the software

(ROMAPT) based on the theory.

To demonstrate the applicability of the above theory, an
engineering part has been created by using ROMULUS and then the
geometric model 1is machined by using ROMAPT to generate the cutter

path automatically.

The details of the design and manufacturing of the part is given in

Chapter 9.
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FIGURE 8 1: Contouring example
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FIGURE 8 2 Point method
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FIGURE 8 3a° Normal case of point method
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FIGURE 8 4: Tangential case
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FIGURE 8 5a Direction function (same sense)
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FIGURE 8.6a* Problem case of normal rules
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FIGURE 8.7a: Correlation function (same sense)
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An element of the loop model

FIGURE 8.8
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FIGURE 8.9 Special concave case
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FIGURE 8.10a: Omit case (radius too small)
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FIGURE 8.1la " Double function (convex edge)
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FIGURE 8.11lc Double function (two possible positions)
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FIGURE 8 .12a Segment function
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FIGURE 8 12b Segment function (two possible
positions when h > 2r
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FIGURE 8.13a° APT thickness statement example
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Pocketing via thickness statement

FIGURE 8.13b
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9. WORKED EXAMPLE OF ROMAPT

To demonstrate the capability of the ROMAPT CAD/CAM system. an
engineering part has been created by wusing ROMULUS and the the
geometric model is machined by using ROMAPT to generate the cutter

path automatically (Figure 9.1). The following describes how the

part is designed.

9.1. DESIGN

A face of the part can be defined as a set of ordered lines joining

various points in a closed manner:

LINE point 1 point 2

(meaning: join point 1 and point 2 by a straight line.)

LINE TO point 3

(meaning© join point 2 and point 3 by a straight line.)

LINE TO point 1

(meaning* complete the loop by joining a straight line to the
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first point. point 1.)

The straight line type used above can be circular arc type.

The above procedure is shown in Figure 9.2 and the face (F0)

created is shown in Figure 9.3.

The face FO is then “swept” (i.e. linear sweep) along a vector
direction (in this case. the X-axis) to give it a solid volume

(Figure 9.4).

To complete the design, 3 extra shapes i.e. 1 rectangular block

and 2 cylinders are needed ( as shown in Figures 9.5, 9.6 and 9.7).

Rectangular block primitive can be created by the command:

CUBE point x, yv. z

where,
point: is the centre of the bottom face of the cube.
X, y. z: 1is the dimension of the cube in X- Y- Z-axis.

Cylinders can be created by the command:

CYLINDER point r 1
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where,

point: is the centre of the bottom face of the cylinder.

r: 1is the radius of the cylinder.

1: is the height of the cylinder.

These extra shapes are then “added” to the original body (via the

Boolean operation) as shown in Figures 9.8, 9.9 and 9.10.

The completed part and its hidden line view, orthogonal wire-frame
projections, silhouette and sectioning view are shown in Figures

9.11 to 9.17 respectively. As can be seen the part can be built up

very easily.

9.2 AUTOMATIC APT GEOMETRY GENERATION FOR THE ENGINEERING PART

The name of various faces of the part can be labelled as shown in
Figures 9.18 and 9.19. The APT geometry statement of a top face
(F1) of the Body Machining part can be generated by the following

commands:

APTENQUIRE F1

(meaning: output APT geometry statement for face F1.)
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APTENQUIRE POINT Fl1

(meaning: output APT geometry statments for all point in face Fl.)

APTENQUIRE EDGE F1

(meaning: output APT geometry statements for all edges in face
F1l.)
This is shown in Figure 9.20. Similarly any other points, edges

and faces can be output automatically.

9.3 MANUFACTURING

The workpiece for manufacturing can be a blank block of material or
precision casting (in this case, only the finishing cut is

required).

For this exercise, a blank block of aluminium 54mmX120mmX85mm 1is
used (Figure 9.21a). The NC machine used was a Cintimatic 3VT
milling machine with Acramatic 5 A controller in Aston University
(Figure 9.21b). The block is mounted and clamped as shown (Figure

9.22).

The machining plan consists of the following steps:
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1. Mill around the part along the outer profile (Figure 9.23).

2. Mill around the inner profile of the part (Figure 9.24).

3. Mill pockets as necessary.

4. Repeat the above steps for various machining depth.

9.4 CONSTRUCTION OF PLANES

As a milling machine can only cut to a certain depth,

need for the construction of a set
corresponding to the cutting depth
cutting depth 1is a fraction of the

can be generated automatically by the

CNC PLANE CURSOR

(The cursor is used to define the upper and lower

planes.)

there 1is a

of parallel horizontal planes

required. (Ususally, the

cutter radius).

command:

These planes

limits for the

The resultant planes are shown in Figures 9.25, 9.26 and 9.27.

9.5 MACHINING OF OUTER PROFILE
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The outer profile of the part can be considered to be made of 4

edges: E7, E4. E21 and E18 as shown in Figure 9.28.

The cutter path for the outer profile can be generated

automatically by the command:

PROFILE [edgel, edge2...] [LOOP] [tool] [radius] [options]

where,

[edge]: name of edges.

[LOOP]: options for the whole loop.

[tool]: options for either flat-end or ball-end cutter.

[radius]: radius of the cutter.

[options]: either the current selected face or user-defined
Z-planes.

The cutter path for cutter radius of 4.0 and 19.05 mm are shown 1Iin

Figures 9.29 and 9.30.

9.5.1 GENERATION OF APT MOTION STATEMENTS
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The relationship (topology) of various geometric entities: points,

edges and faces of the outer profile is shown in Figure 9.31.

The data structure required for the generation of APT motion

statements can be set up either manually or automatically:

CNC [LOOP] [option 1] [option 2] [optiomn 3]

where,

[LOOP]: 1is the key word for the generation of the data structure

for the loop.

[option 1]: 1indicates whether the loop is OPEN or CLOSE.

[option 2]: indicates whether the cutter is situated IN, ON, OUT

of the loop.

[option 3]: indicates whether the MANUAL or AUTOMATIC mode is
required.

The manual method allows more flexibility (to suit the
technological requirement of the machining). The manual method 1is
shown in Figure 9.32. The data structure generated is shown in
Figure 9.33. The automatic generation of the required APT motion

statement is effected by the command:

CNC [APTLOOP] [options]
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where,

[APTLOOP]: 1is a keyword for the generation of the APT motion

statement for the loop.

foption]: define either the currently selected face or

user-defined Z-planes.

The corresponding APT motion statements is shown in Figure 9.34. (
This assumes the required geometry statements have been generated

previously by using the APTENQUIRE command.)

The header, tolerance, cutter definition and end statements can be

generated by ROMAPT as shown in Figure 9.35.

Finally, post-processor, coolant, spindle and feedrate statments

can be inserted to complete the NC program. (Note that the spindle

speed and feed rate can be obtained from workshop machining

standard tables recommended by NC/tool manufacturers.)

The cutter path verification for the outer profile is shown in

Figures 9.36 and 9.37.

9.6 MACHINING OF THE INNER PROFILE
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The relationship (topology) of various geometrical entities:
points edges and faces of the inner profile is shown in Figure
9.38. The cutter path for the inner profile is generated (for a

cutter radius of 6.35 mm) as shown in Figure 9.39.

ROMAPT can also recommended a maximum cutter size for certain

critical areas (i.e. passing the gap between loops) as shown in

Figure 9.40.

9.6.1 GENERATION OF APT MOTION STATEMENTS

The data structure required for the generation of APT motion
statement for the whole loop is generated automatically as shown in
Figures 9.41 and 9.42. The APT motion statements are generated as
shown in Figure 9.43. Similarly, the APT motion statement can be
generated for the cylinder. The cutter path is shown in Figure
9.44. Finally, the task 1is completed by an area clearance

operation.

CNC CLEAR CURSOR

This is followed by the definition of the area by 2 cursor
positions (as shown in Figure 9.45). The cutter path and the APT
motion statement generated are shown in Figures 9.46a, 9.46b and

9.47.




e

The cutter path verification for the whole inner profile is shown

in Figures 9.48 and 9.49.

Note that the machining is in 2 steps each cut to a depth of 5 mm.

9.7 MACHINING OF SLANTING PLANES OF THE PART

The work piece 1is rotated 180 degree along the Y-axis and mounted
and clamped as shown in Figure 9.50. (This particular machining
strategy is adopted because of the clamping method used in the

Aston University NC Laboratory.)

As the NC machine can only cut to a depth of 5 mm each time, hence
a number of parallel horizontal planes each separated by 5 mm are

required for the machining. This is carried out as shown in Figure

9.51, 9.52 and 9.53.

For each layer, an area clearance operation is carried out as shown
in Figure 9.54. The resulting cutter path and APT motion
statements are shown in Figures 9.55 and 9.56. The whole NC cutter

path verification is shown in Figures 9.57, 9.58 and 9.59.

Finally. the two slanting planes can be machined similarly by the
area clearance operation. The cutter path verification is shown in
Figures 9.60, 9.61 and 9.62. The finished part is shown in Figure
9.63.
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9.8 3D MACHINING

To demonstrate that ROMAPT is a full 3D NC machining system, the

cutter path for a cylindrical part surface with a cylindrical

island is shown in Figures 9.64 and 9.65.

9.9 CONCLUSION

As can be seen, a working CAD/CAM system (ROMAPT) for prototype
making of Lucas engineering parts has been developed in the Lucas

Research Centre.

It is envisaged that Lucas operating companies will use this new

technology to improve the lead time for the prototype making of

their various engineering parts.
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FIGURE 9.1 Lucas Girling Part (Bodv Machining 412X6475)
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FIGURY 9.2 Ronulus procedure for creating a plannar face
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FIGURE 9.3 A planar face created by Romulus
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FIGURE 9.4

Volume (BO) generated via sweeping

300




Procedure for a rectangular block Bl
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Procedure for a cylinder B2

FIGURE 9.6
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Procedure for an other cylinder B3

FIGURE 9.7
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FIGURE 9.8 BRoolean operation BO = BO + B3

302




FIGURE 9.9

Boolean operation BO = BO + B2
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FIGURE 9 10 Boolean operation BO = BO + Bl
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FIGURE 9.11: The completed part
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FIGURE 9 12 Hidden line view

@ SILHOQUETTE -AND VISIBILITY PASS: BI
CRELETING UIEW DEPENDENT MATERIAL' Bl

308



Orthogonal wire-frame view projections
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Silhouette view
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Procedure for sectioning

FIGURE 9 15
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FIGURE 9 14 A view of the cross-section




Orthogonal views of cross-section
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FIGIRE 9 18 lahels of faces
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FIGLIRE 9.21a: A blank block (the work piece)
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FIGURE 9.21b: CINTIMATIC 3VT Milling Machine with
Acramatic 5 Controller
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FIGURE 9.22  The blank block and the finished part

po0 B8
SRES

\
=

S _ )

319




v

FIGURE 9 23

The outer profile




FIGIRE 9 24  The inner profile
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FIGURE 9.27: A perspective view of

planes generated
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The outer profile
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FIGURE 9 28  The cut

% PROFILE E7

ter path for the
radius of

outer profile
4.0 unics

for a cutter

E4 E2l B18 FLAT 4.0 Z2AKIS -33

" PROF FACE : FS

.PROF‘IHTRK» 1

'“PROF'IHTRB“ 1

. PROF FACE *'F9.

PROFINTRK : 1

 PROF INTRK : 1

- PROF CIRCLE : #277 |

PROF FARCE : F7- <
CPROF INTRK - 1 //

CPROF INTRK @ L .

. PROF FACE : F3. L

- PROF INTRK : @ //
PROF - INTRK : B

UULMERABLE MORKSPACE AT S
UULMNERABLE. WORKSPACE QT
% PROFILE E7 E4 E21 E18

PROF FACE :
. PROF INTRK
© PROF IMTRK 1
PROF FACE
© PROF IMTRK 1
PROF IMTRK ¢ 1 |
PROF CIRCLE : $277
'PROF FACE @ F7 .
 PROF INTRK : 1
PROF IHMTRK : 1
PROF FACE @ F2
PROF IHTRK : 8
PROF IMTRK @ ©

JULHERAELE HIORKSPACE AT SLOT 429, POINTER 443
UULHERAELE WORKSPACE AT SLOT 443, POINTER 457

326




o AGb MALNIOD ‘EPPLOTIS LY 3IULSHAOM FIEREIHINN0
C . Ebb ¥EINIOd ‘62p 1078 1Y 300dIHN0M 3T80E3H NN
U e— 9 ¢ NYIHMI d0dd
0 v AHALHI d404d
£4 + 3oP4 J04d
T ¢ J¥LHI. J0%d
T+ MMIMI H04d
24 : FoHd Hd0dd
2% mgomuu H03d
T ¢ HdLINI H03d
1 ¢ AYINI d0dd
64 3094 H0dd
T ¢ JMLINI d0dd
T ¢ AALNT -H08d
84 ¢ 3JY4 30dd.
4] 813/123 +3 /3 371403d %
=u LB/3054SHE0M - I18983NTINN
S mgqmnxmoz 1884 3NTINN
ya @ ¢+ MNINI JONd -
B : MNLNI H0dd
mu." 3084 - 40¥d
ST MYINT H0dd
ST MNINT -d0Nd
. mm + JOHS J0Md.
LLTS MJomHJ.uommm
T. ¢ MYINI H0¥d-
;.ﬁ.ﬁ MALNT - H0¥d -
€4 : 3064 4084
_.ﬂ tOMNINT JOMd
HELINT - 0¥
m& FAH 40N
6~ SINWZ GO'61 F«Jm 913 123 #3 43 = N

radius of 19.05 units

The cutter path for the outer profile for a cutter

.30

FIGURE 9




9.31

FIGURE

The points and edees of the outer profile
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FIGURE 9 32 The procedure for manual generation of data structure
required for the outer profile
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FIGURE 9.33 The profile data structure senerated
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FIGURE 9.34: The APT

motion statments generated for the profile
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FIGURE 9.35 The generation of header. tolerance. cutter definition

and end statements.
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[ FIGURE 9 36 The cutter path verification (plane view) of the
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FIGURE 9.37 The cutter path verification (perspective view)
of the outer profile.
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FIGURE 9.39 The cutter path generated for the

. AFTLRBEL E7

SELECT Fl@-

¥ CNC CUT FLRT

PROF FRCE

. F8.
“PROFBY EDGE +

5.35
T S5hee
& PROFILE E7 LOOP FLaT 6. 35 CUR

. s21

336

inner profile




FIGURE 9 40 Automatic estimation of cutter size
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FIGURE 9.41 The procedure for the automatic generation of
the data structure required for the inner profile
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FIGURE 9.%42 The data structure gen
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The automatic generation of APT motion statements
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FIGURE 9

for the inner profile
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The cutter path generated for the inner profile

’
L4

FIGURE 9.

14 3794 408d
MND GE°9 L84 £3 T11408d .
T TT2e s« 3903 Addoud

ogd.: 30Wd Hodd.

m:u mmeHPQJm,mOOJ =3 MJHwomm«

BEBSL "9

el 1674 103 o3
- o ua

341




Procedure for area clearance

FIGURE 9.45
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FIGURE 9.46a:

The cutter path generated for

aArea clearance
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FIGLRE 9.47 The APT motion statements generated for the area clearance
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FIGURE 9.48 The cutter path verification (plane view) for the
whole inner profile




FIGURE 9.4G: The cutter path verification (perspective view)
for the whole inner profile
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Procedure for gencrating narallel horizontal planes

FIGURE 9.51:
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Planes generated
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planes generated

of

Perspective view

FIGURE 9.53
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Procedure for laver clearance
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FIGURE 9.55 The cutter path pattern

layer clearance

is generated for f
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The corresponding APT motion statements is geﬂerated'f
for the .layer :clearance ’
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FIGURE 9.57

The cutter path verification (plane view)
workpiece
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FIGURE 9.58 The cutter path verification (side view) of the
workpiece
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FIGURE 9.59: The cutter path verification (perspective view)
of the workpiece
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FIGURE 9.60 The cutter path verification (plane ‘view) of ‘the
slanting planes
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FIGURE 9.A1: The cutter path verification (side view) of the
slanting planes
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FIGURE 9.62 The cutter path verification (perspective view)
of the slanting planes.
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FIGURE 9.63° The finished

part
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FIGURE Q.65 The cutter path generated automatically for the
cvlindrical face
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10. CONCLUSLON

This thesis investigates the link between geometric models anda NC. As a

result, a number of conclusions can be drawn.

1) The data structure of the geometric model can be constructed to suit

the (conflicting) requirements of data storage and computing speed.

2) Comparing with other geometry representation schemes, the evaluated
boundary representation geometric models, with all adjacent entities
stored, are more suited for NC applications. As NC applications often

require direct access to faces, edges and their adjacencies.

3) To allow for the diversity of possible manufacturing processes and
machining strategies that may be used, the KOMAPT (stage 1) system is
designed to output APT geometry statements and the wuser supplies the
motion statements to complete the part program. As ‘the output is
readable to the NC programmer, he can check and edit the program- to.sult
the task wusing his experience and expertise. Using this approacn,'tﬁe
error—-prone process of decoding geometry manually 1is elimiﬁated ana
allows the wuser to concentrate on machining strategy rather\ﬁhaﬁ.

geometry. KROMAPT is compatible with APT-AC, APT4 and CAMI SSR1 systems.

4) For portability, a modeller-independent version of KUMAPT is possible

using the CAMI Application Interface (i.e. AIAPT).

5) Automation of NC for geometric models is not feasible without knowing
whether the model is machinable or not. Consequently, the concept of
machinable features and models is introduced to define whether — a modeii
is machinable or not. The classification of milling operation-into

profiling, pocketing and facing (and their associated features) has. been

found practical.



) To provide more automation for Né;ia ééé{Q;*CULCer’ . funétions
have been introduced. These functions havefBeeﬂ S;ccessfully applied ;0
produce NC tape for 2 1/2 D and limited 3D parts. For general 3D parts,
although the algorithms should be applicable, it would reéuire a'

development effort far exceeding the scope of this work. A side product

of this effort is a NC cutter path graphic generator for 2 1/2D parts.

7) The above leads to the conclusion to carry on with the work on ROMAPT
to generate a complete APT part program. Hence, a facility to genérate
APT cutter motion statements is required. To generate APT cutter motion
statements automatically, a simple expert system type approach is used
in ROMAPT (stage 2). To enable more efficient computing, various data
models (i.e. LOOP, FACE and OBJECT) are introduced. The validity of
this approach is verified by the successful machining of a real

engineering part in aluminium.

It has been demonstrated above that both the theory and algorithms
developed by the author for computer aided manufacturing of 3D solid

geometric models via NC are both valid and applicable.

10.1 DISCUSSION

ROAMPT is a first step in linking a geometric modelling system to a NC

system directly in an integrated manner. Indeed, the full benefits of

CAD/CAM can only be realized if all different components of CAD and CAM

can be totally integrated (i.e. computer integrated manufacturing CIM).

The justification of CAD/CAM system should not be piecemeal automation

but total integration.

10.1.1 ECONOMIC

In traditional NC programming. approximately 20 percent of errors

(due to ambiguous engineering drawing, outdated drawing or

misinterpretaion, typing error etc) are attributed to geometry

Using the automatic APT

ArA~cccino particlarly for complex parts.



geometry source statement facility . in - ROMAPT.

most .. of these

geometry errors can be eliminated. This facility is beneficial to

both experienced and inexperienced NC programmers.

Using the automatic machining facilities in ROMAPT, a relatively

inexperience APT NC programmer can produce working APT part

programm quicker.

The main advantages of using ROMAPT is really apparent during the

prototype making stages where lead time can be improved
considerably. For certain new designs, the 1lead time <can be
shortened from 4 - 6 weeks to 2 - 3 weeks. 1In some circumstances,

that is where a contract can be won or lost.

With further development of ROMAPT in machining technology, ROMAPT

may eventually be used for tooling purposes.

10.2 FUTURE WORK

The future possible development of ROMAPT is suggested in the

following.

10.2.1 COMPACT TII
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In NC machining, aparting from APT, COMPACT II is

another:«popular’

NC controlling language.

Based on the theory and algorithms developed in ROMAPT, A COMPACT

II version of ROMAPT can be developed. Hence, the two most popular

NC languages APT and COMPACT II can both be handled by ROMAPT.

The algorithm for scanning the geometric model would be similar to
that of APTALL. APTOPTIMAL and APTENQUIRE (see Secions 4.3.8.2 and

8.6) except corresponding COMPACT II language would be output

instead.

10.2.2 LATHE APPLICATION

It can be seen clearly that by using the above mentioned functions,
an automatic NC cutter path generator can be developed for any type

of machining: drilling, turning and milling.

In lathe applications, it is usually a combination of roughing and
profiling operations. It is expected that theory and technique
developed in ROMAPT for milling, especially the automatic profiling

(PROFILE) and regional milling (MACHINE) can be applied to turning

as well.

The volume generated by subtracting the finished part from the

stock (i.e feature volume, See Section 6.2) 1is the material
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needed to be removed. A sectioning (along the axis of symmetry) on

the volume reveals that a combination of roughing cuts and a

finishing profiling cut are required.

The MACHINE command can be modified to perform roughing for a
turning part and the PROFILE or APTLOOP cammand can be modified for

finishing cuts of contouring (see Sections 7.3.2, 7.3.3, 8.6 and

8.8).

10.2.3 5-AXIS MACHINING

The theory and algorithms in ROMAPT can be further developed for

5—axis machining applications.

For analytical part surfaces, the 5-axis machining application 1is

envisaged to be developed along the following steps.

1) The APT geometry of the part surface can be generated by using

the ROMAPT facility (see Section 4.3.8):

APTENQUIRE face

2) The surface normal at a given point can be calculated wusing a

ROMULUS subroutine NORMFA (42):

NORMFA (ANORM, FA, CO)
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where,

ANORM: normal to face.

FA: face name.

CO- co-ordinates of point at which normal is computed.

3) The cutter axis can be oriented along a surface normal v as in

the following APT statement (29):

TLAXIS / [vector v/ a, b, c]

where,
v: is the vector defining the surface normal.
a, b, ¢: 1is the co-ordinate of a vector.

4y To develop an algorithm to use the information provided by steps

(1) to (3) to machine a continuous 3D path on a 5-axis machine.

10.2.4 LINKING TO COMPUTER AIDED PROCESS PLANNING (CAPP) SYSTEM

The capability of the ROMAPT system can be further extended by
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linking it to a computer aided process planning (CAPP) system to

provide ROMAPT with most of the manufacturing and machining

technology required.

An integrated CAPP and ROMAPT system would have the capability to

make process planning decision such as tool selection, sequence

planning and machinability (see Section 4.2).

Thus, a more practical NC machining strategy function Si and the
linking function Li (see Section 6.5) can then be developed to

provide further automation for NC applications.

10.2.5 REPLACEMENT OF APT ARELEM BY A GEOMETRIC MODELLER

Most of the ambiguities and unreliabilities of APT processing are
caused by the arithmetic element (ARELEM) proceesor. The
replacement of ARELEM by a bounded 3D solid modelling processor

would resolve the above problem.

All subroutine calls to the ARELEM processor would be replaced by

calls to the geometric modelling routines instead. This can

perhaps be implemented via call to the Application Interface (see

Section 2.6).

This system is then a truly bounded NC processor.
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10.2.6 RULE BASED SYSTEM

The intelligent data processing capability in ROMAPT (see Section
8.4.2) can perhaps be extended or replaced by formal rule based

artifical intelligent processor (LIST or PROLOG) to further improve

its intelligence.

The intelligent data processing subroutines in ROMAPT may be
replaced by routines written in LIST or PROLOG which handles all

rule based calculations.

This extension will certainly strengthen the possible link between

ROMAPT and a CAPP system.

10.2.7 ROBOTIC APPLICATIONS

A combination of the theoretic ground work of ROMAPT (see Section
8.2.6) and an artifical intelligence processor may eventually led
more intelligent and precise positional and

to development of

directional controller for robots ( perhaps as intelligent tool or

part handlers feeding a flexible machining system (FMS)).

10.3 EXTENSION OF ROMAPT TO SCULPTURED SURFACE
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The current trend of development in geometric ‘modelling is ' such

that sculptured surface will be incorporated into solid modeller

very soon. It is therefore relevant to describe briefly how ROMAPT

can be extended to handle sculptured surfaces.

10.3.1 REPRESENTATION OF SCULPTURED SURFACE

As discussed in Section 2.2, the representation of sculptured

surface could be any of the three major representations: Coons,

Bezier or B-spline method.

Perhaps, the analytical surfaces of an object can be modelled via
the usual solid modelling technique discussed in Section 2.5. A
face (or a set of faces) of the object is then modified or replaced

to become a sculptured surface.

10.3.2 PARAMETRIC MACHINING OF SCULPTURED SURFACE

The usual method of machining sculptured surface of bi-cubic
parametric representation (F(s,t)) is by parametric machining. The
cutter path is calculated by the cutter (ball—ended) offset of a
general point on the surface defined by specific values of the two

parameters s and t i.e. 0<s <1, 0 <t <K 1.
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The main disadvantage of this method is the difficulty of

controlling machining accuracy. Very often it results in

over—cutting in one region and under-cutting in another region.

10.3.3 MACHINING OF SCULPTURED SURFACE IN APT

The following discussion of machining of sculptured surface in APT

is based on the work of CADAPT (48) (see Section 3.2).
To machine the part defined as sculptured surface, the APT system

needs to know the minimum distance along a given direction from the

cutter to the surface (i.e. minimum directive distance).

10.3.4 CALCULATION OF MINIMUM DIRECTIVE DISTANCE

With reference to Figure 10.1, let

r0: position vector of cutter.

n: direction vector of cutter.

k: scalar.

rl (u, v): any point on the patch such that
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0 <u<l

0 <v<l

Let the vector distance between the cutter and a general point on

the patch to be defined as:

r = r0 + kn

The distance ( d ) between r and rl is given by:

r —rl =r0+%kn - rl (u, v)

The modulus is

d=/ 10+ kn - rl (u v)/

The square of the modulus is:

2.
/ r0 + kn - rl (u, v) /

(oW
>

(o}
il

Let £

It
[a®

x d

Tt can be seen that if d = 0. then r = rl, i.e.
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r0 + kn = rl (u, v)

Hence k is the minimum directive distance required.

It is a minimization of f with respect to u, v, k so that f tends

to 0 and d tends to O.

A minimization is reached if

8f / Bu = 0, 8f / 8v = 0, and 8f / Bk = 0

subject to the constraints:

0 <u<xl

D <Cv<Kl1

k>0

Let
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then the above equation can be re-written in matrix form:

gf / 8X = O

Using Taylor”s series:

£ (X*) = £ (X) + £7(X)(X*=X) + £77(X) (X*=X) (X*-X)/2! +

Differentiate the above equation w.r.t. X (and ignoring higher

order terms):

0 = £7(X) + £77(X)(X*=X) - £7(X)(X*-X) (X*-X)

Taking the limit for a minimum:

f7 (X) tends to O

X* tends to O

X* - X tends to O

Hence the term f~(X)(X*-X) can be ignored, i.e.

0 = £7(X) + £77(X)(X*-X)

X* = X - £7 (X)/ £77 (X)
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Xk = X - g (X) / G (X)

(xy =8¢/ su |

gf / Bu

s / sk ]

is the Gradiant vector.

G (X) = S £/ B u 5 £/Su &V
Z
§ f/su Bv g f/ 8 v
L § f/Su bk g f/8v bk

is the Hessian matrix.

A feasible initial value for X can be:

X = 0.0

0.0

3717

& f/6u Bk

6 £/8v bk

2
g £/ 8 k




E
:
-
i
|

Then the equation X* = X -~ g (X)/ G (X) can be used to iterate to

the required solution X*.

10.3.5 INTERFACE TO SSR1 REGIONAL MILLING CAPABILITIES

As a possible alternative, the machining of sculptured surface can
be accomplished by output regional milling statements of SSR1  (31)

via ROMAPT s extended pocketing facilities (see Section 4.3.11)
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FIGURE 10.1: Minimum directive distance
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ROMAPT COMMANDS SUMMARY -

A) GRAPHICS
VI2

Function® to view the object on the tektronic screen.

yI2 [WINDOW]

1

Function: To window on a portion of the screen via two CUISOEL

positions.

VI2 [RELEASE / SET]

Function: To release the window or set to the original perspective

view.

V12 [SHIFT] [x, vy z]

Function: To shift the view by a vector in the x-y plane.
SELECT face

SELECT face [LOOP] n

To select a face or a loop within a face for operation.
SELPLOT face [LOOP] n

Function: to select a face or a loop within a face for plotting.
APTLABEL [FACE/ POINT/ EDGE]

Function: To label all faces, or points, or edges.
APTLABEL [POINT/ EDGE] face [LOOP] n

Function: To label all points oT edges of the loop 1 of
specified.

B) FILE HANDLING
FILE name [CM/ MM/ INCH]

Function: To output machining data to file name.

CLOSE name

. P s e .
Function: To close machinine file SpeClLLEd

face



OUTPUT nane
Function: To output APT statements to file name.
oUTPUT

ion: close abo i - ;
Function To ve file and message switches back to screen.

C) GEOMETRY

APTALL body

Function: To output all APT geometry statements of the body.
APTOPT IMAL body

Function: To output APT geoemetry statements (minimized) necessary for
the machining of a 2 1/2 D part.

APTENQUIRE [FACE/ POINT/ EDGE/ TRACK/ SURFACE]

Function: To output APT geometry for all faces. or points, or edges,
or tracks or surfaces.

APTENQUIRE [face/ point/ edge/ track/ surface]

Function: To output the APT geometry of the face, or point, or edge,
or track or surface.

APTENQUIRE [POINT/ EDGE] face [LOOP] n

Function: To output APT geometry of all points or edges of loop n of a
face.

APTINFORM

Function: APTINFORM is same 2as APTENQUIRE except the geometry is
pseudo~APT statement. This facility provides APT-like information for
users

GENERATE

Function: To generate all labels in the geometric model in a
consecutive manner.

CANCEL (FACE/ POINT/ EDCE/ TRACK/ SURFACE]

- ) - ¢ or
Function: To cancel labels of all faces, oOr points, or edges.
tracks, or surfaces.

QL




CANCEL [face/ noint/ edge/ track/ surface)

runction: To cancel label of a face, or point. or edge. or track. or
surface.

CONVENTION

Function: To convert all labels in an APT-like convention, i.e.,

L: for straight lines.

c- for circles

CNC EDIT [APT statewments]

Function: To input user’s APT statements.

D) CONSTRUCTION GEOMETRY

CNC GRID [CURSOR/ vector 1. vector 2]

Function: To define a horizontal grid of straight lines (each
separated by the amount specified by the user via the cutter

definition) for area clearance operation in NC applications.

CNC PLANE [CURSOR/ height]

Function: To generate a set of parallel planes (each separated by the
amount specified by the user via the cutter definition) to a horizontal
base plane for roughing application.

CL2 [TRACK/ SURFACE]

Function: To view all tracks or surfaces generated.

CL2 [track/ surface]

Function: To view a track or suriace.

E) MACHINING
CNC [CUTTER] (FLAT/ BALL] radius
Function: To define the cutter size.

CNC (HEADER/ MACHINE/ END]

Function: To output default 4oT statements for the header section, oOr

an T

machine section oOFr end statect

387




cNC RETRACT height

punction: To define the retracting height for the cutter.

cNC [TOLERANCE] intol outtol

function: To define the tolerances intol and outtol for APT
processing.

CNC [SCALLOP/ 52/ SOFF]

runction: To activate the scallop calculation, or half the scallop, or
switch scallop calculation of.

CNC [POINT/ DISTANCE] [CURSOR]

runction: To find out the co-ordiantes of a point, or a distance
between two specified points.

CNC [POCKET) [CURSOR/ CURRENT/ PSURF/ POINT/ ZAXIS/ SET]

Function: To output APT POCKET statements with the following options:
1) CURRENT® pocket on the currently selected face.

2) PSURF: pocket on user—generated planes.

3) POINT: pocket on points given (maximum 20, covex polygon).

4) ZAXIS: pocket on user defined Z-planes.

5) SET: user can redefine all defzult values of the pocket.

CNC [SET) point vector
Function: To change the point co-ordinate by a vector.

CNC (REGIONAL) [TO, ON, PAST]

Function: To set options for machining TO, ON or p4ST the boundary of

an area clearance operation.

CNC [REGIONAL] (POINT/ EDGE]
Function: To use either next point or edge as guide for the direction
of the next move of the cutter:

CNC [AREA/ CLEAR/ LAYER] [CURSOR/ veccor 1, vector 2]

. Aot r two vecto with
Function: To clear off an arcs defined by cursor or [wo Vvecrors .

he f . ;
the following optlons:




B s e

1) ARZA for trial run only and traick

2) CLEAS to clear the area in the face with APT statements generated
automatically.

3) LAYER- same as CLEAR but operates on user-generated planes.

PROFILE [edge 1...edge n] [LOOP] [FLAT/ BALL] radius [CURRENT/ ZAXIS/

PSURF]

Function: To generate a cutter path for a profile of a 2 1/2 D part.
CNC [LOOP] [OPEN/ CLOSE] [OUT/ 0N/ IN] [MANUAL/ AUTO)

Function: To generate the data necessary for the machining of the

profile in APT. The loop can be defined as OPEN or CLOSE. The cutter

can be placed OUTside, ON or INside the loop. The data can be
generated either MANually or AUTOmatically.

CNC [APTLOOP) [CURRENT/ PSURF/ CONSTRUCT/ ZPLANE]

-

Function: To output a set of APT motion statements automatically for
the machining of the profile with the following options:

1) CURREMNT: to operate on a currently selected face.
2) PSURF- to operate on a face.
3) CONSTRUCT: to operate on a user-generated plane.

4) ZPLANE: to operate on a user defined Z-plane.

MACHINE face edge [FLAT/ BALL] radius [ON/ TO/ PAST]

Function: To generate automatically both the cutter path and the
corresponding APT statements for the machining of the face along the
direction given by edge and cut to the boundary as specified by the
options ON, TO or PAST.
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APPENDTX 3

ROMAPT: A new link

hetween CAD and CAM

BT F Chan

As systems for CAD and production of mechanical parts
have developed, there has arisen a need for techniques for
the comprehensive description of the desired part, including
its 3D shape. It is desirable for links to be established between
these geometric modellers and machining programs.

Currently, unbounded APT and some bounded geometry
systems are being widely used in manufacturing industry for
machining operations such as: milling, drilling, boring and
turning, applied mainly to engineering parts. APT systems,
however, are presently only linked to wire-frame drafting
systems. The combination of a geometric modeller and APT
will provide a powerful manufacturing system for industry
from the initial design right through part manufacture using
NC machines.

This paper describes a recently developed interface
(ROMAPT) between a bounded geometry modeller
(ROMULUS) and an unbounded NC processor (APT)

computer-aided design, computer-aided manufacture, geometric
modelling

The use of numerically controlled machine tools is now
firmly established within the manufacturing industry.
Design and manufacturing systems based on an increased
armoury of mathematical techniques for manipulating
shapes by computer will greatly increase the use and effect-
iveln”eass of numerically controlled machine tools from now
on' ™,

One aspect of this armoury, namely, the advent of
geometric modelling* ™ techniques for the description and
manipulation of 3D shapes should further this effectiveness’.
Itis essential therefore, to establish a link between geometric
modelling and NC machine tools to provide an integrated
CADCAM system.

_ However most geometric modelling systems are bounded
in the mathematical sense, ic lines and planes are finite*,
whereas the controlling computer language for many NC
machine tools, namely APT, is unbounded, ie lines and
plancs are infinite®. The following describes the recently
developed software interface (ROMAPT) between a bounded
gtometric modeller (ROMULUS of Shape Data Limited) and
Inunbounded NC processor (APT).

DESIGN CONCEPT

The most straightforward approach is to design 2 bounded

N - . . i }
“{C Processor to interface with a bounded geometric modeller.
f Ova . . . ‘
.Oi““kr, the manufacturing industry has invested substan-
Uy - . . .. 1

v over the years in APT and similar NC processors. fris

Eagineer; ; . i
C dneering Department, Engincering Computing, Lucas Researcn
enyy Sirle . ! ) ; . ,

e Shirley | Solihull, West Midlands 890 4], UK

very unlikely that the industry would be willing to shed this
investment instantly. The alternative approach is to design a
link between a bounded geometric modeller and an un-
bounded NC processor like APT,

There are two possible approaches to the design of the
interface.

Low level (CLFILE)

Assuming a particular machining strategy and manufacturing
process are decided, the output of the interface can be an
APT compatible CLFILE which can be post-processed to
generate NC tapes. However, the development and debugging
cost of using this approach on a 3D geometric modeller will
be considerable. As the output is a CLFILE which is unread-
able to the NC programmer, he cannot check conveniently
whether the program has performed correctly or not. It is
this difficulty of use that prevents some potentially good
systems from being used more widely.

Higher level (APT source)

Alternativély, to allow for the diversity of possible machin-
ing strategies and manufacturing processes that may be used,
the interface can be designed to output APT geometric
source statements. In this case the output is readable to the
NC programmer; he can check and edit the APT source to
suit the task. Conceptually, this approach is very straight-
forward and easy to use and offers a much lower develop-
ment cost in comparison to the first approach. Thus, the
second approach was adopted with the following objectives:
e to provide an easy-to-use interface ’ ‘
e to enable the NC programmer to understand the geometric
model better
e 1o provide APT geometric source statements as required

Within Lucas Industries, there is a substantial investment in
APT and with it a concomitant pool of NC programming
expertise. With due consideration for the above mentioned
factors, the ROMAPT system was designed to convert
bounded geometric information held in the geometric model-
ler to standard unbounded APT geometry statements. The
experience and expertise of the NC programmer is then used
to complete the NC part program. This further allows the

NC programmer to concentrate on the machining strategy

rather than the geometry.

ROMAPT SYSTEM CAPABILITY

Traditionally, an NC programmer is given a set of engineer-
ing drawings of the part he wishes to make. He has to under-
stand and interpret the drawings accurately before he pro-
cceds to write his NC part program. This is where much time
is consumed and many errors are possible.

~e 2 00 1982 Bunerwornin & Co ‘Publishers) Ltd 261



with 2 geometric modeller, in addition to the
cering drawings given, will help 1o lessen these

5. However, the NC programmer needs to be able
d understand the part given in the form of a geo-
defined by a data structure'®.

\'l.'orkiﬂg
N O” englh

dfawbSCk
o query &M
metric model

Manipulation

sypplementary tO the manipulati(g)?ofacilities (ie rgtation,
siewing) provided by ROMULUS™™, furthe’r manipulating
fcilities have been developed to help a user’s ur@erstanding
of the geometric model. All these additional facilities help a
user to generate APT geometry s'tatcments for a component.
These extra commands are described below:

VIEW: allows viewing of the object via a display screen
ROTATE: allows rotation of the object at will

SCALE: allows scaling of the object

PROJECT: allows views of third angle projections,
similar to a conventional engineering drawing

o GENERATE: generates name for unnamed geometric
entities (points, edges, faces). The following naming con-
ventions are used: P for points, E for edges and F for

faces
o CANCEL: cancels name(s) of geometric entities (point,

edge, face)

o LABEL: labels name(s) of required geometric entities
(point, edge, face) on a display drawing

» ENQUIRE: outputs required geometric information of
the model of the part . )

e SHIFT: shifts the picture on display in X and Y direc-
tions

o WINDOW: provides windowing facilities on current view,
< that a2 more complex geometric model can be handled

Geometry statement generation

The ROMAPT program scans through the data structure held
in the geometric model in a systematic manner : first the
body is scanned, then the faces, followed by the points and
edges (shown in Figure 1). This geometric data (bounded) is

then converted into standard APT geometry format (unboun-

ded) (Figure 2 and Figure 3). The APT geometric statements
fqr a component are output according to the hierarchy in
Figure 1. The components are processed individually. For
each component (ie a body), the APT geometric definition
for every face will be output and its associated points and
lines will be output accordingly in a systematic manner.

‘Standard APT-AC® geometric definitions are employed,
sinthe following exaimples:

¢ Points:
P1=POINT/x, y, z

The point P1 is given in (x, v, z) co-ordinates.

Body

|

Faces

TN

Bor
oints Edqges

r/m
Qure 1 1 ) ‘ ‘
rerarchy of geometric entities

oy

Vertex |

Face 2

T Face 3

3 -

Vertex 2

Point

Figure 2. Bounded geometric model

|
|
I
Line | { Plane |
B
!
I
P |
ane 2 .
P Point
// \\
//// \\\
/// \\\
Plane 3

Figure 3. Unbounded geometric model

e Edges:
E1 = LINE/P1, P2
E1 is a straight line defined between point P1 and point
P2.

E2P = POINT/x, y, Z
E2 = CIRCLE/CENTER, E2P, RADIUS, t

$$ P1TO P2

£7 is a circular arc or a circle defined between point P1
and point P2 with centre at E2P(x, y, z) and radius of t

units.
£3 = ELLIPS/INTOF, F1, F3
%% P3 TO P4

E3 is an ellipse between point P3 and point P4 and is
defined by the intersection of plane F1 and cylinder F3.

e Faces:
F1P = POINT/X, v, 2
F1V = VECTOR/u, v, w
F1 = PLANE/F1P, PERPTO, F1V

F1 is a plane defined by a point on the planc at F1pP
(x, v, z) and the normal Lo the plane : vector F1V(u, v, w).

computer-aided design




/

can oz ‘r)L‘”\l AT

[ :[\ SAVECTOR U v

£ = CYLNDR/F3PL IV
F3 isacylind
cylinder axis ane
Jxis and the radius
F4P = POINT/X, Y, ¢

F4V = VECTOR/u, v, W

F4=CONE/F4P, Fav, d

F4isacone defined by the vertex point F4P(x, vy, ), the
axis vector F4V(u, v, w) and the half-angle (d) of the
vertex of the cone.

Fsp=POINT/X, v, 2.

FS:SPHERE/CENTER, F5P, RADIUS, r

£5is a sphere defined by the centre FSP(x,y, z) and the
radius ().

£6P = POINT/X, v, Z
F6V = VECTOR/u, v, w
F6=TORUS/F6P, F6V, 11,2

F6 is a torus defined by the centre point F6P(x, v, z), the
axis vector F6V(u, v, w), the major radius (r1) and the

minor radius (r2).

er defined by a point F3P(x, v, z) on the
and a vector F3V(u, v, w) along the cylinder
(1) of the cylinder.

The ROMAPT interface consists mainly of 3 commands in
3 different modes of operations:

o APTALL (dump mode): generates APT geometric state-
ments for all geometric entities of the body cencerned.

o APTOPTIMAL (optimized mode): generates an optimal
set of APT geometric statements (mainly for 2%2D parts).

¢ APTENQUIRE (interactive mode): generates APT
statements for requested geometric entities interactively
to enable an NC programmer to select the minimum set of
APT geometric statements for the component concerned.

SYSTEM IMPLEMENTATION

The ROMAPT system is currently coded in standard Fortran
[ANSI X3.9-1966) and implemented on a PRIME 400
computer.

MODES OF OPERATION

AnNC programmer can use APTALL to generate a com-
plete definition of the geometric model in standard APT
§eometry statements for each and every geometric entity of
the model.

Anoptimal set of geometric statements necessary for the
Ncipr(’gfamming can be obtained by using APTOPTIMAL,
mainly for 214D parts.
em/i\[!’TENQ‘UlRE can be used to pinpoint the particglar
Sma'“ required; thus an even smaller set of geometric

ments can be obtained by the NC programmer.

WORKED EXAMPLE

dLg:i:;ea;S;me an firtiﬂcial mechanical part GEHAUSE is

GEH/\USEy a design office using ROMULUS. (The

Metric modhlaS come to be a standard test part of geo-

lohm for cllers. It was conceived by Messersch.mutt—Bolkow-

Mouth Uythe CAM-i Geometric Modelling Seminar, Bgurno

ind Dc;-fo;y 1980 as a means of comparing the capability

The foum\dr-wC of developed geometric modellers.)

lion 3ny owing procedure is adopted for the demonstra-

dineeffective use of the ROMAPT system:

& N geometric models . . . ) .
s tric modetand a set of engineering drawings of

the part GEHAUSE (as shown in Figures 4(a) and 4(b))
are given to an NC programmer.

RS St “RUHTEEC )
\ PUCL MUDUEN LINE RENMCVAL BJ0Y)  LEHSUSE
L SAALEs L5272 EYZPCINT 3C2.0221.¢

‘ € UCS5 RESFSRUH CEHTRE 2! QCT. 81 1435 BTFC  ROS/PRIKE

Figure 4(a). GEHAUSE (hidden line view)

il

i

Figure 4(b). GEHA USE and its projections (orthogonal

view)
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ammer uses a combination of the VIEW/
/SKETCH/LABEL/ENQUIRE” commands of
PT interactively, 10 underslf‘md the geometry of
art. (The computer monitor file in Figure 5(u) has
lhepcommcmed comprehensively to provide cross-
bc{eer;enccs between computer operations and correspond-

, The progr

ROMA

re
ing figures. .
l:gyﬁéart of the model can be windowed and enlarged for

qewing. Face labels can be displayed to identify faces of
ve cest (Figure 6(a)). (Note that names for POINT/EDGE/
‘Fn;\ecE are generated by the system automatically.)

Any face can be pinpointed and sclecteq together with

its associated loops, points and edges (Figures 6(b), 6(c),
7o), 7(6))- . o

Any face can be windowed and enlarged for viewing so

that more complex geometry can be handled (Figure 7(c)).
Repeat the last four steps until the whole geometry of the
part is understood by the NC programmer.

When the geometry of the part is understood by the NC
programmer, he can then select the convenient machining
angle (default z-axis) and output any APT geometry of

the part selectively and interactively via the ROMAPT
command APTENQUIRE. (The APT geometry output is
dhown in Figure S(b)).

Repeat the last step for other faces required for machin-
ing.

Alernatively, the programmer can generate an optimal set

of APT geometric statements of the part by using the

<

o1 KONITOR FILE CREATED 143123 26 APR 82 BY ETFC
@ ROMULUS VERSION 3.3

OFTION TERHINAL 4010

@1 ACCESS THE FILE CONTAINING THE GEOMETRIC MODEL :
GET KOWTEMPXROLY .G

et LIST KODIES

LT .
Bt GENERRTE NARMLS FOR FOINT/EDGE/FACE OF THE MODEL IF NOT
s ALREARY BONE SO EY THE PROGRAM
GENERATE GEHAUSE
01 SAEICK A VIEW OF THE KODY

SAETCR
81 FL0T A MIDDEN LINE VIEW OF GEMAUSE
HLELDT
1 LT & 3D ENGINEERING (ORTHOGONAL) VIEW OF GEHAUSE
OFTIOR DKYHO

SAELOY
81 NOND VIEW

DFTION HONO

ShETCH
8 USE UINDOW YO ENLARGE THE VIEW

VIEV WINDOW

SKEYCH
¥EFLOY THE WINDOW VIEW ¢ FIGURE Sa

SNELOT
8 LAKEL ENTITIES INTERESTED
;FYLABEL FACE

P PLOT THE FACE TOF WITH LOOFS LA :
SEPLOY Top O0FS LAKELLED @
SELECT TOP LOQF

KETLAKEL TOF
B4 ﬂOYTHEFAcE TOP WITH FOINTS/EDGES ON LOOF 1
SEFLOT Top

ATLAKEL FOINT TOF

. LOOP

(‘;’;LEAB[L ENGE TOF LOOF 1

“rLELEASE THE wiNDOW

VIV RELEASE 0

SKETCH
BOSELEDY THE

. EOTT

SLECT gy OM FACE BASE
B FLOT Tng Fa

GEHAUSE

FIGURE 43

:{ FIGURE 4b

FIGURE Sb

! FIGURE Sc

~ CE RASE u .

SELOT gmsg SE UITH LOOFS LAEELLED : FIGURE 63

SELECT kasE | gop

eAp'“"l‘L KASE

G :
SEFLOT nég'“cg BASE WITH FOINTS/EDBGES ON LOOF 1 i FIGURE 60
El

a*LA“L FOINT BASE LOOF 1

U6 w10 THLARGE THE VIEw

SNETER

gy THE

SUAOT agp " -ARGER FACE KASE WITH FOINTS/EDGES ON LOOP 1 i FIG. é¢
STLAKEL £
Slasel g
ot TRE apgug
r ynry

INT KASE (oOP 1§

GE BASE (00F

o oL ThE g;gﬁEUHRE CAN BE REFEATED FOR OTHER FACES
WEN TuE oroant iR OF THE PARKT [S UNIERSTOOR BY THE USER

Boourpyy KY IS UNBERSTOOD . THE USER CAN PROCEED TO

pyy AP(NE APT GEOMETRY SELECTIVELY AS IN THE FOLLOWING @

FIGURE 7b
AMENOU]REVATA

: BasE

#1Eng

»rﬁﬁﬂiﬁ‘ POINT kaSE Logp 3
tutsyy NE EDGE RASE LQoF

?
t\,nm’ KEEF

F@uT g )
R ue ofa). Computer monitor file (recording operalions on
O .,A/)]}

£ Tup § -
teses € DutozéTSIf LINES AFE Frasi DEF{NI!IOn FO0R  HASE
kesty = VECTOR/
ﬁZvE = FLANE/ AS KASEY
. = FDINT/ 0.
;: = FOINT/ 6.
FS = FOINT/ 6.
= FOINT/ &
:: = FOINT/  9.39999,3.0,-0.0
S = FOINI/  9,39999,4.0,-0.0
3 = FOINT/  15.4,4.0,0.0
;; = iglni/ 15.4,6.4,0.0
ke = POIN 7/ 18.3,9.3,0.000002
= POINT/  21.4,9.3.0.0
;12 - :g;::i 21""3'8'0'0
F12 oty 28.9,12.8,0.000001
34.4,9.31032,0.0
F13 = FOINT/ 34.6+3,48967,0.0
F14 = FOINT/  28.9:~0.000003,0.000001
K15 < FOINT/  0.040.0:0.0
F16 = FOINT/  0.0+3.7,0.0
P17 = FOINT/  5.2,3.7,0.0
F1E = FOINT/  5.249.1,0.0
€0 = LINE/ FO I 3
£1 = LINEZ F1 .oF2
€2 = LINE/ £2 Rl
£3 = LINE/ FP3 . Fa
€4 = LINE/ Fa . FS
£5 = LINE/ FS . Pe
€8 = LINE/ Fé . F7
E7F = FOINT/  18.3,6.4:0,000002
£7 = CIRCLE/CENTER, EJF ¢ RADIUS + 2.9
53 F7 10 F8
8 = LINE/ FB . P9
£9 = LINE/ F9 . F10
E10 = LINEZ F10 + FLY
EL1P = FCINT/  28.946.4,0.000001
E11 = CIRCLE/CENTER, E11F » RADIUS » 4.4
s P11 T0 P12
€12 = LINE/ P12 . F13
£13F = FOINT/  28.916.4,0.000001
€13 = CIRCLE/CENTER, E13F + RADIUS » 6.2
X3 F13 T F14
E14 = LINE/ P14 » P15
£1S = LINE/ P16 ¢ P1S
£16 = L INE/ P16 v P17
E17 = LINE/ P17 + P18
E1B = LINE/ F1B + PO
ON»

Figure 5(b). APT geometry statements

APTOPTIMAL command of the system. The NC program-
mer completes the NC program by adding the necessary
APT machining instructions to the APT statements genera-
ted. The NC part program can then be processed by APT
and a postprocessor to generate NC tapes. .
The machining strategy adopted for this worked example -
consists essentially of 3 steps:

e area clearance

e profile machining

e machining of holes

Figures 8(a) and 8(b) illustrate the cutter path generated for
the GEHAUSE part.

DISCUSSION

The following is a discussion on some of the features of the
system.

Names .

Names of POINT/EDGE/FACE are the usual means of
communication between the user and the system. These
names are generated automatically by ROMULUS (th(?ugh
not consecutively). There are also facilities for cancelling
and re-generating (consecutivcly) of names in ROMAI?T.
These names can be replaced by user defined names via the

renaming facility.

Machining strategy

Currently, the NC programmer has cgmplete free‘dom in
deciding the machining strategy and in the choosing of
every separate tool path.

Accuracy and rounding errors
The accuracy of the system is limited inherently by the

computer nardware used. Rounding errors may occur as a

computer-aided design




\ cradeoff ugx\ cen computing tme and resolution.
mllcsti“g for appro.\'[m«“i’ equality, ROMULUS makes use
f (W0 quamiliesz' RtABS for large values and RENOR for
O(maliled quantities. On entry to ROMULUS, REABS and
RENOR ar¢ cet 1o be 0.002 and 0.00002 respectively for

Figure 6(a). Enlarged details of the GEHAUSE (via window)

f-TCP

p
lqure 6(b). Loops of face: TOP of the GEHAUSE

Elis4
3

Figure 6, .
(c). Points and edges of face: TOP of the GEHAUSE

“Olume 14 ot -
~——lbe o~y A NODY

Figure 7(c). Points and edges of face: BASE (enlarged via
window)

the PRIME implementation. These factors account for the
occurrence of rounding errors in the sixth places after the
decimal (Figure 5(b)). Fortunately, these rounding errors

are usually acceptable for machining.

Circle and ellipse

Both circle and ellipse ar
to their defining plane an

e stored internally with references
d cylinder. If the component is
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Figure 8(b). Perspective view of cutter path generated for
the GEHAUSE

lilted, these references will remain the same and the circle
| remains unchanged. However, for machining, if the machin-
| ing angle is not adjusted accordingly when the component
istilted, then the cutter path for a circle becomes an ellipse.

. FUTURE WORK

 The following facilities are currently under development or
are planned:

* toconvert labels of names generated by the ROMAPT
system to APT conventions:

P for point

L for straight line
C for circle

PL for plane

® to provide facilities 1o process construction geometries®!°
® 1o provide further aids for tool path generation

CONCLUSION

The ROMAPT system is easy to use and has been well
received.
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APPENDIX 4

Finite Elements

and Related Areas of

Computer-Aided Engineering

J.E. MOTTERSHEAD, B.T.F. CHAN and M.P. KELLMAN
Lucas Research Centre, Solihull, England

The past fifteen years have seen an explosion in the use of numierical methods, such as finite elements and turnkey CAD
systems, in engineering design centres. Rapid development is currently taking place in second generation CAD systems
utilising geometric modellers and sculptured surface packages which can be linked to finite element models and other
previously separate areas of computer application such as N.C. machining. The strategy of this paper is to discuss some

such systems which are just emerging from the development

applications.

In the area of engineering analysis
the Lucas Research Centre’s FELSET*
finite element system' is typically
used in the stress and vibration analysis
of diesel fuel pump and nozzle com-
ponents, in the analysis of woltage
fields in motor car batteries and in
magnetostatic field calculations for
electrical machines?®. Recent develop-
ments include a finite element form-
ulation for helical springs which is
based on the ‘exact’ differential
€quations of an infinitesimal element
of helical wire®>* and allows the
Investigation of travelling stress waves
anq static and dynamic buckling of
Springs,

The FELSET system of computer
Programs is a combination of in-house
software developments and the BER-
SAFE® analysis programs from the
gentral Electricity Generating Board.
O:;:[HS)(/jstcm is‘ dcli‘beratcly .product
wi ¢d and this philosophy is shared

" other areas of engineering com-
Plting,

COI;']\:“f:Jrly §chcmc ai.mcd at applying
C‘Clurinir aided design anq manu-
JU(OmO{",ECAD/CAM) techniques to
in Uy Sl&u lampdmvlgpmcntsresultcd
aphics ’RFStT*f’sunle Aof computer
2lit ;\rogrun.ls . which prf)\'laicd
of > tor design and manufacture

COt s . - -
PN surfyce shapes, known s

sculptured surfaces. A special feature
of the suite was the facility for pro-
ducing a foam model of a component
using an N.C milling machine.

The SURFSET programs were
based on the use of Bezier patches and
have been superseded by the PROTEUS
system (after the Greek demigod who
had the ability to assume many dif-
ferent shapes) which is based on
B-spline mathematics. Complex sur-
faces are easier to design using
B-splines; enabling local surface modi-
fications whilst not affecting the rest
of the surface.

Associated programs are capable of
generating finite element meshes from
sculptured surfaces or calculating
cutter path data for N.C machines.
The combined facilities of the
FELTSET and PROTEUS programs
allow several alternative approaches.
For example, a sculptured surface,
such as that of a motor car panel, may
be interactively designed using the
PROTEUS system so that it is an
aesthetically pleasing or satisfactory
aerodynamic shape. Subsequently it
can be checked strengthwise using
finite elements: furthermore 3-dimens-
ional models of the surface can be
obtained using the Lucas N.C model-
making milling machine. If the design

Joes not have aoernnk mechameal

phase at Lucas Research Centre and to show some typical

characteristics, suitable design changes
can be implemented and assessed
quickly. One way of doing this is to
retain the surface design but vary the
material thicknesses throughout in
order to produce a more acceptable
stress distribution. Alternatively the
sculptured surface could be redesigned
and the mechanical properties re-
assessed using finite elements.

Systems for computer aided design
and production of mechanical parts
have a shared interest in the geometry
(or shape) of components. When these
are composed of a combination of
simple shapes (primitives), such as
cylinders, spheres and planes, geometric
modelling techniques (such as the
program ROMULUS? from the Shape
Data Ltd) may be used successfully
for the representation and manipulation
of ‘solid® components. Geometric
modellers such as ROMULUS are able
to recognise surfaces and can discrimi-
nate between internal volumes and
points outside the model, consequently
they are often called ‘solid modellers’.

Such facilities are of greatadvantage
in connection with N.C machining
programs which require information
concerning  the geometry of the
finished part and additional geometrical
Jara concering cutter paths.

The tralionad method of producing




Fig. 1

N.C tapes is by means of an N.C
program which s hand written from
engineering drawings. The N.C program
produces standard Cutter Location
DATA (CLDATA) using the inter-
nationally recognised program, APT
(Automatically Programmed Tool), and
generates an N.C tape via a post-
processor. The nature of the post-
processor is dependent upon the
N.C machine tool since machine
tool manufacturers have their own
machine languages.

Current turnkey CAD/CAMsystems,
however, offer links between computer
generated (wireframe) drawings and
N.C machining. Within Lucas this has
been taken further by linking geometric
modellers and sculptured surfaces to
the APT system. The user may choose
to generate a complete N.C program
from a geometric model or alternatively
the N.C program may be partly hand
written and partly generated auto-
matically.

Designing with Sculptured Surfaces

The first step is to produce a set
of points which lie on the surface.
Curves are then automatically con-
structed  through these points and
modifications can occur until an
acceptable shape has been created. The
surface is derived automatically from
these defining curves and all work is
conducted at a graphics terminal so
l?-lat the designer is interacting with 2
Pictorial representation of the shape,
NOLjust a numerical one.

he -
The computer surface model can be

B-spline Model of a Lamp Surface.

used to produce:

1) Information for use in a finite
element analysis of the surface
(2utomatic mesh generation).

2) Information directly related to
manufacture of the surface in the
form of cutter paths for an N.C
machine.

3) Full engineering drawings via a link
with a computer draughting system.
The first example, which is illust-

rated in Figure 1, shows a lamp

surface with the defining points marked
with a cross. Figure 2 shows the cutter

path generated for this surface with a

l-inch ball-ended cutting tool. A

model of the cutter tool can be super-

IDIPONSE ol LA

prodioms

cutter path and
surface being

:,"\\ZZ"'. ans s
mtcrference
arising between the
other parts of the
machined.

It is useful to produce a model of
the surface in a soft material such as
foam or wood as a final aid in veri-
fying the accuracy of the surface
definition and the Lucas N.C model-
making machine has been used for
this purpose. 1f the foam model is
correct an injection moulding tool
(for lamps) can be produced in 2
harder material, such as aluminium
or steel, using the same cutter path
data. The cutter path can be converted
into APT statements or may be used
directly, via a postprocessor, with
most conventional N.C and C.N.C.
machine tools.

o cheon o

The second example shows that
the system is not restricted to the
design and manufacture of car lamp
surfaces but can be applied to almost
any other surface form. In Figure 3
the body of the telephone is modelied
as a single B-spline surface, the handset
as 3 joined surfaces and the dial as a
single separate surface. The local
modification facility in the B-spline
surface definition was used to form
the recess for the handset.

Stress Analysis of Sculptured Surfaces

An example is now discussed con-
cerning finite element stress analysis
of sculptured surfaces. It was required
to design a bottle having an attractive
shape, a specified internal volume and

Ty 2l
Fig. 2

\achine Cutter paths fora Lamp Surface.




Fg.3 B-spline Model of a Telephone.

gequate mechanical strength. The
hotlle was subject to both an internal
pessure load and compressive end-
stacking loads.

fis Bspline Model of a bottle.
Sh(}&ld\"agcdmded tha( the container
s oy symmetrical so that data
Withe, VSQUned for a quadrant,
by “llns(qoua fants being constructed
Th fMation of co-ordinate data.
| COmputer representation of
e pred surface is shown in
Comand the automatically gener-

mim ol
' Cidme: . .
Gt nent mesh s ustrated

.
ey b Ty
Y bioure . .

LU0 D Phe mesh

is constructed from lrons semi-loop
shell elements and constant thickness
was defined for the walls of the bottle.

Element viesh of a

Finite
hottle

Fig. S

Having generated the Nnte clement
mesh, all ac the graphics terminal,
loading and fixing conditions and the
material properties were edited into
the finite-element dataset. Special
interactive graphics programs allow
checking of loading and fixing con-
ditions prior to submitting the stress
analysis run.

Fig. 6 Deformed Mesh Plot.

The finite eclement analysis was
performed using the BERSAFE stress
analysis program (incorporated within
the FELSET suite of finite element
programs) and the results produced
were used to generate deformed mesh
plots and stress contour plots, as
illustrated in Figures 6 and 7. The
results can thus be used for comparison
with basic material testing data to
assess the mechanical performance of
the design or for comparison purposes
with existing designs.




Fig.7  Stress Contour Plot.

Designing with Geometric Models

The philosophy for the generation
of ‘solid’ objects using the ROMULUS
geometric modeller is fundamentally
different from that applying to scul-
ptured surfaces. Figure 8 illustrates
some of the basic operations of shape
manipulation which are available in
the program.

At the basic level, various edges
(straight to circular) can be construct-
ed, one at a time, to form a closed
loop to define a ‘sheet’ consisting of
two faces — this is shown in Figure
‘83 In Figure 8b a face has been
llft.ed' to provide an object with
positive volume.

At a higher level holes and islands
can be added using the Boolean
Operations ‘subtract’ and ‘unite’ in
order to generate the more sophisti-
cated geometries which are illustrated
in Figures 8¢ — 8.

Design and Manufacture of an
Alternative End Bracket

r Having produced a geometric model
of the aliernaror end bracket isometric

a

¢ Wire-frame View of the Original '

Object BO and a Cylinder Bl

e Wire-frame View of Boolean
Operation BO + Bl

Fig.8 Generation of a ‘Solid’ Model.

Fig. 9

Isometric View of an

P -

\J

b Generation of a Volume by ‘Lifting’

&

d Hidden Line View of Boolean

Operation B0-B1

&/

f Hidden Line View of Boolean

Operation BO + Bl

(=
~1 1=

Alternator End Bracket.

N, Vol 3, AUCUST 19¢
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; F.10 Four views from the Geometric Model of an Altemator End Bracket.

hidden line plots (F%gure 9) and
engineering drawings (Figure 10) were
obtzined automatically from the com-
puter.

Such drawings are useful to the N.C
. programmer but an interactive program
ROMAPT® hasbeendevelopedspecially
to link geometric models with APT
%automalically. The program is struct-
ured so that the N.C. programmer
an extract geometric information at
vrious levels from the geometric
_modelorhe can generate APT geometry
statements automatically.

An important feature of the
ROMAPT system enables labels to be
altached to geometric entities which
My then be displayed. Figure 11
shows the bottom face of the altern-
lor end bracket which was given the
';E,J:abei ‘BASE'. Further labels are shown
1 Figures 12 and 13 which were
Hlected by the N.C programmer in
e preparation  of N.C tapes for
Machining In Figure 12 labels begin-
Mg with the letter ‘P’ indicate points
“in Figure 13 letters ‘L’ and *C’ are

k“SSOCi.ated with labels for straight lines
0d circles.

The labey
0 understy
;C().mp(ment
ton my
‘iﬂf&ractiv

shelp the N.C. programmer
nd the geometry of the
and APT geometry inform-
Y be output selectively and
Bome; ely in this context. The APT
e bmf[YO of the perimeter loop of
2ot g l;n face (BASE) of the altern-
; facket is shown in Figure 14
the labels are now associated
\ Uy in a cartesian system.
\_u[mm'ncfdogrammer may choose to
oo AP}% §enerate the complete
[ e May Beometry statements
Y use the override facility

and enter some of the

i Roy.
AT
ey Manually,

207
_5C0m
t
tip

Program is comnleted

T I

when the programmer adds the neces-
sary machining instructions to the
generated APT geometry statements.
Subsequently N.C tapes for machining
are produced when the N.C program
has been processed by APT and the
appropriate postprocessor.

In the case of the alternator end
bracket the machining strategy con-
sists of:—

1) Clearing the ares
the profile of 1he

and machining
component,

The  generated  cutter paths are

shown in Figure 15,

2) Drilling the holes and machining
the various pockets.

Figure 16 shows the generated
cutter paths.

A further interesting link with the
geometric model enables the generation
of finite element meshes. In Figure 17
a two-dimensional finite element mesh
comprising isoparametric plane-stress
quadrilaterals and triangles is shown;
and illustrated in Figure 17 is a three-
dimensional mesh using isoparametric
block and wedge finite elements.

Discussion

The authors have outlined some
advances in the area of computer aided
geometrical design which create links
between apparently separate areas of
computer aided engineering.

Stress analysis, an area of design
which was affected earliest by the
impact of numerical computing, has

=

-,

Fig. 11 Bottom Face of an Alternator End Bracket.

P23

Fig. 12 Labels of Pomnts o

P24

; YACH
o the Perimeter Loop of BASE.
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Fig. 14 APT Geometry Statements for the Perimeter Loop
of BASE.

Fig. 15 Cutter Path for Clearing and Profiling.

/ <V T
\. l . Fig. 16 Cutter Path for Holes and Pockets.
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L
|

Fig ‘
817 Two Dimensional Finite Element Mesh.




Fig. 18 Three Dimensional Finite Element Mesh.

ects of
industrial design and manufacturing
in the field of CAD/CAM. Consequent-
ly system architectures involving finite
clements, sculptured surfaces, N.C
machining and other methods for
design and manufacture are being
developed rapidly as industry and
science recognise the economic benefits
which are bound to follow.

now been joined by all asp
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NC MACHINING DEVELOPMENTS AT LUCAS BASED ON A GEOMETRIC PART MODEL

@ Benny T. F. Chan
Lucas Research Centre.

Lucas Group Services Ltd.
ABSTRACT

This paper describes a recently developed CAD/CAM interface system
(ROMAPT) in the Lucas Research Centre.

The ROMAPT system provides a wvital 1link between a bounded 3D
geometric modeller (ROMULUS) and an unbounded numerical control
(NC) processor (APT).

ROMAPT can now provide a fast NC tape generating facility for
engineering part prototypes. It is a system for three dimensional
NC applications-.

It is envisaged that the 3D shape of the part will be designed by
using the ROMULUS geometric modelling system. The APT part program .
for the NC machining of the component can then be generated by
using ROMAPT, and finally the NC tape can be generated by
processing the NC part program in the APT or SSR system.
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1. INTRODUCTION

A new enerati ; :
ol ive iost o;l(t)}?e of industrial geometry systems is just emerging.
ctems . . current commercially available systems, the new
s ms are ;

Y ase on unambiguous 3D solid geometric mod:allers and

they are potentially capable
of s
et autons ticartn, upporting current and future

I'KOMULUS is‘ a8 commercially available 3D geometric modeller.
installed in the Lucas Research Centre as a means to
above concept.

It is
evaluate the

The use of numerically controlled machine tools 1is now firmly

established within manufacturing industry. Design and
manufacturing systems based on an increased armoury of mathematical
techniques for manipulating shapes by computer will greatly

increase the wuse and effectiveness of numerically controlled
machine tools from now on.

One aspect of this armoury, namely the advent of geometric
modelling techniques for the description and manipulation of 3-D
shapes, should further this effectiveness. It 1s essential
therefore, to establish a link between geometric modelling and NC
machine tools to provide an integrated computer—aided-design and
manufacturing system.

However most geometric modelling systems are “bounded” in a
mathematical sense - i.e. lines and planes are finite, whereas the
controlling computer language for many NC machine tools, namely
APT, is "unbounded” - i.e. lines and planes are infinite. APT
systems, however, are presently only linked to wire-frame drafting
systems. The combination of a geometric modeller and APT will
provide a powerful manufacturing system for industry from the
initial design right through part manufacture using NC machines.
This research work investigates the theory, develops the concept
and algorithms, and the design of an experimental  software
interface (ROMAPT) between a bounded geometric modeller (ROMULUS of
Shape Data Limited) and an unbounded NC processor (APT) (1,2).

APT is used because of its popularity in industry. ROMULUS is used
because it represents the state of the art of solid modelling.
(ROMULUS 1is based on the considerable research work of Dr. Ian
Braid“s BUILD system at Cambridge University.) (3,4,5)

2. ROMAPT DESIGN CONCEPT

approach 1s to design a bounded NC
bounded geometric modeller. However,

the manufacturing industry has invested substantiallzlii:ir tézi
vears in APT and similar NC processors. It is virzn\: instzntly.
;:he industry would be willing to shed this inv;zsmset Lnsrantly.
The American National Stardard InsFitue, ANSl, set 1983 as che
target date for the launch of a revised APT languag

The most straight-forward
processor to interface with a



cater for the additional requirement of i
inspection machines etc. It,

APT language will become even more widely

: ntelligent CNC, robot. and
therefore, appears that the revised
used.

Moreover, the current state of development of geometric modelling
is such that a universally accepted bounded geometric modeller
standard does mot yet exist. Hence,a wuniversal bounded NC

processor has yet to be developed. Currently, CAM-I is addressin
this problem. g

The investment needed to develop N bounded NC processors for N
bounded geometric modellers would be excessive. The alternative
approach is to design a link between a state of the art bounded
geometric modeller and a popular unbounded NC processor like APT.
Using this approach, the theory, concept and algorithms required
for the 1link can be readily tested, verified and refined. The
theory and algorithms developed can then be wused in future to
develop a modeller-independent link between solid modelling and
APT. The geometric modeller will be used to provide data for NC
calculation and to resolve ambiguities in APT processing, i.e. to
provide APT with bounded geometry intelligence to overcome some
unreliability problems in APT.

This amounts to developing a technique of binding the unbounded APT
system to the bounded ROMULUS solid modeller.

3. APPROACHES TO NC MACHINING DEVELOPMENT

The following NC machining development approaches based on a
geometric part model have been investigated.

" Automatic APT Geometry Generation

1) ROMAPT (Stage 1)

This is a software link between ROMULUS and APT to generate APT
geometry statements automatically.

2) ATAPT

implementaion of ROMAPT (stage 1)

This is a mwmodeller-independent (s
subroutine specifications

using the CAM-I Application Interface

(6).

Automatic NC Cutter Path Generation

3) Bounded Cutter Path Generator

; tric
This is an automatic cutter location generator for a geome




model.

4) ROMAPT (Stage 2)

This is an extension of ROMAPT (stage 1) to provide automatic
generation of APT motion (cutter path) statements.

4. ROMAPT (Stage 1)

To allow for the diversity of possible manufacturing processes and
machining strategies that may be used, an interface can be designed
to output APT geometric source statements. In this case the output
is readable to the NC programmer:; he can check and edit, if
required, the APT source to suit the task. Conceptually, this
approach is very straight-forward and easy to use and was adopted
with the following objectives:

1. Ease of use.

2. Enabling the NC programmer to understand the geometric model
better.

3. Providing APT geometric source statements as required.

Within manufacturing industries, there is a substantial investment
in APT and with it a concomitant pool of NC programming expertise.
With due consideration for the above mentioned factors, the ROMAPT
system was designed to convert bounded geometric information held
in the geometric modeller to standard unbounded APT geometry
statements. The experience and expertise of the NC programmer is
then used to complete the NC part program. This further allows the
NC programmer to concentrate on the machining strategy rather than

the geometry.

When this approach (stage 1) had been proven, then more automation
(stage 2) in the form of automatic cutter path generation was

developed for the system.
4.1 ROMAPT SYSTEM CAPABILITY (STAGE 1)

Traditionally, a NC programmer is given a set of engineering
drawings of the part he wishes to make. He has to understa?d i?d
interpret the  drawings accurately bef?re h? proceeds to wr;te is
NC part program. This is where much tlme 1S consumed and many

errors are possible.
modeller, in addition to the set of
will help to reduce the above mentioned

drawbacks. However, the NC programmer would needh to ?aviveio?i
facilities to enable him to query and understand the part g

the form of a geometric model defined by a data structure (Figure

Working with a geometric
engineering drawings given,



).

4.2 GRAPHIC MANTPULATION

Supplementary to the manipulation

. ' facilities (i.e. rotation
viewing) provided by ROMULUS, further manipulating facilities

been developed to help a wuser’s
model. All these additional

generate APT geometry statements for a component.
are described in the following:

3

have
understanding of the geometric
facilities will help a wuser to

These facilities

COMMAND FUNCTION
1. VIEW Facility to see the object
via a display screen.
2. ROTATE Facility to rotate the object at will.
3. SCALE Facility to scale the object.
4. PROJECT Facility to have views

of third angle projections
similar to a conventional engineering drawing

5. GENERATE Generates name for unnamed geometric entities
(points, edges, faces).
naming conventions:

P : point

E - edge

F : face i
6. CANCEL Cancels name(s) of geometric entities

(point, edge, face ).

7. LABEL Labels name(s) of required geometric entities
(point, edge, face) on a display drawing.

8. ENQUIRE Qutputs required geometric information
of the model of the part.

9. SHIFT Shifts the picture on display
in X and Y direction.

10. WINDOW Provides windowing facilities on current view. So

that a more complex geometric nodel can be handled.

4.3 APT GEOMETRY STATEMENT GENERATION

The ROMAPT program scans through the déta structu;edhelihzz E::
geometric model in a systematic manner: flrStly.the OmZ;ric data
faces followed by the points and edges- T;;; g:zmetry format
(bounded) is then converted into standard g

t are
(unbounded) The APT geometric statements for a componen



output accordingly. The
For each component (i.e.

components are

processed individually.

a body), the APT i initi
. 1Y), geometric definition for
every face will be output and its assoclated points and lines will

be output accordingly in a systematic manner

standard APT-AC/APT4/SSR1

(7,8) geometric definiti
as in the following. initions are employed

1) POINT

Pl = POINT/ x, y, z

The co-ordinates of point Pl are given in (%X, 9, 2 )-
2) EDGE

El = LINE/ Pl , P2

El is a straight line defined between point Pl and point P2.

E2P = POINT / x , ¥y , 2

E2 = CIRCLE/ CENTER , E2P , RADIUS , t

$$ PL TO P2

E2 is a circular arc / circle defined between point Pl and point P2
with centre at E2P ( x, ¥, Z ) and radius of t units.

E3 = ELLIPS/ INTOF , Fl1 , F3

$$ P3 TO P4
E3 is an ellipse between point p3 and point P4 and 1is defined by

the intersection of plane F1 and cylinder F3.

3) FACE

F1P

POINT/ x , ¥ » 2

F1v

VECTOR/ u , Vv » ¥

Fl1 = PLANE/ F1P , PERPTO , F1V




Fl1 is a plane defined by a point on th -
and the normal to the plane: vector F1V ? ila:e zt)rl? (% vy, z)

i

F3p = POINT/ x , ¥

s, Z

i

F3y = VECTOR/ u , v , w

F3 = CYLNDR/ F3P , F3V , t

F3 is a cylinder defined by a point F3P ( x, y, z ) on the cylinder

axis and a vector F3V (u, v, w ) along the cylinder axis and the
radius ( t ) of the cylinder.

F4p

POINT/ X , y , 2

F4v

i

VECTOR/ u , Vv , W
F4 = CONE/ F4P F4v , d
F4 is a cone defined by the vertex point F4P ( x, y, z), the axis

vector F4v (u, v, w ) and the half-angle (d) of the vertex of the
cone.

FSP = POINT/ x , ¥

A

FS = SPHERE/ CENTER , FS5P , RADIUS , T

FS is a sphere defined by the center FSP (x, y, z) and the radius

().
F6P = POINT/ x , ¥y , Z
F6V = VECTOR/ u , VvV , W

F6 = TORUS/ F6P , F6V , rl, r2

F6 is a torus defined by the center point F6P ( X, ¥, Z,)’ the axis
vector F6V (u, Vv, W ), the major radius (rl) and the minor radius

(r2).

As there 1s no formal definition for torus in APT4/SSRL, this has

ion.
‘o be defined indirectly as a surface of revolutio

(niti {.e. th
Only the most elementary forms of geometry def%?ltlznsusi; io alioi
lowest common demoninator) of the APT family s

: rocessors.
maximum transportability among many different APT P



4.4 ROMAPT (STAGE 1): MODE OF OPERATION

The ROMAPT interface consists mainly of 3 commands in
modes of operations.

3 different

1 ) APTALL (dump mode)

Cenerates APT geometric statements for all geometric entities of
the body concerned.

II ) APTOPTIMAL (optimised mode)

Generates an optimal set of APT geometric statements (mainly for 2
1/2 D parts).

III ) APTENQUIRE (interactive mode)

Generates APT statements for requested geometric entities
interactively to enable a NC programmer to select the minimum set
of APT geometric statements for the component concerned.

APTENQUIRE can be used to pinpoint the particular entities
required, thus an even smaller set of geometric statements can be
obtained by the NC programmer.

4.5 WORKED EXAMPLE

To prove the validity of the above concept, & worked example of a
NC part program was carried out using the APT geometry generated by
ROMAPT on an artifical mechanical part Gehause (Figures 2a, 2b)
designed by using ROMULUS.

The generation of the APT geometry for the Gehause is shown in
Figures 3a, 3b.

After the geometry of the part has been generated, the NC
programmer completes the NC program by adding the necessary APT
The APT part program {s then processed by
ate a NC tape- The cutter path is
ined successfully on a

machining instructions-
APT and a post—processor Lo gener
shown in Figure 4, and the part has been mach
Lucas Model Making Machine.

Thus, it can be concluded that the foundamental concept b?hind
ROMAET {.e. the binding the unbounded geom?try l?g APT via a
bounded 3D solid geometric nodeller (ROMULUS) is vazic:

5. ATAPT

: it suffers the inconvenience
Although ROMAPT 1s @ working system, c have
of onlf' functioning within the ROMULUS moaenipcoircle;zdi? ACI)APT is
a modeller—independent version of ROMAPT, the

described in the following-




The Geometric Modelling  Project  of
specifications for a set of FORTRAN
Applicatiorll Interface  (AI) to geometric  modellers This
specification is available as CAM-T Report R-80-GM-04 and Addenda
The interface effectively shields application programs from ar.1
underlying geometric modeller.  AIAPT will perform the same
functions as ROMAPT but instead of calling ROMULUS routines calls
AI routines instead, thus freeing the program from any modeller
dependancies. It is possible for AIAPT to work with any geometric
modeller that supports a boundary description provided that there
is an implementation of the AI available for the modeller.

CAM-I have developed
subroutines to act as an

6. NC AUTOMATION (ROMAPT STAGE 2)

The previous sections have established a valid link between a
geometric modeller and APT at the geometry level. The following
describes how this link has been extended to provide automatic
generation of NC cutter path.

6.1 CONCEPT OF MACHINING MODEL

As geometric modelling was first developed, it was charged with the
objective to represent the geometrical aspect of the design intent
of the designer. Little or no provision was made for the fact that
the geometric model thus created has to be manufactured using
certain manufacturing process. (Some may argue that this should be
the function of application software for manufacturing.) Perhaps
this is one of the reasons why 3D solid modelling, inspite of 1ts
enormous potentials, has not been much widely used in industry for
production.

With the current state of the art of geometric modelling, the
modeller would be unable to inform the designer that a certain
design or construct is not manufacturable (for certain
manufacturing process) OT machinable (for certain machining
conditions or tools). It is the task of the designer/?roduction
engineer to ensure that a certain geometric model 1is su%table for
manufacture. Hence, the concept of designing a machining model
that is machinable (i.e- design for manufacture) .

6.2 MACHINING FEATURES

The following attempts O identify whether 2 model or part of 1t 18

machinable or not.

. i up of
The machining model, MM, is defined as a'g?ometrlc modz?.l ::Cflineg °
a number of machining features. A machining fea\t}ure: is o ining
an entity of interest for numerical control. arious

features are described in the following:

1) POINT feature




The point feature relates to

Qs point-to-poi .
machining usually connected with hole drilliz;“gr :zg;?tlon of NC
ng.

2) PROFILE feature

The profile feature relates to the boundary of

usually made up a face, which 1is

‘ 'of a.number of edges bounded in an ordered manner
(i.e. a loop entity with a bounded face). This feature wusually

associated with the profiling operation of NC machining

3) FACE feature

This feature relates to a bounded region (e.g. a face) of a

surface. This feature usually relates to the pocketing facility of
NC machining.

A machinable model can then be defined as a geometric model made up
of a number of machinable features, Fm.

MM = Z-, Fmi
6.3 THEORY OF AUTOMATIC CUTTER PATH GENERATION

As formal theory for computer aided automatic machining of 3D solid
geometric model has not yet existed and as reported work in this
area is nearly non-existing, the author has no choice but to
propose his own theory. The theory has been developed for boundary
representation solid modeller. The current trend 1is such that
constructive solid modeller (CSG) will provide boundary
representation, SO that theory developed here will be applicable
for both types of geometric modellers.

Details of the above theory are given in another report (B. T. F.
CHAN, “Computer pAided Machining of Geometric Models”, Oct. 1983.

(9)-

The next section describes a practical implementation based on this

theory.

7. BOUNDED NC CUTTER PATH GENERATOR

e concept of a bounded NC cutter path

The following describes th
tric part model.

generator based on & geome

7.1. BOUNDED VS UNBOUNDED NC PROCESSORS

Existing APT based NC systems are baseq on the philosopny ;?at t:e
direction and the position of the tool 1s known ?nd’the If)roh em ts
to “find”~ the part. Wwith bounded geome tTy deSCrl?thﬂ od t e'pii R
the problem of the NC processor beco?es reverseq. ithe hescrlitigz
of the part is known and the problem 15 one of finding the pos od
of the tool and its direction to generate the tool pat requ

for the part and process involved.




7.2. CONCEPT OF OFFSET

on a closer examination, the cutter path required for the bounded

NC cutter path generator is the cutter offset of the part

concerned. In the case of a profile feature, the cutter path is
the cutter offset of a loop of a face. For a face feature. the
cutter path is the cutter offset of the face. ‘

As for milling operations, the wmachining requirement usually
consisted of a combination of profiling and pocket milling.

7.3 AUTOMATIC CUTTER PATH GENERATOR FOR 2D AND 2 1/2D PARTS

Using the above concept, the automatic cutter path generator for 2D
and 2 1/2D parts has been developed. To demonstrate the
applicability of the above theory, an engineering part has been
created by using ROMULUS and then the geometric model 1is machined
by using ROMAPT to generate the cutter path automatically.

Figures 5, 6 show the geometric model of the part.

The demonstration of the automatic generation of the cutter path is
described in the following.

7.3.1 MACHINING OF A LOOP (PROFILE FEATURE)

The outer profile of the part can be considered to be made of 4
edges: E7, E4, E21 and E18 as shown in Figure 7.

The cutter path for the outer profile —can be generated
automatically by the command:

PROFILE [edgel, edge2...] (LOOP) [tool] [radius] [options]
where,
[edge]: name of edges:

(LooP]: options for the whole loop-

[tool]: options for either flat-end or ball-end cutter:

[radius): radius of the cutter:
[options]: either the current selected face OT user-defined
Z-planes.

. s i i 8.
The cutter path for cutter radius of 4.0 mm is shown in Figure

7.3.2 MACHINING OF FACE (FACE FEATURE)




The cutter path for the

machining of th
part can be generated by the COmmand% e top surface, Fl of the

MACHINE [face] [edge] [tool] {radius] ([options]

where,

[face]: name of face.

[edge): name of the edge indicating the cutting direction.
[tool]: options for flat-end or ball-end cueter.
[radius]: radius of the cutter.

[options]: options for the cutter to cut TO, ON, PAST.

The cutter path generated for Fl is shown in Figure 9.

The output of the above automatic cutter path generator is a cutter
location file containing the centre of the cutter in x, ¥, 2
co-ordinates (Figure 10). This can be further processed to output
NC tape:

1) The cutter location file can be post~processed to output a NC
tape for a particular NC machine. In this case, the Lucas Model

Making Machine 1is used.

2) The cutter location file can also be translated into an APT part
program consisting of a set of simple APT point—to—point
statements:

GO TO / x, ¥, 2

This part program ¢an then be processed 1in the usual manner to

produce a NC tape.

oach works effectively for 2D and 2 1/2 D

Although the above appr
is likely to have the

applications, for 3D applications, it
following disadvantages:

tter location file, 1t 1s difficult to

1) As the output is a cu
: g r cannot check conveniently

uaderstand and debug. The NC programme
whether the programd has performed correctly or not .

2) The part prograd thus generated tends to be much larger than
that generated by manual APT programming.

3) To develope the system O uction grade system for tool%ng
would require a Substantial jpvestment especially in machining

technology and post—proceSSing development:

a prod




For 2D and 3D applications, the following approach was adopted

8. ROMAPT (STAGE 2)

This is an extension of the ROMAPT (stage 1) concept. Instead of

outputing the cutter locations, the corresponding APT wmotion
statements (for cutter path generation) are output

Together with the APT geometry generation capability and some

auxiliary facilities, a complete APT part program can be generated
using ROMAPT.

8.1 IMPLEMENTATION

It can be seen clearly that by using the above mentioned concepts,
an automatic NC cutter path generator can be developed for any type
of machining: drilling, turning and milling.

This research addresses the problem of automatic wmilling of 3D
geometric models. It is expected that theories and techniques
developed for milling, especially the automatic profiling and
regional milling can be applied to turning as well. It also
assumes that much of the technology for cutting is provided via a
proccess planning module situated between the geometric modeller
and the automatic NC generator.

To ease the task of software implementation, the algorithms were
initially developed for 2 1/2D applications where 3 large number of
engineering part can be represented. Wwhen the agorithms had been
proven in 2 1/2D parts, then they were extended for the full 3D
applications.

8.2 DEVELOPMENT AND RESULTS

The main effort of this research lies on the development of the

above mentioned theory and the implementation of the software

(ROMAPT) .

The following describes the automatic profiling and pocketing

facilities in ROMAPT.

8.2.1 GENERATION OF APT MOTION STATEMENTS

f various geometric entities: points,

. . lO o . .
The relationship (LoD° &) rofile of the part is shown in Figure

edges and faces of the outer P
11.

generation of APT motion

uired for the )
The data structure req g or aucomamcallyi

: 1
statements can be set up either manual




cNC [LooP} [option 1] [option 2] [option 3)
where,

[LOOP}: 1is the key word for the generation of th
for the loop. e data structure

(option 1]: indicates whether the loop is OPEN or CLOSE.

[option 2): indicates whether the cutter is situated IN, ON, OUT
of the loop- ;

[option 3]: indicates whether the MANUAL or AUTOMATIC mode is
required.

The manual method allows more flexibility (to suit  the
rechnological requirement of the machining). The manual method is
shown in Figure 12. The data structure generated 1is shown in
Figure 13. The automatic generation of the required APT motion
statement is effected by the command:

CNC [APTLOOP] [options]
where,

(APTLOOP]: 1is a keyword for the generation of the APT motion
statment for the loop.

(option]: define either the currently  selected face or
user—defined Z-planes.

The corresponding APT motion statements is shown in Figure 14. (
This assumes the required geometry statements have been generated
previously by using the APTENQUIRE command (10)-)

The cutter path verification for the outer profile i{s shown 1in

Figures 15a and 15b.

8.3 MACHINING OF THE INNER PROFILE

The relationship (topology) of wvarious geometrical entities:
points, edges and faces of the inner profile. {s shown 1in Figure
16a. The cutter path for the inner profile is generated (for a

cutter radius of 6.35 mm) as shown in Figure 16b.

maximum cutter size for certain

d a
ROMAPT can also reconmends the gap between loops) as shown in

critical areas (i-.e: passing
Figure 17.

8.3.1 GENERATION OF APT MOTION STATEMENTS

t data) required for the generation

The data structure (intelligen




of APT motion statement for the

: whole 1
sutomatically as shown in Figures 18 and 190013 This AP%QHEIaFed
statements are generated as shown in Figure 20. Similarl tiOt;;;l
potion statement —can be generated for the cylinder >I,'Y’1e citter

path is shown in Figure 21. Finally, the task is completed by

area clearance operation. an

CNC CLEAR CURSOR

This 1is followed by the definition of
positions (as shown in Figure 22).
motion statement generated are

the area by 2 cursor
The cutter path and the APT
shown in Figures 23 and 24.

The cutter path verification for the whole inner profile is shown
in Figures 25 and 26.

Note that the machining is in 2 steps each cut to a depth of 5 mm.

8.3.2 AUXILIARY FACILITIES

The header, tolerance, cutter definition and end statements can be
generated by ROMAPT as shown in Figure 27.

Finally, post—processor, coolant, spindle and feedrate statments
can be inserted to complete the NC program. (Note that the spindle
speed and feed rate can be obtained from workshop machining
standard tables reconmended by NC/tool manufacturers.)

Figure 28 shows the whole cutter path of the part generated
automatically by using ROMAPT.

Figure 29 shows a complete APT part program generated by ROMAPT.

9.0 CONCLUSION

It has Dbeen demonstrated above that both the theory and a.\lgox.rithms
developed by the author for the development of NC automation in 3D

solid modelling are both valid and applicable.

ROMAPT allows the potential of @ so1id geometric modeller (ROMULUS)
to be further exploited for NC applications without requil'flng msigr
investment in new NC processor: ROMAPT supports output in APT ,
APT4 and the CAM-1 SSR languages: Furthex': languages, such as
EXAPT, may be easily added, thus prov1ding NC processor

independence. gimilarly geometric modeller independenceA halsicaléizr;
demonstrated - py the use 1in AIAPT of the CAM-I App

Interface.




REFERENCE:

1. SHAPE DATA LIMITED, Romulus Version 4 Users” Referen Va
Shape Data Limited, Cambridge, U.K. (1982). ce nual,

2. TIITRI APT Computer System Manual
’ , IIT R .
RM—79—APT—01, CAM-I, U.S.A. (1979). esearch Institute,

5. BRAID, 1. Designing with Volumes, PhD ;

’ , th .
University, U-K.. (1973). esis, Cambridge
4. BRAID, I. “New Direction in Geometric Modelling”, CAD Group

Document No. 98, Computer Laboratory, University of Cambridge
U.K. (March 1978). ’

5. BRAID, HILLYARD, STROUD, “Stepwise Construction of Polyhedra in
Geometric Modelling”, CAD Group Document No. 100, Computer
Laboratory, University of Cambridge, U.K. (October 1978)-

6. CAM-I, CAMI Report R-80-GM-04, (1980) .

7. IBM, SYSTEM/370 APT-AC Numerical Control Processor Program
Reference Manual Yol 1, PROGRAM 5740-M53, IBM.

8. CAM-T, Documentation for Scultured Surfaces Release 1, SSR1,
pS-81-55-01, CAM-TI, U.S.A. (1981).

9. B. T. F. CHAN, ~“Computer Aided Machining of Geometric
Models”, PhD First Year Report, Production Technology & Production
Management Department, University of Aston, RBirmingham, England.
(October 1983).

10. B. T. F. CHAN, “ROMAPT: A new link between CAD and CAM™,
CAD Journal, Vol. 14 No. 5, PP 261 - 266, (September 1982).




—

r .
IGURE 1l: A boundary object data model
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FIGURE 2a: GEHAUSE (hidden line view)




FIGURE 2b: GEHAUSE (orthogonal views)
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FIGURE 3b: ROMAPT geometry statements
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FIGURE &4: Perspective view of cutter path generated
for the GEHAUSE
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FIGURE 5: Hidden line view of the engineering part
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FIGURE 6 Orthogonal wire-frame viey projections
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FIGURE :
GURE 10: The cutter location co-ordi
nates
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FIGURE 120 The > e f |
FTGLR procedure for manua)

. genération
required for the guter profil of data structure
e

N LO0P CLOSE OUT MANUAL
NPUT SENZE. GLOBAL RAISE FLAG, NO. OF ITEMS =

11 4

mpmamn. DISTAHCE, MIN. RADIUS =
1 .EB) 1 K

[NFUT POINTS 4
(POIHT-MAME Y 7
+ P4 P2 P9 P14

IHPUT EDGES 4
{EDGE-HAME Y 7

+ EF E4 E21 EZ22

INPIUT RAISE FLAG 4
{111

IHPUT RAISE FACE 4
(FACE-MAME > 7
+ FE F39 F?7 F3

llngT COMMECTING FLAG 4

|

INPUT CONNECTING TYPE 4
31223

1ITPLIJTIDOUBLE FLAG 4
INPUT OMIT FLRG 4
P00 B

IHPUT CONWCAUE FLAG ¢4
BB 30Y

INPUT REUERSE RAISE FLAG 4
B0 B
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FIGURE 14: The
\PT motion statments generated for th
~ the profile

CHEZ RPTLUOP L URREHT

P'\UP

IHNFUT DTHRTIHr POIMT

-1d., ‘dSA”l@

£ QPT LUOP 1

FROM ~ -13.8.,-35.8.~-18.8

Go oo T, F3 :T0 Fig ;70
IMDIRP ~ F3

TLRGT » GOFWD ~  E7 , TANTO , E4
INDIRP ~ 116.2.8. @‘39282;"8@ %

TLRGT , GOFWD ~  E4 , TANTO . EZ1
INDIRP ~  Pi4 o
TLRGT , GOFWD ~» EZ21 , PRST » E22
INDIRF ~ P4 /

TLRGT » GOFWD ~»  EZ2 , PRST »  EY
GODLTA 7 3.9

GO T0O 7 18.9,~35.9,-10.0

F

g




plane view) of "the,

JRE 15a: The cutter path verification (
FLOUR outer profile
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FIGURE 15b: The cutter path verification (perspective

of the outer profile.
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FIGURE ' i
16a: The polnts and edges of the in ’
ner profile
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FIGURE 16b: The cutter path generated for the iynner f 1
e I profile
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FIGURE 19 . The data structure generat
the inner profile
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JHC APTLQODR CURRENT

FOURE =
IHFUT QTHPTIPb POINT
-18,-35.-18
£ APT  LUOOP 1
FROM -~ -18.3.-35.8.-16.9
G UN E7 ‘
IMOIRP ~ F3
TLON, GOFWD ~ EY

FIGURE 20 The automatic generation of

APT ‘mo
for the inner profy tion statements

» TANTO

IMDIRF ~ 116 .0,0.009282,-80.8

TLoM, GOFWD -~ E4
IMDIRP -~ P14
TLON, GOFWD ~  Ez2l
IMDIRP ~ P21
TLON, GOFWD ~  E22
IMDIRF ~» P29
TLLFT, GOFWD ~ EZ
INDIRP ~» P26
TLLFT, GOFWD ~  E23
INOIRP ~» P27
TLLFT, GOFWD - EZ3
IMDIRP ~» P4
TLOM, GOFWD -  E2O
GODLTH ~» 0.8

» TANTO

, PAST 4
, PARST

GO TO 7 -14. @}""3) 2,




The cutter path generated for the4 inner profil
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FIGURE 22: Procedure for area.clearance
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The cutter path generated for the area élearance
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Page 44

FIGURE 24: The APT '
b APT motion statements generated for the
area clearan

s5 GREG CLEARANCE _ F18

feqM - 66.8,1.67,-5.8

T143 SLIME~  59.6923,26.4174,-80.8 %
73.1457,26.4174,-80.0

7150 = IME~  73.1457,26.4174,-80.8 %
. 73.1457,-29.9248,-88.0
7151 = [NE~  73.1457,-29.9242,-68.8 %
T 59.6929,-29.9248,-60.@
TiS52 ~LINE/ ~ 59.6929,-29.9248,-80.9 %
" T59.6923,26.4174,-80.9
co - TO . Ti5Z . T0 ., Fie , T, Ti45
TLRGT, GORGT ~  T143 CT0 ., Ti5M
T154 ZLINE/  59.6929,6.4174,-88.0 4
- 3. 1457,6.4174,-80.0
TLRGT, GORGT ~ T130 L ON . Ti54
TLON, GORGT -~ T154 .70, Ti52
7155 =L THE~ =9 6929,-3.5826,-80.0
b 73.145?)‘3,5826J'86.@
TLLFT, GOLFT - _Ti3e , ON » _T1S9
CTLOH, GOLFT ~  T155 10, TiSe
Ift L asT CUT OF ARER
"= 8
TLRGT, GORGT ~ T156 , TO . ;igé
TLRGT, GORGT ~  T151 , 10
, GO TO / £6.98,1.67,-5.9




FIGURE 25: The cutter path verificatiopn
whole inner profile

(plane view) for the
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The cutter path verification (perspective view)
for the whole inner profile




FIGURE 27: The generation of header,

tolerance,

and end statements cutter definition

cnec header
PARTNO Bi
CLPRNT
MACKRIN - PLOTPP, 1
URITS 7 INCKES

X apte f1
$ THE FOLLOWING 3 LINES ARE CYLINDER DEF
Fip - POINTY 00,10 0,00 DEFINITION FOR Fi
Filu =« YUECTOR/ 8.8,-1.0,0.9
Fi CYLNDR/ F1P , FtU , 8.0
X te pol fi
P 2 = POINT/ -8.4,~10.0,0,0
P14 = POINT/ 8§.0,-10.,90,0.80
P30 « POINT/ 8.9,10.9,0.8
P8 = POINT/ -8.0,18.8,0.9
Pi « POINT/ -0,89431,1.78815,7.94985 -
¥ 7apte edg fi
E2 POINT/ 8.8,-18.90,8.0800811
ES LINE/ P14 Fi2
£ LIHERRIZED KON X-Y PLAKE CIRCLE ER
E20 a LINE/ P14 , P39
E3P = POINT/ 0.0,18,0,0,0
E3 » LINE/ P8 P38 .
€6 LINEARIZED NON X-Y PLANE CIRCLE E3 B o
EL8 « LINE/ P8 ie .
$8 E4 15 TKE IHTERSECTION OF FACE F4 & FACE Fl
£ 3 Pi TO Fi : B )
%X cnc mach
€% MACHINING START
LORDTL 7 1
PPLOT 7 ON, X¥YZ, {
CUTTER 7 4,0 R 2.0
% cnc aptl cur
PSURF =
INPUT STARTIHG POINT
8,0,29
SS APT LOOP ¢ i
FrROM 7 0.0,0.0,20.0
LooF - 921 1466%
L3 - 4 -
ngi = éOINT ’ -1.97?89,-9.295607,?.75223
E4L = LINE 7 P ’ E4HT0 'Fi
GO - ON, EA4L ,70, Fi eal
TLLFT, GOLFT » F4 , ON
GOFUD /  F4 , 0N, E4l

QODLTA 7 8.0

GO TO 7 2.0,0.0,20.9
X cnc end

END

FINI




FIGURE 28 The whole cutter path of the part
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FIGURE 29 A complete APT |
; PArL program generat
ed by ROMAPT

PARTNO B1

CLPRNT

MACHIN / PLOTPP, 1

UNITS / INCHES

INTOL / 0.05

QUTTOL / 0.05

56 THE FOLLOWING 3 LINES ARE PLANE DEFINITION

F1OP = POINT/ -0.0,-25.0,-80.0 FOR  F10
F1OV = VECTOR/  -0.0,0.000001,1.0
F10 = PLANE/ FLOP . PERPTO ,  FlOV
P4 = POINT/ -0.0,-25.0,-80.0
P3 = POINT/ 91.0,-24.9998,-80.0
P9 = POINT/ 90.9999,25.0002,-80.0001
Pl4 = POINT/ -0.000122,25.0,-80.0001
E7 = LINE/ P3 , P4
E4P = POINT/ 90.9999,0.000237,-80.0
E4 = CIRCLE/CENTER, E&4P , RADIUS , 25.0
58 P3 TO P9
E21 = LINE/ Plé4 , P9
E22 = LINE/ P21 ., Pl4
$$ TUE FOLLOWING 3 LINES ARE PLANE DEFINITION FOR F8
F8P = POINT/ 0.0,-25.0,-95.0
F8V = VECTOR/  0.000002,-1.0,0.000002
F8 = PLANE/ F8P , PERPTO ,  F8&V
$$ THE FOLLOWING 3 LINES ARE PLANE DEFINITION FOR  F3
F3P = poINT/ 0.0,-25.0,-95.0
F3v = VECTOR/ -1.0,-0.000002,0.0
F3 = PLANE/ F3P _ PERPTO ,  F3V
$$ MACHINING START
LOADTL / 1

PPLOT / ON, XYZ., 1
CUTTER / 8.0

$$ APT LOOP : 2
FROM / -10.0,-35.0,-10.0 o
GO / ToO, F8 ,TO , F10 ,TO

$$ INDIRP / P3 L
TLLFT , GORGT / E7 . TANTO , E
$§$ INDIRP / 116.0,0.000282,-80.0

TLLFT , COFWD /  E& TaNTO ,  E21
$$ INDIRP / Pl4

TLLFT , GOFWD /  E21 _pasT , E22
$$ INDIRP / P4

TLLFT , GOLFT /  E22 PAST , E7
GODLTA / 0.0

GO TO / -10.0,-35.0,-10.0

END

FINI
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