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ABSTRACT

The modelling and numerical control (NC) machining of free form surfaces is usually 

accomplished utilizing minicomputer or mainframe computer aided design and manufacture 

(CAD/CAM) systems. The resulting NC data are suitable for either three-axis of five-axis 

machining dependent upon machine tool type/capability and CAM package complexity. How­

ever, the cost of such packages and systems precludes the use of these in smaller companies 

with an occasional requirement for components embodying free form surfaces. The increasing 

availability of powerful yet reasonably priced personal computers (PC) coupled with improving 

software provides such companies with a far cheaper alternative approach. However, the PC 

based CAD systems are not sufficient for this work and such CAM systems are limited to 2- 

1/2-axis machining for all but special applications such as three-axis canted Z-plane milling of 

four-axis wire electro discharge machining (EDM).

This thesis presents a method of modelling and manufacturing true three dimensional free 

form surfaces using PC based CAD/CAM systems. The method is particularly suitable for 

manufacturers who make use of moulds, such as are found in the plastic processing industries. 

The modelling of a telephone handset from digitized data and a plastic bottle from 2 dimen­

sional engineering drawings and the manufacture of a plastic bottle mould and a scaled cab 

roof model are presented as typical examples.



PREFACE

Computer Aided Design and Manufacture (CAD/CAM) has been widely used in aircraft, 

space, military, ship building and motor car industries. Increasingly, smaller manufacturers 

manufacturing a wide range of products have started using this new technology. The use of 

low cost Personal Computer (PC) based CAD/CAM systems in relatively small companies, 

such as the plastic mould making industry, will increase markedly in the coming decades.

This thesis introduces a method of modelling and NC manufacturing of components 

embodying free form surfaces with PC based CAD/CAM systems. The background of 

CAD/CAM is first reviewed in Chapter One and the general concepts of CAD/CAM systems 

and applications are introduced in Chapter Two. Chapter Three outlines the scope of the pro­

ject, the software and hardware used, and the general procedure for designing and manufactur­

ing a component composed of complex surfaces. The generation of surface models from digi­

tized data and 2 dimensional engineering drawings are described in Chapter Four and Chapter 

Five respectively. Chapter Six details the preparation of toolpath geometry for NC machining 

and Chapter Seven describes the automatic part programming and NC machining of two exam­

ples (a bottle mould and a scaled cab roof model). Finally, the general conclusions and recom­

mendations for further work are given in Chapter Eight.

The figures, tables, pictures, User Programming Language (UPL) programs and some typ­

ical NC Part Programs and post-processed Part Programms are given in the appendices at the 

end of the thesis.
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Chapter One

The Background of CAD/CAM

1.1 Summary

This chapter reviews the development of Computer-Aided Design and Manufacture 

(CAD/CAM), from the first appearance of digital computers to the current mini and micro 

computers. The development of the CAD/CAM software, Numerical Control (NC) technology 

and the theory of CAD/CAM - numerical geometry, are also detailed, together with the growth 

of the CAD/CAM industry and the international competition in both general-purpose digital 

computers and CAD/CAM systems.
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1.2 The development of digital computers

Modem digital computers first appeared in the 1940s^. They were huge, electromechani­

cal machines that used clicking relays to perform computations. The first and largest of this 

generation of computers was Aiken’s 5-ton Automatic Sequence Controlled Calculator, or 

MARK I, built in cooperation with the IBM Corporation in 1944^.

Soon relays and other mechanical moving parts were replaced by vacuum tubes. The first 

of these vacuum-tube computers was ENIAC (Electronic Numerical Integrator and Calculator) 

developed for the U.S. Army in 1945 by J. Presper Eckert and John W. Mauchly of the Moore 

School of Engineering of the University of Pennsylvania131 Subsequently, many other 

vacuum-tube computers emerged in rapid succession in the late 1940s. One of the most power­

ful of these was IBM’s Naval Ordnance Research Calculator.

Transistors replaced vacuum tubes in computer circuits in the late 1950s, creating a new 

generation of faster, more compact equipment. The most widely used computers of the second 

generation were IBM1620, IBM1401 and IBM7094.

Third-generation computers are characterized by the use of hybrid or integrated circuits, 

These computers began to be delivered in 1965 and the most common system was IBM sys- 

tem/360. Computer size and cost were further reduced and computing speeds increased in the 

1970s with integrated circuitry. Because of integrated circuit technology, computers today are 

much more compact, faster, and less expensive than their earlier counterparts. Furthermore, 

minicomputers about the size of a desk now handle complex tasks that only a few years ago 

required a mainframe, and a type-writer-size desktop computer contains the computing power 

of a bulky system that would have filled a room years ago.

1.3 The Appearance of mini- and Personal Computers

Minicomputers first appeared about the beginning of the 1960s151. Their progress fol­



3

lowed closely the development of digital circuit technology. First transistors, then integrated 

circuits and now Medium Scale Integration (MSI) and Large Scale Integration (LSI) circuits 

have been used in their construction. To illustrate the early rate of expansion, in 1969 about 

8,000 machines were installed worldwide. In 1975 this figure reached 40,000 installations^1.

The Personal Computer (PC) is an adaptation of microcomputer technology to ’Personal’ 
n,

type applications. And the introduction of the Rel 8008, an 8-bit microprocessor, in the early 

1970’s made the PC commercially possible171. The first use of microprocessors for PCs was in 

the form of kits for the hobby or educational market. The Scelbi 8H, using the Intel 8008, 

introduced in 1973, was perhaps the first personal microcomputer kit, but it was not widely 

marketed. Until January 1975, MITS, Inc. of Albuquerque, New Mexico, developed an 8008 

system, called the Altair 8800, and became an overnight success. The PC industry was bom.

In 1976 and 1977 there were over a dozen small companies manufacturing PCs and 

MITS and IMSAI were market share leaders. Radio Shack entered the market in 1978 with its 

TRS-80 computer and with its substantial production and distribution capability, It soon com­

pletely overwhelmed the PC market

The IBM PC was announced in August 1981 and marks the first entry of IBM into the 

low cost, Personal Computer market.

1.4 The birth and growth of CAD

The first use of Computer Aided Design (CAD) was during the 1950s181, in the aerospace 

and military organizations of the United States. By the mid-1950s the SAGE Air Defence Sys­

tem was using a light pen to display numerical information, but there was still no grasp of 

dynamic interaction^1. Throughout the 1960s, the Aerospace Industry Association was a major 

source of funding for work on CAD and from the early 1960s, there was increased interest in 

CAD in the U.S. motor industry.
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The first important step forward in computer graphics was at Massachusetts Institute of 

Technology (MIT) in 1963 when a 2 dimensional (2D) interactive CAD system, called 

SKETCHPAD - A man-machine communication system, was demonstrated^1 This system 

consisted of a cathode-ray oscilloscope driven by a Lincoln TX2 computer whereby graphical 

information was displayed on the screen1121. Soon afterwards, Johnson^131, devised a 3D draw­

ing system, SKETCHPAD III. At this time, the mathematical description of surfaces was being 

studied by the Lochlteed-Georgia Corporation1141. They announced a research program in 1965, 

which later became the commercial CADCAM system now leased by IBM. However, the 

interactive graphics systems developed in the 1960s were restricted mostly to very large com­

panies such as General Motors and Boeing because of their high costs.

By the close of 1960s there was a great expansion in commercial involvement in com­

puter graphics. This was a spur to the next important development - the arrival of raster based 

displays and plotters. These were the results, in the early 1970’s, of the computer graphics 

industry looking to t.v. technology to provide a new type of graphic device which would be 

inexpensive, and for the first time exploit the full potential of colour.

In 1971, the first practical surface design system (UNISURF) was introduced by Bez- 

ier^. This system enables sections of curves and surfaces to be freely designed by an operator 

who needs no advanced mathematical training and who works entirely in terms of elementary 

geometrical concepts. And by the early 1970s, interactive graphics could be performed on 

less-expensive minicomputers and then on the then recently developed 16-bit microcomputers. 

This made the systems economically practical for a much wider range of companies in general 

industry.

Near the end of the 1970s, powerful multi-user mini systems such as the PRIME 750 and 

VAX 11/780 allowed a number of such users to operate on a single system thus lowering the 

price per user slot[161. At the beginning of the 1980s, 32-bit microcomputers became available 

and were quickly adopted. Now, 2D drawing, 3D wireframe, surface modelling and solid 

modelling are available, all of which may be run on microcomputers.
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1.5 The birth and growth of NC technology and CAM

As improvements were being achieved in CAD, Numerical Control (NC) technology was 

being developed in parallel. Numerical Control began around 1947 when John Parsons of the 

Parsons Corporation tried to generate continuous curve data to control machine-tool 

motions1171. He had been working on a project for developing equipment that would machine 

flat templates for inspecting the contour of helicopter blades. A proposal covering a machine to 

prepare these templates was presented by the Parsons Corporation to the U.S. Air Force and 

resulted in a development contract in 1948^. In 1949 Parsons was joined by MIT as a major 

subcontractor on the project. Development work continued throughout 1950s^. This resulted 

in the successful demonstration of a three-motion milling machine and the APT (Automatically 

Programmed Tools) language for programming NC machine tools1201.

After studying the applicability of numerical control machining for high-speed aircraft 

structures, the Aerospace Industries Association, an organization comprised of aerospace 

manufacturers, recommended to the Air Force that forthcoming machines be equipped with 

numerical controls and in 1955 the Air Force began awarding some 35 million dollars for the 

manufacture of approximately 100 numerically controlled milling machines. It was not until 

approximately 1960 that numerical control began to appear on a reasonably wide commercial 

scale.

In the 1960s, the automatic generation of NC tapes for 2D milling operations was being 

studied1141. And the growth in the number of numerically controlled machines, has been 

accelerating rapidly.

From 1970, the development in NC can be tracked against the development of the 

memory element, the Dynamic Random Access Memory1211. The first generation of NC used a 

hardwired computer comprising memory elements up to IK bits per device and the predecessor 

of the microprocessor, the Arithmetic Logic Unit. By 1974 the early 8 bit mini computer was 

on the scene and this was developed into an NC system by most NC suppliers. By 1976 the 

first generation 8 bit microprocessors were being used and memory size had quadrupled by use 
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of 16K devices. Today NC uses several microprocessors ( typically 3) and in most cases 16 bit 

devices are employed. Computing power and memory size are advancing on a logarithmic 

scale with respect to time and already discussions are taking place regarding the use of 32 bit 

processors for products late this decade.

From mid 1970s, the early NC controls were replaced with Computer Numerical Controls 

(CNC) so that part program buffer storage, tape editing facilities and full cutter diameter com­

pensation are available1221. Three axis and five axis machining packages are now available to 

generate NC data from components with complex shapes designed on CAD systems and the 

process from design to manufacture of components using CAD/CAM methods is well esta­

blished, although the mechanism still relies on the input of know-how from the draughtsman, 

the planner, the part- programmer and others. Some machining packages can be run on Per­

sonal Computers (PC’s), but these tend to be limited to two and half (2-1/2) axis machining, 

which cannot address the manufacture of 3 dimensional free form surfaces1^1.

1.6 The principal developments in numerical geometry

Numerical geometry first assumed practical importance during the Second World War 

when production pressures, particularly in the aircraft industry, stimulated the development of 

new methods of design^. The new methods were based upon analytical curves, conics^251 

and the design process had been mainly graphical, using the techniques given in books such as 

that by Wellman^261. Much of the manual draughting work formerly undertaken was avoided, 

but a considerable element of computation was introduced.

With the advent of electronic computer, graphical methods were further developed. For 

instance, surfaces had been previously represented by the construction of a number of longitu­

dinal curves to blend a set of cross-sections, a process called LOFTING. Surface can not be 

defined completely, but only a system of curves lying on the surface. However, the new 
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methods treat the longitudinal and the cross-sectional curves in an equal manner and regard 

them as dividing the surface into quadrilateral patches, each of which may be represented by a 

mathematical formula.

In 1963, Ferguson1271 developed his patch system which was one of the earliest systems 

and has since become standard usage because of the use of parametric rather than Cartesian 

coordinates in its curve and surface definitions. The major advantage of the parametric coordi­

nates is that shape is independent of the frame of reference1281, and so the parametric approach 

may be regarded as an entirely natural development. Moreover, it enables twisted curves in 

three dimensions to be given a simple mathematical representation and coordinate transforma­

tions, projections, perspectives and so on for graphics displays to be performed very simply. It 

also avoids certain problems which can arise in representing closed curves and curves with 

vertical tangents in a fixed coordinate system.

A number of important developments were made after the first surface-defining systems 

became operational. First, the properties of spline curves and surfaces were much exploited and 

it has been shown that any spline curve or surface can be expressed in terms of fundamental 

splines or B-splines^1, which enables local modifications to be made without the need for its 

numerical representation to be recomputed from scratch each time. Secondly, it was shown by 

Coons1301 in 1967 how four arbitrary boundary curves can be blended into a single smooth 

patch and demonstrated how inter-patch continuity of gradient and curvature may be achieved. 

However, the theory can not be easily understood by an operator who may not be an expert in 

mathematics, because of its generality. The third major mathematical developments w^ the 

UNISURF system introduced by Bezier in 1971^^, which enables curves and surfaces to be 

freely designed by an operator who needs no advanced mathematical training, and a similar 

system proposed by Gordon and Riesenfeld[3111321 which makes use of the B-splines and 

exploits their properties to provide the facility for local modification of curves and surfaces.

An increasing interest is now being shown in the ’fairness’ of curves. Since a curve can 

be very smooth in the mathematical sense, but a great many undulations may still occur. S 
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chweikert1331 found a Spline in Tension and Mehlum[34] used a nonlinear spline in the 

AUTOKON system. Those spline functions are less oscillatory than the earlier splines.

1.7 Growth of the Industry

In the early 1970s there were only about 200 CAD/CAM workstations installed in the 

world^1, and almost all were in-house systems in large aerospace and automotive companies 

that could afford them.

With the advent of the minicomputer in the mid-1970s, the cost of these systems 

decreased dramatically and the use of CAD/CAM took off. Since then, sales have quadrupled. 

By 1976, it was generally agreed that the total computer graphics market was about a billion 

dollars1351. As 1980 began, computer graphics has grown to a 2 billion dollar industry with 

some 180,000 graphics devices in place, with a user community of perhaps 250,000 and with 

some 40,000 people employed. Sales volume in 1984 alone was estimated to be 8000 million 

dollars^361. CAD/CAM ranks among the fastest growing sectors of the economy.

Now over 90 percent of all mechanical drafting is done by CAD, and about 30 percent of 

all manufacturers use some form of CAM, the number of CAD/CAM installations is growing 

by more than 40 percent a year.

1.8 World competition in general-purpose digital computers and CAD/CAM sys­

tems

Among manufacturers of large- and medium-scale general-purpose digital computers, 

IBM Corp, is the top contender1371. In 1979, IBM had an international sales volume of 18 bil­

lion dollars in both hardware and software - about 50% of the world’s computer business.
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During the 1960’s, high-priced, IBM system 360-series computers dominated the interna­

tional market with about 85% of the computer business. But during the first half of 1970’s, the 

more advanced IBM system 370-series main-frame computers had to compete for the first time 

with the MSI-based minicomputers; and the Digital Equipment Corporation (DEC) took the 

lead in international medium- and small-scale computer operations. During the second half of 

1970’s, the lower-cost minicomputers and currently low-cost microcomputers qualitatively and 

quantitatively expanded the computer business a hundredfold. IBM has oriented itself to 

lower-cost, highly powerful main-frame computers such as 4300-series and a special model 

8100. For medium-and small- business applications, IBM turned its emphasis from its System 

3-series computers to the Superminis, such as 4331 and 4341, in order to compete with the 

minicomputer manufacturers on a more or less equal footing.

In the 1980’s, the major contenders in the general-purpose minicomputer area are DEC, 

Hewlett-Packard Co., Data General Corp, and Honeywell Information Systems.

Prime Computervision (CV) is currently probably the world leader in the number of mini­

computer CAD/CAM systems installed. Intergraph, Applicon and McAuto are also major inter­

national minicomputer CAD/CAM system suppliers1381. They provide powerful software pack­

ages which run on minicomputers, including 2D draughting, 3D draughting, 3D modelling, 

FEA (Finite Element Analysis), NC programming, robotics, simulation, etc.

IBM PC and micro VAX-based systems are leading products in the field of PC based 

CAD/CAM systems, with many other host computers, e.g. SUN, Apollo, IBM ’look-alike’, 

etc., rapidly developing the market. These systems are capable of running simulation applica­

tions, high- resolution graphics and the UNIX operating system, all at a relative modest price.



Chapter Two

CAD/CAM Systems and Applications

2.1 Summary

In the previous chapter, the historic background of CAD/CAM has been reviewed. In this 

chapter, the general hardware and software of current CAD/CAM systems will be introduced, 

including input devices, output devices, elements of a workstation, the types of computer 

configurations, interfaces, databases, NC technology and computer assisted part programming. 

Typical application software is also briefly described, such as three dimensional geometric 

modelling, finite element analysis, computer aided drafting, process planning and industrial 

robotics.



11

2.2 Hardware for CAD/CAM

CAD/CAM involves input hardware, processing hardware and output hardware. Because 

design information is frequently encapsulated in the form of drawings, input and output 

hardware capable of accepting information from drawings, or able to present information pic­

torially, is of special interest in CAD/CAM applications. CAD/CAM is by definition an 

interactive process and, consequently, the hardware used must support man/machine interac- 

tion^.

2.2.1 The workstation and its input devices

Most of the equipment of a CAD/CAM system is grouped in an arrangement called a 

WORKSTATION. This is the physical cockpit where the user controls and manipulates the 

vast amount of unseen data and software residing in the computer. It is the engineer’s vehicle 

for communication with the CAD/CAM system. A workstation consists of input and output 

devices. The output devices, however, can be shared by several workstations in the same 

CAD/CAM system.

The central item in a workstation is the GRAPHICS TERMINAL. This has a TV-like 

display that may be either Refresh, Raster, or Storage Screen depending on the system. It is 

both an input and an output device as instructions generated by the user may result in some 

change to the displayed image. The Cathode Ray Tube (CRT) is the basic element around 

which most display terminals are constructed^.

A KEYBOARD is also an integral part of the graphics terminal. This is a type-writer­

like alphanumeric arrangement for entering commands, text, and parameter values. Other input 

devices in the workstation are as follows:

Tracking devices provide a means of graphical input and are off-screen devices which 

depend on visual feedback for their effectiveness. Types of tracking devices are THUMB 

WHEELS, JOYSTICK, TRACKER BALL and TABLET. Feedback is achieved by the display 

of a cursor, normally in the form of a cross on the screen. They can be used either for 
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positioning geometric entities or for selecting them prior to some action being performed on 

them.

The TABLET is a convenient way for the user to enter X and Y locator positions. The 

tablet stylus is held like a pencil and moved over the tablet surface. Downward pressure on the 

stylus closes a microAvitch and interrupts the computer. Hence the tablet can serve as a sampled 

locator with a single event-causing button^.

The TOUCH-SENSITIVE PANEL and LIGHT PEN are attached to a visual display, and 

the user registers a position by touching the screen surface directly. Unlike the touch-screen, 

light pen and tablet, the MOUSE does not normally require a special surface. It signals how 

far it has moved from its last position, rather than where it is in relation to some fixed surface. 

However, the optical mouse is used in conjunction with a special surface.

The DIGITIZING BOARD is a common graphics input device in a computer aided 

draughting system, which enables the direct input to a CAD system, of data from an outline 

drawing in the form of digital co-ordinates. Not all systems will support this activity, therefore 

if it is to be an important feature of the proposed system the purchaser should check this point 

with the supplier.

2.2.2 The output devices

The PLOTTER is a graphics output device and is the means of obtaining a high quality 

hard copy representation of geometry stored in the CAD system’s database. It is a necessary 

piece of equipment for a draughting system, since such a system’s main purpose is the produc­

tion of engineering drawings. PRINTERS and COLOUR PRINTERS are also important output 

devices used for producing hard copy of the image on the screen.
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2.2.3 The computer hardware

Computers for CAD purposes can range in size from the large, general purpose, main­

frames down to modem microcomputers. They are generally identified by their word length, 

i.e. 8-bit, 16-bit, 32-bit etc. The word length represents the size of the data bus or the number 

of bits that can be transferred around the computer system in parallel. The longer the word 

length, the more complex the CAD system that can be operated. Until a few years ago, micro­

computers had 8-bit, minicomputers had 16-bit and mainframes had 32-bit word lengths. How­

ever, the trend is changing as 16-bit micros, and 32-bit minicomputers are now commonplace. 

Recently, 32-bit microcomputers are available and in use, such as the CV386. This means that 

computer aided design tasks which traditionally had to be carried out on expensive mainframes 

can now be run on cheaper mini- and microcomputers^.

There are a number of basic ways in which the computer hardware can be configured for 

CAD use. Three of them will be identified.

i) CENTRALIZED SYSTEM: A centralized system would be based on one of the larger 

mainframes capable of supporting twenty or more simultaneous users, as shown in Figure 2.1. 

Following the initial capital costs, additional terminals may be added on at a relatively low 

cost. However, if too many users require simultaneous access to the computer, the response 

time may become irritatingly slow.

ii) MULTIPLE HOST SYSTEM: This configuration is usually suitable for minicomput­

ers. A number of minicomputers each have limited number of terminals connected to them. 

The minicomputers are also interconnected so that the individual user appears to have the same 

facility as a centralized system (Figure 2.2).

The distinct advantage of this type of system is that if one computer were to go down 

then only a small number of terminals would be affected. However, The capital outlay for a 

multiple host system could be greater then for a centralized system.

iii) DISTRIBUTED SYSTEM: A distributed system is one in which each terminal has its 

own computer. The computers are connected by a network arrangement to form a integrated 
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system. The computers could be micros, minis, super-minis or even mainframes, and users of 

the network system can share common peripheral devices such as disc drives , plotters and 

printers as shown in Figure 2.3

2.3 The database

For an engineering company with any computer-aided design equipment, a database is a 

desirable tool, particularly if the intention is to eventually integrate the total CAD/CAM activi­

ties.

A database is a generalized integrated collection of data which is structured on natural 

data relationships so that it provides all necessary access paths to each unit of data in order to 

fulfil the differing needs of all users of the system. In a database system the data is stored once 

only. The different application programs (such as modelling, draughting, numerical control) can 

access the same database via a set of controlling programs known as the database management 

system.

Figure 2.4 shows how both design and manufacturing activities can share a common 

database.

2.4 Interfaces and inter-system communication

All CAD/CAM systems require INTERFACES which link the computer with other ele­

ments of the workstation. An interface has two elements, a hardware element, i.e. electrical 

components, and software elements to control the information and detect errors. There are two 

basic methods for interfacing the computer to peripherals, a SERIAL connection using RS232 

or RS422 interfacing link, or a PARALLEL connection for data interfacing using a parallel 

interface. The latter gives very high transmission speeds since the information for one character 
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is sent down a number of parallel wires simultaneously.

In order to enable geometric data to be readily exchanged between different CAD sys­

tems in digital form, a data interchange specification is used. The Initial Graphics Exchange 

Specification (IGES)1431 has been designed to present a standardized form for draughting and 

geometry entities. It is a project of the U.S. Air Force Integrated Computer Aided Manufacture 

(ICAM) project. The IGES format includes entities describing geometry (point, line, arc, 

spline, etc.), annotation (dimensions, drawing notes, etc.), and structure (properties, associa­

tions, groups, etc.). The transfer of a CAD database is a two step process. First, the 

sending system uses its IGES preprocessor to translate the entities comprising its database into 

the neutral or canonical IGES format. Then the receiving system uses its IGES postprocessor 

to translate the IGES entities into its own internal format.

The Association Européenne des Constructeurs de Materiel Aérospatial (AECMA) has 

produced a recommendation^41 for an interface between geometry systems. The AECMA for­

mat enables the receiving system to do everything with a curved surface except modify it.

2.5 NC, CNC and DNC

The most mature of the CAM technology is Numerical Control (NC). This is the tech­

nique of controlling machine tools with prerecorded, coded numerical information1451.

In the most basic NC system the programmed instructions are stored on punched paper 

tapes and inteipreted by electromechanical tape readers connected to the machine tool.

More advanced systems use Computer Numerical Control (CNC), in which the machine 

is controlled by a dedicated computer with the NC instructions stored in its memory. The 

stored instructions can be easily and quickly modified providing a high order of machine versa­

tility. CNC systems, which usually have feedback control, have many advantages over conven­

tional NC systems, namely, greater reliability and flexibility of operation, provision of manage- 
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ment information (i.e. machine status, downtime, cutting time). Tool positioning and cutter 

operating regimes can be tightly controlled in order to minimize tool wear, and to optimize 

machining. A CNC machine tool which can perform a range of activities is referred to as a 

MACHINING CENTRE.

More sophisticated systems may use Direct Numerical Control (DNC), which may also 

be referred to as Distributed Numerical Control when the machine control is distributed among 

a network of computers. In these systems the individual manufacturing units are connected 

through communication lines to a central computer that is in command. The communication 

lines also provide for the feedback of production and machine tool status from the shop floor. 

Some systems use a hierarchical arrangement of computers connected to the central computer, 

while other systems have eliminated the intervening mini- or microcomputers and have direct 

interfaces between the mainframe and machine tools.

A major advantage of the DNC system is the increase in efficiency, since the processor’s 

input/output equipment is located in a nearby area.

2.6 Computer-Assisted Part Programming (CAPP)

In the early days of NC and CNC, the parts to be machined were of two-dimensional 

configurations requiring simple calculations to describe the tool paths.

With the increased use of NC and CNC systems and the growth in the complexity of 

parts to be machined, the part-program is becoming more difficult to write and it is less easy 

for the part programmer to calculate the tool paths efficiently.

These limitations can be overcome by using the computer to assist with the part program­

ming process. Computers can perform the required mathematical calculations quickly and accu­

rately, and the computation errors which arise with manual calculations are reduced with 

Computer-Aided Part Programming (CAPP).
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There are a wide variety of computer-assisted part programming languages available, such 

as APT, ADAPT, UNIAPT, SPLIT and CINTURN II. These languages relieve the programmer 

from manually entering any geometry data. APT (Automatically Programmed Tools) is the ori­

ginal and more universal language. It has become the standard of the NC industry.

In a typical computer assisted system, when the NC program is selected, a menu appears 

on the screen, and the user designates the machine which is to cut the part. When the machine 

is selected, another menu appears, allowing selection of:

i) Cutter size

ii) Type of material

iii) Feeds and speeds

iv) Material thickness

v) Clearance above which the tool must rise when not cutting.

Then the screen displays a geometric model of the part, on which the programmer defines 

the machining operations using various types of lines. For example, a solid line might indicate 

a rough cut and a dashed line a finish cut. From these inputs the system automatically gen­

erates an NC tape to machine the part.

Most of the NC programming packages also simulate the tool paths so that the program 

can be checked. The tool motion can be animated to allow the programmer to observe the tool 

as it moves on the part. These features allow a verification that the program properly guides 

the cutter.

After the programming is completed, the computer translates or postprocesses the tool 

path description into coded instructions tailored to a specific machine. These instructions are 

stored on punched paper tape or magnetic tape for input to the machine tool. The instructions 

may also be transferred directly to a memory in the machine tool control system.

Beyond computer assisted .programming, the software may use the geometric model 

created in CAD system as a basis for producing the NC instructions. The geometric informa- 
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lion is accessed through a shared database in the computer, thus the programmer does not have 

to enter data manually. The computer may also prompt the programmer to respond to questions 

displayed on a terminal screen.

These NC programming packages can also display the simulated tool paths so that the 

programmer can check the program. The system allows the programmer to create NC instruc­

tions graphically, without requiring a detailed knowledge of programming languages.

2.7 CAD/CAM functions and applications

A user at a CAD graphics terminal can design a part, analyse stress and deflections, study 

mechanical action, and produce engineering drawings automatically. From the geometric 

description provided by CAD, production people may produce NC instructions, generate pro­

cess plans, program robots, and manage plant operations with CAM systems.

These two technologies and their associated capabilities are being combined into 

integrated CAD/CAM systems. In other words, a design is created and the manufacturing pro­

cess is controlled and executed with a single computer system. Generally, CAD functions are 

grouped in four categories: geometric modelling, engineering analysis, kinematics, and 

automated drafting. And present activity in CAM technology centers around four main areas: 

numerical control, process planning, robotics, and factory management Some of the 

CAD/CAM features will be detailed below^

2.7.1 Three-dimensional geometric modelling

The designer constructs a geometric model on the CAD/CAM terminal screen to describe 

the shape of a structure to the computer. The computer then converts this pictorial representa­

tion into a mathematical model which it stores in a database for later use. The model may be 

recalled and refined by the engineer at any point in the design process. And it may be used as 
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an input for virtually all other CAD/CAM functions.

Three dimensional objects can be modelled using one of the three methods: 

WIREFRAME MODELLING, SURFACE MODELLING and SOLID MODELLING.

A wireframe model of an object is made up of a set of three- dimensional co-ordinates, 

which define the end points of lines in space. Information about the type of line is also held 

(i.e. the curvature of the line.). This type of model, because it is described by its edges and 

vertices, can only provide partial information. The model cannot be used to perceive any infor­

mation about the volume of the object or indeed which lines represent the inside or the outside 

of the component.

Surface models hold the description of an object in terms of points, edges and faces 

between the edges. Surface modelling systems are able to calculate surface intersections and 

areas and some systems are capable of producing shaded images and removing hidden lines 

automatically. Surface models are ideally suited to applications where a model of a complex 

surface is required, such as aerospace and car body styling. From the geometry of a surface 

model, numerical control path data can be generated. All machining operations, including 

multi-axis profiling can be catered for, allowing complex surfaces to be machined.

A solid modeller is probably the most powerful of the three dimensional modelling tech­

niques, as it provides the user with complete information about the outline, surface, volume 

and mass properties of the model. A solid modeller holds a complete description of an object, 

in terms of the space which it occupies. Solid modelling systems can produce very impressive 

visual displays of objects, using perspective, colour shading and high-lighting to create images 

of photographic quality.

2.7.2 Engineering analysis

Most CAD/CAM systems permit the user to move directly from the geometric model to 

analytical functions. For example, single keyboard instructions may command the computer to 

calculate weight, volume, surface area, or centre of gravity of a part.
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The most powerful method of analysing a structure on a computer is probably the 

FINITE-ELEMENT method. In this technique, the structure is represented by a network of 

simple elements that the computer uses to determine stresses, deflections, and other structural 

characteristics.

In integrated CAD/CAM systems, the user can call up the geometric model of the part 

and create a finite element model quickly and easily using automatic node-generation and 

element- generation routines. Once a part is modelled, the user specifies loads and other param­

eters. Then the model may be analyzed with programs such as NASTRAN, STRUDL, ANSYS 

or SAP.

If the finite-element analysis reveals excessive stress or deflection, the computer model 

may be modified and reanalyzed. In this manner, the designer can evaluate structural 

behavior before the product is actually built, and the design can be appropriately modified 

without building costly physical models and prototypes.

2.7.3 Computer-aided drafting

Computer-aided drafting features automatically produce detailed engineering drawings on 

command from the geometric model database or from inputs entered by the user at the graphics 

terminal.

These systems have many features that automate a range of drafting tasks to speed the 

production of drawings. Most systems have automatic scaling and dimensioning features, and 

changes made to one view may be automatically added to other multiple views. Moreover, 

function menus permit the user to specify points, locate lines, enter text, and produce cross­

hatching at the push of a button. These automatic features coupled with the high speed of 

computer-driven plotters enable users to produce new drawings up to five times faster than 

with manual drafting methods.

2.7.4 Process planning
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Numerical control is concerned with controlling the operation of a single machine. How­

ever, process planning is a much broader function that considers the detailed sequence of pro­

duction steps required to fabricate an assembly from start to finish.

One important aspect of process planning systems is group technology. This concept 

organizes similar parts into families to enable fabrication steps to be standardized.

Most process planning systems now use retrieval techniques. In this approach, process 

plans are developed for part families from existing databases on standard tooling and fabrica­

tion processes. One of the first of these systems was the CAM-1 Computer Automated Process 

Planning (CAPP) system.

Retrieval systems are far less sophisticated than the future generative process planning 

systems which many experts predict. Generative process planning systems currently under 

development by CAM-I would produce process plans directly from the geometric model data­

base with almost no human assistance. The process planner would receive the input from 

design engineering on a CAD/CAM terminal and then enter this data into the computer system, 

which would automatically generate complete plans.

2.7.5 Robotics

Robots are automated manipulator arms that perform a variety of material-handling tasks 

in a CAD/CAM system. Robots may select and position tools and workpieces for NC machine 

tools, or they may carry equipment or parts between various locations on the shop floor. They 

also may use their mechanical hands to grasp and operate drills, welders, and other tools.

Most robots presently are programmed in a so-called teach mode. In this approach, a user 

physically leads the robot through the individual steps of an operation. This type of manual 

teach-programming is time consuming and error prone. Also program changes usually require 

the entire sequence of steps to be repeated.

To overcome these difficulties and extend robot capabilities beyond the traditional teach 

mode, present research in robotics is directed at developing advanced programming languages
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with which robot instructions may be issued through a computer. One of these advanced 

languages presently under development is the IBM Automated Parts Assembly System 

(AUTOPASS).



Chapter Three

Introduction to the Project

3.1 Summary

In the previous chapters, the background of CAD/CAM has been reviewed and typical 

CAD/CAM systems and their general applications have been introduced. In this chapter, the 

project of this thesis which is aimed at the development of a method of modelling and NC 

machining of free form surfaces using a PC based CAD/CAM system will be detailed.

This chapter starts with an introduction to the current problems with the modelling and 

manufacturing of components with free form surfaces and the importance of the project, fol­

lowed by the description of the objectives of the project and the equipment used throughout the 

project. The capabilities and limitations of the software used and the programming language 

are discussed, e.g. microCADDS Geometric Constructing and Detailing (GCD) and Surfaces, 

Personal Machinist (PM) and User Programming Language (UPL). Finally, the general pro­

cedure of modelling a component with microCADDS and NC part programming and machin­

ing of the geometric model with Personal Machinist is introduced and illustrated by two 

flowcharts. The additional programs developed during the project are also pointed out where 

they are used in the flowcharts.
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3.2 Introduction

Sculptured surfaces are made up of arbitrary, nonanalytical contours that may not obey 

mathematical laws. These surfaces are found in a wide range of components, including those 

used for aircraft, automobiles, construction and agricultural equipment, machine tools, and 

domestic appliances. The modelling and NC machining of these surfaces has been a major 

difficulty in CAD/CAM applications.

Up to now, the modelling and NC machining of free form surfaces is mainly accom­

plished on mainframe Computer Aided Design and Manufacturing (CAD/CAM) systems such 

as those supplied by Computervision (CV). Recent development in computer hardware and 

software resulted in the use of 32-bit super minicomputers for this purpose. Such as Prime, 

DEC-VAX, Apollo, Data General, ICL Perq, Sun, Control Data, IBM and Whitechapel. Pro­

duct geometry (or the computer model) can be manipulated, modified and refined with power­

ful surface modelling packages such as CADDS 4X advanced surface modelling software sup­

plied by the Computer-vision^ 1481 and DUCT (Design Using Computer Techniques) sup­

plied by Delta Computer Aided Engineering Limited1491 NC data can be obtained from 

these systems via 3-axis or 5-axis machining packages^* 1. However, the cost of such packages 

and systems precludes the use of these in smaller companies.

With the appearance and development of 16-bit and 32-bit micro-computers (e.g. IBM PC 

AT and CV386), CAD/CAM functions are being run on these low cost systems, such as Com­

putervision MicroCADDS GCDt521 and Surfaces^531 and Personal Machinist^541. However, the 

CAD packages on personal systems are currently not sufficient to model and manipulate com­

plex surfaces. The NC machining packages are generally limited to 2-1/2 axis machining for all 

but special applications such as 4-axis wire Electro Discharge Machining (EDM)t551.

Crippa and Faltoni have done a lot of surface modelling work on PC based CAD systems 

for the plastics industries1561, and Takeuchi, Morita and Sakamoto^5?1 developed a Personal 

CAD/CAM system named MCSYS. They used wire frame models to represent objects so that 

toolpaths can be easily generated. The cutting direction, however, is limited to one and the 
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stepovers are constant. This may result in low accuracy when the component is composed of 

complex surfaces.

3.3 The objectives of the project

Since the surface modelling facilities on PC based CAD systems are not powerful 

enough, i.e. lack of smoothing, filletting and matching facilities and the CAM systems are limi- 

tied to 2-1/2 axis machining, this project is aimed at the development of additional programs 

which make it possible to model and NC machine 3D free form surfaces with Personal Com­

puter (PC) based CAD/CAM softwares currently available. The methods have been tested by 

several examples, i.e., the modelling of a telephone handset from digitized coordinate data of a 

master part and a plastics bottle modelled from a 2 dimensional engineering drawing, The bot­

tle mould and a scaled cab roof model have been NC machined.

This successful experiment is of particular importance to smaller sized plastics mould 

design and manufacture industries such as, injection moulding and blown moulding. To satisfy 

this particular usage, components can be changed in shape and volume quickly with the pro­

grams developed in this project.

3.4 The equipment used in this project

The computers used in this project are 16-bit IBM PGATs and 32-bit CV386s with 

colour graphics terminals, the operating system is the Disc Operating System (DOS). Gen­

erally, all the work can be carried out on 16-bit microcomputers. The use of 32-bit computers 

increases the running speed and capacity, and this is the future of CAD/CAM. The computers 

used are arranged in a distributed configuration with HP7475A pen plotters and EPSON FX- 

105 line printers connected to the network. The CNC machine used is a Takisawa Machining
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Centre with FANUC MAC-V3 controller and a RENISHAW probe system. The NC data is 

transferred from a workstation to the CNC machine controller via a DNC (Distributed Numeri­

cal Control) link. This is done by a dedicated Personal Computer and a cable which links the 

PC and the controller of the machining centre by RS232 connectors.

Usually a Coordinate Measuring Machine (CMM) is required to digitize master parts for 

input information into the CAD system. In this project, the RENISHAW probe system 

installed on the Takisawa Machining Centre was used for this puipose.

Figure 3.1 shows the network of the microcomputer CAD/CAM system. Geometric and 

NC data can be directly transferred between workstations via the V8 PC CLUSTER controller 

or floppy discs. Geometric information can also be transferred to the PC CAD/CAM system 

either from the Computervision CADDS 4X system by the binary converter or from other sys­

tems by IGES (Initial Graphics Exchange Specification).

3.5 The CAD package used and its limitations

The design software used is Computervision Personal Designer, which consists of two 

fully integrated packages, namely, microCADDS Geometric Construction and Detailing (GCD) 

and microCADDS Surfaces. MicroCADDS GCD is at the core of every Computervision Per­

sonal Designer system. It provides extensive construction and editing tools for creating three­

dimensional models of complex geometry and two-dimensional layouts and drawings. It can be 

used for design studies or for creating engineering layouts quickly and easily.

MicroCADDS Surfaces option for the Personal Designer is an integrated extension to the 

wireframe design and drafting capabilities provided by microCADDS GCD. 2 dimensional and 

3 dimensional curves and surfaces can be easily created and both planar section and the inter­

section of complex surfaces can be calculated.

For curve and surface representation, microCADDS Surfaces uses Bezier mathematics, an 
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approach that was refined and performed in the most advanced Computervision systems. The 

powerful command set insulates the user from the underlying mathematical complexity while 

providing an easy-to-use, flexible, and efficient mechanism for defining and manipulating the 

geometry. There are four types of surface definitions i.e. Bezier surfaces, Ruled surfaces, 

Coon’s surfaces and surfaces of revolution.

However, surface offsetting, surface filleting, surface smoothing and surface matching are 

not available in Personal Designer. These are very important features for free form surface 

modelling. The definitions of surfaces are also limited, some advanced surfaces are not avail­

able, such as, B-spline surfaces, Rational surfaces and Non-Uniform B-spline surfaces. Per­

sonal Designer is not well integrated with Personal CAM packages, and NC toolpaths can not 

be easily created from the geometric model.

3.6 The User Programming Language (UPL)

User Programming Language (UPL) is a compiled modular programming language 

specifically designed to run and interact with microCADDS GCD and Surfaces or Advanced 

Architectural Drafting software1581. The language has all of the most commonly used features 

of other high-level languages, such as FORTRAN or Ada. Several additional features are 

incorporated which are oriented towards interacting with GCD or Advanced Architectural 

Drafting, both at the command input level and directly with the drawing data base. Several 

built-in procedures and functions are included specifically for CAD applications.

The limitations of UPL are: information related to the curves and surfaces can not be 

obtained directly, curves and surfaces can not be inserted and created by running programs 

written in UPL.
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3.7 The Personal Machinist and its limitations

The Personal Machinist (PM) system joins CAD and CAM together on a single system. 

Because it utilizes inexpensive Personal Computer technology, the PM system is available at a 

price which individual departments and small job shops can afford.

With the PM system, the engineer can design three-dimensional geometry, extract key 

geometry information, and build the NC manufacturing programs required to produce parts, 

tooling, and fixtures. The PM is compatible not just with a selected group of machine tools, 

but with a wide range of popular machine tools, including milling machines, lathes, punch 

presses, electrical discharge machines, and flame/laser cutting equipment.

3.7.1 The NC Processor (NCP)

The Personal Machinist NC Processor (NCP) is a two and half (2-1/2) axis NC tape 

preparation system designed to use microCADDS model data base information as input 

geometry, and to use the NCP for toolpath graphics display and verification.

Computer Assistant Part Programming (CAPP) technology is used the NCP so that the 

part programs are generated automatically from the defined or transferred geometry. This frees 

the part programmer from tedious manual part programming and geometric calculation work. 

The NC system is designed to generate NC machining data from a microCADDS model. How­

ever, the NCP has its own geometric construction capabilities, and it is not mandatory to use a 

microCADDS model.

The limitations of the NC Processor are: only points, lines and arcs can be defined in the 

NCP or transferred from a microCADDS model. Curves, strings and surfaces can not be con­

verted from the microCADDS model, or constructed in the NCP. Arbitrary 3 dimensional 

profiling is not available in NCP. 3D machining is restricted to the case where the horizontal 

cross-sections of the side surfaces are different in size, but similar in shape, see Figure 3.2. In 

most cases, the machining is limited to two and half axis, which allows the tool to move freely 

and simultaneously in two dimensions while keeping the third dimension fixed for each 
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operation. However, the toolpath translation, rotation and mirroring features of the NCP can be 
e

used to decrease the shortage of machining ax#.

3.7.2 NC Postprocessor and NC Postprocessor Generator (PGEN)

The Postprocessor Generator (PGEN) is a flexible tool included with the PM NC system 

that allows users to use question/answer prompts to create machine specific postprocessors to 

generate an NC tape image from an NC part program file (with a .NCI extension) for a partic­

ular NC machine-control combination. Since each NC/CNC machine has its own particular 

characteristics, a tape for one machine will almost always be different from a tape for another 

machine. The postprocessor is the software that formats output information for an individual 

machine's requirements.

Developing a postprocessor is a three step process executed at the DOS level.

Step 1: Generate the postprocessor source file.

The postprocessor source file is an ASCII text file, which can be generated by running 

PGEN, the postprocessor generator program, to generate a machine specific postprocessor. 

PGEN prompts the user with a series of questions about the NC machine and subsequently 

generates a source postprocessor with a .NC2 extension that can be compiled and used to post­

process a part program.

Step 2: Edit the postprocessor.

This is an optional step that we might want to take if we have a postprocessor that 

requires additional changes or enhancements. Because we edit the ASCII text file directly, 

knowledge of the basic programming language is required.

Step 3: Compile the postprocessor.

The final step is compiling the ASCII text file version of the postprocessor (a .NC2 file) 

into a binary format (a .NC9 file)

post .NC2 * PC * post.NC9 (compiler)
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In this way a postprocessor is created to postprocess a part program in the NC Processor 

to generate an NC tape file. A tape file stores the NC program output in a format that can be 

understood by the machine controller.

part program .NCI----- > post NC9----- » tape file .NC2

Figure 3.3 illustrates the three steps in developing a postprocessor at DOS level. Figure 

3.4 shows how postprocessing is accomplished in the NCP processor, from an NC part pro­

gram into an NC image ready to drive a machine tool.

3.8 The general procedure for designing and manufacturing a component 

embodying free form surfaces

The general procedure necessary to model and manufacture a component with complex 

surfaces, such as a mould, via Personal Computer CAD/CAM system is set out in Figure 3.5 

and Figure 3.6. The modelling and NC part program generation of a required part will be dis­

cussed separately.

3.8.1 The creation of geometric model of a component to be machined

The geometric model of a component can either be originated from digitized information 

taken from a master part by Coordinate Measuring Machine (CMM) or modelled using 2 

dimensional (2D) engineering drawings with microCADDS. It may also be transferred to 

microCADDS by either the binary converter from the Computervision CADDS 4X system or 

via IGES from other systems.

If the computer model is created from a master part with microCADDS, the following 

steps are taken. (See Figure 3.5).

i) Measuring the master part on an CMM or an CNC machining centre with a 

RENJSHAW Probe system. The number of points to be digitized should be pre-decided and the 
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positions of these points must be planned. Otherwise the resulted surface patches may be badly 

arranged and consequently, further manipulations of the surface patches will be very difficult.

ii) Input the measurements manually into microCADDS and display the points on the 

computer screen. This could be done automatically with a prepared interface between the Coor­

dinate Measuring Machine or the CNC machining centre and the CAD system.

iii) Generate a set of curves from the points. The curves will not necessarily pass through 

every point , since the measurements have errors. The degrees of the curves should be care­

fully selected. Usually a number of low degree composite curves are used.

iv) Generate surface patches from the curves. The number of the patches and the orders 

of the surface patches should be carefully selected. Usually low order composite surface 

patches are used.

v) Smooth and refine the surfaces. Special methods have been developed to achieve this 

because of the shortage of these facilities in microCADDS. The program developed for 

smoothing surfaces is "SMOSPL.UPL".

If the computer model is created from a 2D engineering drawing supplied by a custo­

mer, the following steps are necessary:

a) Draw the three main views (TOP, RIGHT and FRONT views) of the part in the draw­

ing using microCADDS G CD. Put them on different layers. (Layers are used by microCADDS 

to separate drawings). The datum of the elements in the three views must be the same.

b) Draw any other section views of the part in the engineering drawing and put them on 

different layers. The orientation of the section views in space must correspond to the main 

views.

c) Project geometric entities (lines, points, arcs and curves) in the TOP view so that the 

orientation and position of these entities are correct in space. This is done by first projecting 

the entities in the TOP view until they are corresponding to their RIGHT view in space and 

then projecting them until they are corresponding to their FRONT view in space.



32

d) Use the projected entities in the TOP view (which are orientationally and positionaly 

correct in space) and the entities of any other section views to build a wireframe model of the 

part. Additional entities may be created by the designer to complete the wireframe model. 

However, the entities in the RIGHT and FRONT views are not used for building the wireframe 

model.

e) Put surface patches on the wireframe model. The number of patches and the types of 

surface patches should be carefully considered.

f) Smooth and refine the surface model of the part. The method of smoothing and 

refining is the same as that already mentioned.

3.8.2 The procedure for NC machining the component using the computer sur­

face model

Once the model has been built in microCADDS or transferred from other systems, the 

geometry is separated for machining and this is typically achieved by layering (See Figure 3.6). 

The surface types are then identified and using the program "BEZOFF.UPL" developed in this 

project, the offset points are generated to produce the offset surfaces. These are offset from the 

original shape by an amount equal to the radius of the ball-ended milling cutter to be used for 

cutting the mould. The tool size is determined by the curvature of the surface to be cut. The 

program "RADIUS.UPL" was used to calculate the minimum radius of curvature of a concave 

surface.

The offset surface is then sectioned using the program "CUSPH.UPL" at the given step 

sizes which generates curves for toolpath geometry. Since these curves can not be transferred 

to Personal Machinist they have to be exploded to form line segments. This is done by running 

another program which has been developed in this project, "LINPATH. UPL" to generate a lim­

ited number of lines along the curves, the maximum deviation between the curve and each line 

segment being controlled. Machining groups are then formed from each chain of line segments.
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Once the above tasks have been completed within the microCADDS part (.DRW), the 

Personal Designer to Personal Machinist interface (PDPM) UPL program can be run to capture 

relevant information about the conversion process for use by the batch file CONVERTBAT. The 

user then exits from microCADDS back to DOS level where CONVERT.BAT is actioned to 

perform some housekeeping tasks and to execute the PDPM utility which undertakes the actual 

conversion. Finally, CONVERT.BAT copies the converted file (.NC5) into the Personal 

Machinist directory and takes the user into the NC Processor (NCP).

Once in the part program (.NCI) the first step is to merge in the converted geometry 

(.NC5). The machining groups can also be defined at this stage. Currently, within PM all 

merged geometry is displayed in the XY plane. If it is necessary to machine in the YZ or ZX 

plane then translation and rotation are carried out at this stage. Next the tool motion statements 

are added, together with speeds, feeds, tool types, etc. to perform the machining. It should be 

noted here that by generating an offset surface at the outset the ball-ended tool diameter is zero 

as the compensation is already catered for.

During the build up of the tool motion statements the results can be monitored via a 

graphical post processor. Once this has proved satisfactory the part program is processed 

through TAKMET to produce the NC code (.NC2). TAKMET is the UMIST post processor 

for the Takisawa Machining Centre which is fitted with a Fanuc 6MB Controller. This NC 

code part program is then transferred via the Local Area Network (LAN) to the machine tool 

controller using the DNC command which uses a machine parameter file (MPF) to perform the 

handshaking between the computer and machine tool controller.

The Post-Processor TAKMET was generated in house using the PM Post-processor Gen­

erator (PGEN) and then further adjusted using the ED editor. PGEN creates a question and 

answer file (TAKMET.NC3) and a post processor written in NC BASIC (TAKMET.NC2) 

which may be edited via ED. To create a workable post processor the (.NC2) file has to be 

compiled via the post compiler (PC) to give the binary (.NC9) post processor, which is 

accessed via the NC Processor (NCP).



Chapter Four

Generating Surface Models from Digitized Data

4.1 Summary

In the last chapter, the general procedure of modelling and machining free form surfaces 

has been briefly introduced. In this chapter, the method is described in detail. The mathematics 

of the surface definitions in microCADDS will be first discussed, followed by the introduction 

of the approach to modelling surfaces from digitized data from measuring of a master part to 

the refining of the resulting surface model. A new method of interpolating digitized data with 

Bezier surface patches and the smoothing of composite surfaces will be described. The chapter 

concludes with an assessment of the major advantages and drawbacks of this method.
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4.2 Introduction

The information used for constructing surface models in an CAD system usually comes 

from two sources, i.e. digitized data from a master part or prototype or from two dimensional 

orthographic engineering drawings. In this section, the approach to modelling free form sur­

faces using digitized data will be described in detail, leaving the second approach to the next 

chapter.

The general procedure of manufacturing components with complex surfaces such as ship 

hulls, car bodies or aircraft fuselages is, first designing the shapes of the desired components 

by experienced loftmen manually or by using modem computer packages such as CONSURF 

as used by British Aircraft Corporation (Warton)1621 [631 [64J; then building prototypes of the sur­

face made of wood or wax by skilled people; when the prototypes satisfy all the constrains, 

they are digitized by a Coordinate Measuring Machine (CMM) or a digitizer. The digitized 

data is then transferred to a CAD system and the surface models are constructed. When the 

surface models are refined, NC machining cutter paths and part programs are created from the 

surface model with an integrated CAM package. Finally, the components are manufactured on 

a CNC machine using the NC programs generated by the CAM package.

Since the purpose of this project is to find a method of modelling and NC machining of 

free form surfaces with PC based software, the complete procedure described above was not 

followed. Instead, a telephone handset was digitized on the CNC machining centre and a sur­

face model was built using the digitized data using a Personal Computer.

4.3 The surface definitions in the microCADDS

It has been mentioned in the last chapter that the microCADDS Surfaces package is 

based upon Bezier mathematics, which is a mature approach used by most CAD packages. 

Although most advanced CAD packages, particularly those running on mainframe or minicom­
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puters, have more advanced and sophisticated surface representations such as Rational B-spline 

surfaces^ and Rational Bezier surfaces1601 Bezier curves and surfaces are still their basic 

curve and surface definitions. MicroCADDS also contains other types of basic surfaces such as 

ruled surfaces, Coons surface patches and surfaces of revolution.

4.3.1 Bezier curves

A Bezier curve can be defined by a set of control points called Bezier points or vertices. 

This approach defines a curve which only approximates to these given control points, rather 

than passing through them. For example, the Bezier cubic curve is determined by two end 

point vectors Vo , V3 and two control point vectors , V2, which do not lie on the curve. 

(See Figure 4.1). A Bezier curve of degree n is determined by a set of control points 

V/z = 0, 1,2, ..., n), which form a characteristic polygon called the Bezier polygon. It can be 

generally expressed as^1:

r = E WiO Vf 
:=0

where Bn i{u) is the Bernstein function,

2,.zW = C(n,z^

C (n ,z ) is the binomial coefficient,

(4.1)

(4.2)

(4.3)

u is the parameter of the curve and 0 < u <1.

A cubic Bezier curve can be derived from equation 4.1, 4.2 and 4.3 when n=3,

r(u) = (1 u)3 Vo + 3 u (1—u)2 Vj + 3 u2(l-zz) V2 + u3 V3 (4.4a)

In matrix form, it can be expressed as:



37

r(u ) = 1 u

Vo
Vi
V2
V3

(4.4b)

or in simplified form:

r(w) = 1 u (4.5)

where

M =

10 0 0
-3 3 0 0

3 -6 3 0
-1 3-3 1

The command used in microCADDS to generate Bezier curves is "INSert CPOle", fol­

lowed by modifiers. CPOLEs are names of curves given by Computervision. Modifiers are 

used to specify the features and properties of a geometric entity.

4.3.2 Bezier surfaces.

The definition of a general Bezier surface is shown by the illustration of the formation of 

a bi-cubic surface. First, 16 control vertices V, j (i=0, 1, 2, 3; j=0, 1, 2, 3) are selected which 

form a (4 x 4) matrix which defines a characteristic polyhedron in a geometric space. (See Fig­

ure 4.2).

V00 V01 V02 V03
V10 V„ V12 V13
V20 V21 v22 v23
V30 V31 v32 v33
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Using four vertices, which are matrix elements in the same column, to define a Bezier 

cubic curve, the matrix representation may be obtained as follows.

3
So(«) = Z *3,(%)  V,o

1=0

where B3i(u) is the Bernstein function. The other three curves defined in this way are S1(m), 

S2(m), and S3(u).

3 .
Si(m) = z B3,iW Vn 

1=0

3
82(H) = Z ^3,1 (M) V/2 

i=0

3
83(H) = Z Bl,.(«) V/3 

i=0

Choosing any value of the parameter u between zero and one, i.e., u = uv we can regard 

8q(h 1), Si (Hi), S2(n 1) and S3(^) as four vertices of the characteristic polygon and construct a 

Bezier cubic curve with parameter v.

3
Q(V)= Z^3J(V) S/(Hi) (4.6)

Where 0 < v S1. When the parameter %% varies between 0 and 1, the curve Q(v) forms a bi­

cubic surface and can thus be derived from equation 4.6^.

r(n,v)= So(h) Si(m) S2(u) S3(u)

^3,o(v)

53,i(v) 
5 3,2(v)

53.3(v)

or

r(n,v) = S30(zO B3j(m) B32(w) Bg/«) V

^3,o(v) 

^3.1(V) 

^3.2^) 

^3.3^)
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or in simplified form:

(4.7)

where MT is the transpose of M.

This principle can be generalized to a surface of (n+1) x (m+1) order. The positional

vectors Vÿ (i = 0, 1, 2......n j = 0, 1, 2, ...» m) of the vertices of the characteristic

polyhedron form the following vertex information matrix:

Voo V01 Vo„
Vio Vn ' ’ ' Vim

V =

, ^n0 1 • • • ^nm

and the surface is defined as

r(M,v)= BnjaW Bnti(W) • • • BntnW V

or

r(«.v)=Ê E Bn^u) Bmj(v) V,y
2=0 7=0

where m, v are two parameters and 0 < m < 1, 0 < v <1.

Sm,o(v)

Bm^(v)

(4.8)

(4.9)

The command used in microCADDS to generate Bezier surfaces is "INSert SPOle", fol­

lowed by modifiers. SPOLEs are names of surfaces given by Computervision.
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4.3.3 Ruled surfaces

A ruled surface is a three-dimensional surface entity defined by two curves that can be 

thought of as consisting of a number of straight lines, each going through a separate point on 

one curve to a separate or corresponding point on the other curve. The commanfused in micro- 

CADDS to generate a ruled surface is "INSert RSURF", followed by modifiers. A ruled sur­

face takes the form of^

r(m ,v ) = r0(w ) + v r^) - f0(m ) j (4.10)

or

r(u,v) = (1-v) To(m) + v r^u) (4.11)

Where m, v are parameters and 0<m <1, 0<v <1, r0(«) and r^) are two Bezier 

curves of degree n and m respectively.

ro(“) = X ^,: (") V, o
i=O

m
^l(M) = X V/!

i-O

Figure 4.3 shows a typical ruled surface generated from two cubic Bezier curves.

4.3.4 Surfaces of revolution

A surface of revolution may be described by the rotation of a plane curve about the axis 

of symmetry. If we take this axis to be the Z-axis, and let the surface intersect the OXZ plane 

in the plane curve

r = rc(m) =p(u) T+ z(m) k?

then Figure 4.4 shows that the surface of revolution has the equation^

r =p(u) cos 9 T + p(u) sin 9 / +z(u) ? (4.12)
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The command used in microCADDS to generate a surface of revolution is "INSert SREV", 

followed by modifiers.

4.3.5 Coons surface patches

Coons patches are used in microCADDS to generate surfaces from four boundary curves such as 

those shown in Figure 4.5. The definition of an Coons patch is given in matrix form as^:

r(M,v)= (1 -u) u
r(0,v) 
r(l,v) + r(w,0) r(M,l)

I—v

(1-w) u

Where r(u,0), r(w,l), r(0,v), and r(l,v) are the boundary curves of the surface patch and u, v are 

two parameters, 0<m <1,0<v <1.

The command used in microCADDS to create an Coons patch is "SMOoth SPOle", fol­

lowed by modifiers.

It should be noted that when an Coons patch is created in microCADDS, it is transmitted 

into Bezier form automatically by the software and the user then uses the properties of Bezier 

surfaces to manipulate it.

4.4 Digitizing a telephone handset on the CNC machining centre

A telephone handset was selected as an example since it is a typical plastics product 

widely used and frequently changed in shape and size, and hence its design and manufacture is 

the suitable subject for the use of PC based CAD/CAM systems.

The Renishaw Probe system on the Takisawa Machining centre at UMIST was used for 

digitizing. The diameter of the probe is 6 mm and it should be noted that the data obtained is 
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the coordinates of the probe centre. To obtain the size of the measured part, the surface model 

constructed directly from the digitized data should be offset using the method described in 

chapter 6. The offset amount is equal to the radius of the probe used and the offset direction is 

normal to the surface. The set up and the coordinate system is shown in Figure 4.6.

Before the measurement is carried out, the amount of data to be collected and the digitiz­

ing procedure should be planned carefully. Usually one axis is fixed (in this case the Y axis), 

and the other two axes (in this case the X, Z axes) are moved simultaneously for each measur­

ing operation (in this case for each cross section). The Y values were pre-determined manually 

by experience depending upon the complexity of the surface shape along the Y direction of the 

surface under consideration1651. (See Table 4.1). The Y values determine the positions of the 

cross sections in the Y direction, and the differences between two adjacent Y values determine 

the gaps between two adjacent cross sections.

For each cross section (corresponding to each Y value), the number of points to be digi­

tized (or the X values) were determined manually by experience depending upon the complex­

ity of the surface under consideration. For instance, For a simple surface shown in Figure 4.7 

(a), 3x3 points (totally 9 points) may be sufficient However, for a more complex surface 

shown in Figure 4.7 (b), 5x5 points (totally 25 points) are required.

If the number of points to be digitized and the positions of these points on the surface are 

not properly planned, first the shape of the handset may not be sufficiently described, secondly 

it may be difficult to build and refine the surface model, since the sub-patches of the model 

may be badly arranged.

Once the above has been done, the handset was measured as follows:

i) Set the pre-determined Y value of the probe manually.

ii) Set the pre-determined X value manually, move the probe along the Z axis until the 

probe touches the measured surface and write down the Z value. Repeat this for the same cross 

section.
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iii) Repeat the above two steps (i and ii) for each Y value, the coordinates of the points 

at each cross section were obtained.

The results is shown in Table 4.1. It should be noted that the points at the edge of the 

measured surface and some additional points in special areas should be taken, since these 

points are very important. The measurement was done manually, since the probe has not been 

programmed for this purpose.

4.5 Generating cross sectional curves from the digitized data

The digitized data obtained was then input manually into microCADDS, since the inter­

face used for transferring digitized data from the CNC machining centre to the CAD/CAM sys­

tem has not been developed. The input points are shown in Figure 4.8.

To generate cross sectional curves using the points obtained, two aspects must be taken 

into account, namely, interpolation and curve fitting.

There are different mathematical expressions (called interpolants) used to interpolate a set 

of data, such as polynomial, rational, spline^661 and parametric curves (Ferguson, Bezier and 

Coons, etc.)^. Each of them has its own advantages and disadvantages. Generally, high 

degree interpolants may exhibit an oscillation problem. Therefore, in practice, composite curves 

are constructed by fitting successive low-degree curves to successive groups of data points. The 

positional and gradient continuity of the resulting piecewise functions at the joint points is the 

major task of curve fitting.

In microCADDS, Bezier’s method is used to approximate data. Since a Bezier curve does 

not pass through all the given points except the two end points, a special computational algo­

rithm is used, i.e., the data is interpolated by computing the control polygon to make the curve 

pass through the given points. This is the inverse algorithm of Bezier curves^.

For (n+1) points provided, i.e. r,-, (i = 0, 1, 2, ..., n), a Bezier curve of degree n is 

created by two steps:
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i) Using the given points r, to calculate the vertices Vz. This can be achieved by resolv­

ing the following equation group:

r0 — Vq

r; = E ^(Uj) vf 
(=0

(4.14)

=V„

The above equation group is derived directly from equation 4.1 and where j= 1, 2, n-1. The

parameter Uj which is corresponding to r; is determined by^

l

° » v = 0

Uj = * Z lk / S lk J~ = 1. 2, .... n—1 
‘-1 j = n

Where lk is the chord length and

4 - 1 — r*-i  I

ii) Using the obtained vertices V, to construct an Bezier curve of degree n.

r = £ V. 
,=o

The command used in microCADDS is "SMOth CPOle" followed by modifiers. It should be 

noted that the degree of the curve could be less than n when h+1 points are given, since it is 

desired to use a low degree curve to approximate as many points as possible within the 

required tolerance. In the case of the telephone handset, two Bezier curves of degree 3 or 4 

were created for each cross section.

The two curves for one cross section form a composite curve and the positional and gra­

dient continuity at the joint point can be achieved when the following conditions are satisfied 

(see Figure 4.9).
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a) = V^. where is the third vertex of the first curve, and is the first vertex 

of the second curve.

b) = Vf> and are collinear. This can be easily derived by resolving

the following equations:

r® (0) = r(1) (1)

rm(0)=^! r(1) (1) (4.16)

(0) = ^2 (1)

Where kx and k2 are constants and are differentiations of and with respect to 

u; and are differentiations of and with respect to u.

The command used in microCADDS to achieve positional and gradient continuity of two 

curves is "MATch CURve" followed by modifiers. It can also be achieved manually. The gen­

erated and refined curves are shown in Figure 4.10.

4.6 Generating surfaces from cross sectional curves

There is only one approach to generate surface patches in microCADDS, this is to use 

Coons patches which were discussed in section 4.2.5. It uses four boundary curves to create a 

"flattest" surface patch. In practice, this is far from satisfactory. First, the interior of an Coons 

patch is determined by the mathematical representation, instead of by the designer who may 

need extra points or lines within the patch to describe the shape. Secondly, the sizes of the 

patches must be small enough to reach the required accuracy, this results in a large number of 

patches used to describe a given component, and more design time; Thirdly, one surface patch 

should cover as much area as possible within the required tolerance, otherwise further manipu­

lations of the surfaces and NC data will be difficult. The Coons patches are unsuitable for this 
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purpose.

Bezier surfaces cannot be used directly to interpolate points or curves, since the given 

points which define the surface are control vertices and do not lie on the surface except those 

at the four comers of the patch. However, using the inverse algorithm of Bezier surfaces which 

is similar to the inverse algorithm of Bezier curves, a fairly large surface patch can be created 

from a curve mesh. The comparison of Coons patches and Beziers patches for interpolation is 

shown in Figure 4.11. The principle and procedure of this method is discussed below.

In section 4.2.2 the formation of an bi-cubic Bezier surface was discussed (see Figure 

4.2). The inverse procedure is:

i) Four curves Qo(v), Q/v), Q2(v), and Q3(v) which lie on the expected surface are 

given, or points used to generate the four curves are given. (See Figure 4.12 a). Since

3
Qo(v) = E 53j(v) S/u0)

J-0

3
Q1(V) = Z^3J(V)S/W1) 

j=O

3
Qz(v) = X ^3j(y) 

i=o

3
Qs(v) — X ^3j(v) Sy («3)

7=0

it is clear that the vertices of the control polygons of Q0(v), Q^v), Q2(v) and Q3(v) are the 

points lying on the curves So(u), S^u), S2(m) and S3(m).

ii) Using the vertices of the control polygons of the four given curves to construct four 

curves S0(u), S^u), S2(m) and S3(m) (see Figure 4.12 b). Where

3
So(w) = X ^3,i(w ) V/o

i=0

Sl(M)=S^3,(M)V.l
1=0
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S2(w) = Z 53,i<“) V,2

S3(w) = E ^3j(w) V,3

It is clear that the vertices of the control polygons of the curves S0(w), S^u), S2(u) and S3(m) 

are the vertices of the control polyhedron of the expected Bezier surface patch. Where

V =

Voo V01 V02 V03
Vio V„ V12 V13 
V20 V21 v22 v23
V30 V31 v32 v33

iii) Using the vertices of the control polyhedron to generate an Bezier surface patch 

r(« ,v). (See Figure 4.13).

r(M,v)= B3i0(m) B3/w) B32(m) B3^u) V

The surface generated will, of course, pass through the four given curves Q0(v), Q^v), Q2(v) 

and Q3(v) and this principle can be generalized for surfaces of (n + 1) x (m + 1) order.

The surfaces created from the cross sectional curves of the telephone handset using the 

inverse algorithm of Bezier surfaces are shown in Figure 4.14

4.7 The principle of smoothing adjacent Bezier surfaces

The smoothing of adjacent surfaces is very important in CAD systems. Unfortunately, 

there is no such facility in microCADDS. (Nearly all the current CAD packages run on Per­
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sonal Computers do not supply this facility)

For the packages running on mini or mainframe computers, there are several methods of 

smoothing surfaces such as Clark1671, Barsky1681 and Boehm[691, these methods smooth the sur­

face everywhere, which would be inconvenient for representing objects containing scalloped 

edges such as an umbrella, or a boat’s hull, etc. A system like Unisurf developed at the Regie 

Renault in France smoothes parametric surface patches by varying degrees1701, but the number 

of control points increases with the freedom necessary to meet the mathematical constrain. 

Beeker1711 developed a method which solved the above restriction, however, his method 

requires a change of data base and is not suitable for Personal Computers.

The method used in this project has the following advantages:

i) Bezier surfaces can be smoothed locally without changing the whole surface patch. So 

that complex surfaces can be smoothed.

ii) The degrees of the surface is not changed and the calculation is simple and quick.

iii) Data base is not changed. This will save the computer memory and the time for the 

re-design of the data base.

iv) It is interactive and suitable for PC based systems.

The major drawback is that this method is only semi-automatic. The program will calcu­

late the new control polyhedra of the surfaces by changing the related control vertices. The 

user, however, needs to insert the new surface patches using the modified control polyhedra.

The mathematics used is as follow:

For two adjacent cubic Bezier patches depicted in Figure 4.15,

r(1\u,v)= l u u2 u3 M Mt 

and
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1

r^Xu ,v ) = 1 m m2 w3 M V®
V
V2
V3

Positional continuity across the boundary will result if^38^

r(1)(l,v) = r(2)(0,v) (4.17)

for all v such that 0 < v < 1. That is:

v3® = VHP , z =0, 1, 2, 3 (4.18)

These imply, reasonably enough, that a common boundary curve between the two patches 

requires a common boundary polygon between the two characteristic polyhedra (see Figure 

4.16).

For gradient continuity across the boundary, the tangent plane of patch 1 on u=l must 

coincide with that of patch 2 on u=Q, for all v such that 0 £ v £ 1. Then the direction of the 

surface normal will be continuous across the boundary, and the condition

nP(0,v) x rP(0,v) = X(v) rj^(l,v) x r^\l,v) (4.19)

must apply. Where r^O.v), rJ2)(0,v), r^l.v) and r^l.v) are cross-boundary slopes and 

X(v ) is a positive valued scalar function, which provides a "freedom" for the difference in the 

magnitude of the surface normal vector.

Since

rf) = rP(l,v)

then equation 4.19 yields

r®(0,v) = X(v) r^\l,v) (4.20)

This implies that all curves with parameter u only in the composite surface will have continuity 

of gradient direction. Setting X(v) = X, a positive constant, and the four equations can be 

obtained,
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( V& -Vo® ) = X( v£> - V2® ) , I = 0, 1. 2. 3 (4.21)

This shows that the four pairs of polyhedron edges which meet at the boundary, must be col­

linear (see Figure 4.16). And the cross-boundary tangent magnitude ratio X must be constant 

along the common boundary.

In practice, the restriction imposed by the constancy of tangent ratio are severe. Consider, 

for example, the construction of the smooth composite surface shown in Figure 4.17, starting 

with patch A and continuing with patches B, C and D, in that order. The sixteen vertices of the 

control polyhedron of patch A can be chosen freely. Then the tangent ratio across the boundary 

between patches A and B must be specified. Once this has been done, no less than 8 vertices 

of the control polyhedron of B are fixed by the conditions for positional and gradient con­

tinuity, leaving only 8 free to be chosen. Similarly, once the tangent ratio between patches A 

and C is specified, only 8 vertices left to choose in defining patch C. With patch D, the tangent 

ratios between B and D and between C and D are already fixed, and it is found that only four 

of the sixteen vertices which define this patch are free to be chosen. The gradient continuity 

between B and D and between C and D near the comer at which the four surfaces meet can 

never be achieved.

The collinearity of the pairs of polyhedron edges which meet at the boundary is also too 

restrictive in the cases such as that shown in Figure 4.18.

To obtain more freedom in constructing composite surfaces, equation 4.19 can be 

satisfied by^

= X(v) ^(l,v) + p(v) r^(l,v) (4.22)

in which |i(v) is another scalar function of v. This simply requires rf\0,v) to lie in the same 

plane as r^l.v) and r^(l,v), that is in the tangent plane of patch 1 at the boundary point 

concerned. Much more scope is now available.

It is important to realize that when equation 4.22 is used as the smoothness condition, 
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cross boundary gradient vectors are no longer continuous in the direction across patch boun­

daries. The collinearity condition on polyhedron edges meeting at a boundary may therefore 

be discarded. Using this more general criterion for gradient continuity, a smooth continuous 

surface can be built up. The composite patch boundaries, in both the u and v direction, will 

have positional continuity but gradient discontinuity at all patch comers. It can be inferred 

from equation 4.22, applied at a mesh intersection, that the tangent directions of all four patch 

boundaries meeting at an intersection must be coplanar.

The gradient continuity condition equation 4.22, can be expressed in terms of characteris­

tic polyhedra. For two cubic Bezier surfaces (see Figure 4.18), The following equations must 

apply:

Vf? - = X ( v&> - v^) ) + M v^) - v$

V1? - V# = X ( Vjp - vff ) +1 Ho ( 2 v£> - V^p - V® ) +1 m (v3<j> - )

V#-V0 = X(V0-V0) + llio(V&' + V0-2VjP) + Ani(V#)-Va))

Vg’ - = X ( ViP - V^P ) + (Ho + m ) ( V^> - V® )

The first equation shows that the three vectors ( ¥$ - ), ( V3$ - ) and

( - Vjÿ ) must be coplanar. Similarly, the fourth equation shows that the three vectors

r^O.l), r^l.l) and r^\l,l) must be coplanar. (See Figure 4.18).

4.8 The procedure of smoothing

The two criteria for positional and gradient continuity described in the last section have 

their own advantages and disadvantages. The major advantage of the first criterion is that the 

smoothing is easy and not limited by the degrees of the surface patches. The major disadvan­
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tage is that the design freedom is restricted. On the other hand, the second criterion has more 

freedom in design, however, the mathematical representation of the gradient continuity is very 

complicated and becomes more complicated with the increase of the degrees of the surface 

patches.

The method used in this project is based on the first criterion (equation 4.21), while tak­

ing advantage of the second criterion (equation 4.22) for the comers at which several patches 

meet. The procedure for smoothing a series of surface patches such as the telephone handset 

shown in Figure 4.14 is as follows:

i) Select one principal direction. In this direction, equation 4.21 is satisfied, that is, the 

smoothness of the surfaces in the principal direction is a priority. In the case of the telephone 

handset, the longitudinal direction was selected as the principal direction.

ii) Run the developed program "SMOSPL.UPL" which is based on equation 4.21 to 

recalculate the related vertices of the polyhedra of the joint surface patches in the principle 

direction. This will result in the smoothness of the surfaces in this direction.

iii) Run the same program to re-calculate the related vertices of the polyhedra of the joint 

surface patches in the other directions (in the case of the telephone handset, the cross sectional 

directions). The vertices which affect the smoothness in the principle direction should not be 

changed. The result of this is that in the directions except the principle direction, surfaces are 

smooth everywhere except those near to the comers.

iv) For the comers, the second criterion, i.e., equation 4.22 is used, since this will give 

enough freedom to achieve the smoothness in these areas. The program "SMOSPL.UPL" also 

allows the user to do this.

Once the above four steps have been finished, the surfaces are visually verified by shad­

ing. If the shaded picture of the surfaces is not satisfactory, the surfaces are refined locally by 

changing the vertices manually which may affect the defective areas using the command 

"MOVe POLe" in microCADDS.
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The smoothed and shaded shape of the telephone handset is shown in Picture 1, Appen­

dix three.

4.9 The program used for smoothing - "SMOSPL.UPL"

The program "SMOSPL.UPL" is used for smoothing surfaces by changing the related 

vertices of the polyhedra of the surface patches. Equation 4.21 is used to achieve colinearity 

and equation 4.22 is used to achieve coplanarity of the vertices.

For three vertices A(xa,ya za ), M( xm, ym> zm ) and B( xb< ybi zb ) shown in Figure 

4.19, the tangent ratio X is determined by

x = ^ 
MB (4.23)

Where AM and MB are the lengths of lines AM and MB.

The value of X can be given by the user or calculated using equation 4.23 for three given 

vertices. The vertex which is changed to achieve colinearity may be any of the three vertices 

under consideration. The default point is the intermediate one, e.g. M. Let ( /, /, z' ) be 

the new position of M, since

-Xg = y - y a = z' Za 
xb — yb -y zb — z*

It can be obtained:

_ X xb + xa 
1 + X (4.24)

k yb + y a 
i + xy =

x Zb + ZQ
1 + X
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The coplanarity of four vertices E, F, G, H is achieved as follows (see Figure 4.20):

Assume that E, F, G are fixed and H' is the new position of H, such that E, F, G 

and H' are coplanar ( B' is also the projection of H in the plane EFG ).The vectors 

Ëp, Éô, ÉÈ, ÉÊ' and HÊ' are denoted by 6% c\ ct and Ti respectively.

Since the unit vector ( ) of the normal to the plane EFG is given by^

\ ctxb \
(4.25)

and

The vector h can be obtained

(4.26)

In the above equation, only I A I is unknown. It can be derived by first calculating the angle 

$ between 5*  and (3*  x f):

/ . 0 x ?) = I / I I x 5*  I cos 4> (4.27)

Where 0 < 0 jr. For the triangle E##', 

I A*  I = I I I cos 0 I (4.28)

Combining equation 4.26, 4.27 and 4.28, the vector h can be expressed as:

? = ± 1 1 ÿxj
I ^x? I2 (4.29)

Equation 4.29 produces two different results. The expected point should meet the condition for 

coplanar vectors^:

Ji = ± —■ I»— a* x b*
I I
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. $ x cD = 0 (4.30)

In the program, the condition should be checked before the calculation, if it is met, i.e., the 

four vertices E, F, G and H are already coplanar, and further calculation is stopped. Since 

the real value is not exactly zero, the above equation is written as

I à?. (J x ?) I < e (4.30a)

Where e is a small positive value and 0 < e <c 1.0.

The flowchart of the program is shown in Figure 4.21.

4.10 Contributions and comments

In this chapter, a method of generating surface models from digitized data has been intro­

duced. This method is particularly suitable for use on the PC based CAD/CAM system. The 

suggested use of this method is in relative small companies such as in the plastics mould 

industry which produces products with complex surfaces and which can afford to purchase 

such systems.

The major improvements made in this method are

i) A improved approach to the interpolation of digitized data with Bezier representation. 

This method is able to represent the interior of a surface patch and generate a fairly large low 

order surface patch to approximate a fairly large amount of data. The method is also easy to 

use.

ii) A program for the smoothing of adjacent surface patches. This program can smooth 

the surface patches locally without changing the whole shape of the original surfaces. The 

degrees of the surfaces are not necessary to be changed and the data base of the system is not 

required to be rebuilt.
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Both of the above approaches are integrated with microCADDS and are interactive to the 

user. The only drawback is that these methods are not fully automatic. The user is required to 

prepare, or modify the characteristic polyhedra for the expected surface patches. Sometimes, 

the control polyhedra of Bezier surfaces may be very complicated, or distorted if the digitized 

data is irregularly distributed.



Chapter Five

Generating Surface Models from 2D Drawings 
and Changing the Shape and Volume of Surface Models

5.1 Summary

In chapter four, the approach to the construction of surface models using digitized data 

from a master part was described. In this chapter, the method of constructing surface models 

from two dimensional (2D) orthographic engineering drawings will be detailed. The principle 

and program used for changing surface models in shape and size and the calculation of the 

volume of components embodying free form surfaces are also introduced. Finally, the advan­

tages and disadvantages of the procedures and programs are described.
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5.2 Using 2D orthographic engineering drawings to construct surface models

Engineering drawings are currently the most important technological documentation 

scheme for design, manufacture and storage. They are also a kind of international language for 

technical exchanges between engineering and technical personnel in different countries and so 

constructing surface models from 2D orthographic engineering drawings is very important in 

CAD/CAM applications.

5.2.1 Introduction to the problem

Efforts have been made in automating the procedure of constructing 3D computer models 

from 2D drawings. However, those methods are not sufficiently general and are limited to 

polyhedral parts1731 [74]. Further investigation aimed at extending shape-modelling possibilities 

was made by Aldefeld[751 and a new approach which has the potential for dealing with a 

variety of non-polyhedral shapes was presented. This method, however, requires the 2D 

representation of an object to be complete in three views and the input data to include the pro­

jections of all its edges and boundaries. In practice, most engineering drawings omit certain 

geometrical details that the user will later supply on the basis of known conventions. To solve 

this problem and to further generalize the method, Ho Bin^1 presented a program which can 

deal not only with drawings with three normal complete views, but also with those given by 

two views, or with incomplete views, or with conventional parts of revolution, or with parts 

drawn by incomplete projections, or with cross sections. The types of the primitives provided 

are cuboid, pyramids, frustums of pyramids and cones. General revolutional volumes and swept 

objects can be easily added to the program.

All the above methods are suitable for constructing solid models which can be easily 

classified into different types of primitives such as cylinder, cone, sphere and p^mid, etc. The 

mathematical representations of those primitives are well known. However, the construction of 

surface models is much more difficult for the following reasons:
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i) The drawings can not easily be classified into different separate surface patches. Since 

the mechanical engineer who made the drawings does not know the shape, size and number of 

the sub- surface patches which will be used to construct the surface model on the computer, 

when he designed the component.

ii) To build a surface model, however, it is necessary to divide the whole surface of a 

component into sub- surface patches. The user must decide the number of sub-patches to be 

used, but the definitions of the surface patches are not complete in the drawings. Only outlines 

of the surfaces and their edges are defined by lines and arcs.

iii) The shape of the interior of the surface patches is not described, or specified by some 

cross sections in the drawing.

iv) The mathematical representations of the surfaces patches are unknown. For a solid 

model, if the type of a primitive is given, that is, the mathematical representation is known, the 

user can get some information from the 2D drawings and the solid model will be created 

directly by the computer. The construction of a surface model is more difficult because of the 

unknown mathematical formula of the surface patches.

Richards1771 tried to automate this approach and started with the Bezier representation. 

This method, however, requires the construction of the control polyhedron of the surface patch 

from the drawing views and the complete description of the edges of the surface patches. In 

practice, components may be complex and the definitions of surfaces in the engineering draw­

ings may be incomplete. This method therefore has only limited application.

In this section, a method of constructing surface models from 2D drawings will be 

described. The method can deal with any component composed of complex surfaces, espe­

cially those frequently changed in size and shape as in the plastics industry. The problems 

described above will be solved and the method is particularly suitable for PC based systems.

A typical engineering drawing of a plastics bottle provided by McBride (UK) was used to 

construct a surface model. The procedure is detailed below.
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5.2.2 Input 2D information into the computer

Basically, an engineering drawing consists of three PRINCIPAL views, i.e. the Top, 

Front and Right view and some additional views such as section views. Local areas which are 

small in size may be scaled. The geometry of the drawings is mainly composed of lines and 

arcs. Figure 5.1 shows the basic elements of the drawing supplied by McBride (UK). The 

datum and the X, Y and Z axes were added and the dimensions were omitted.

To construct a surface model of the bottle, the first step is to input the 2D drawing infor­

mation into microCADDS. The geometry in the Top view lies in the XOY plane, the geometry 

in the Front view lies in the XOZ plane and the geometry in the Right view lies in the YOZ 

plane. The geometry of the three views must be constructed using the same datum and stored 

in different layers. Layers are used to separate geometric elements in microCADDS.

For the section views C-C and D-D in Figure 5.1, two extra views should be defined in 

microCADDS, since they are not the standard views supplied by the software. The lines CC 

and DD are used as datum lines and the geometry in these two views is positionally and orien- 

tationally correct in the space OXYZ. Different layers should be used to store the elements in 

section views C-C and D-D.

5.2.3 Interpret 2D information into 3D geometry

Once the elements in the 2D drawing have been input into microCADDS, the next step is 

to transform each element (line, arc, or spline) into 3D geometry. We start with the elements in 

the Top view, which are the projections of the required 3D elements in the Top view, then 

repeat for the Front view or the Right view and move the elements in the Top view until they 

overlie on their counterparts in the Front view or the Right view. This is shown by a single 

curve in Figure 5.2.

i) For a single element (1) in the Top view (see Figure 5.2a), sufficient points are gen­

erated from the curve using the command "GENerate POInt" in microCADDS. These points 

are used later for the generation of the required curve.
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ii) Then activate the Front view. In the Front view, element I becomes a horizontal line 

lying on the X axis. Element 1 and its counterpart - element 2 in the Front view are shown in 

Figure 5.2b.

iii) In the Front view, move the points generated from element 1 until they overlie on ele­

ment 2 by changing their Z values only. The X and Y values of these points must be kept 

unchanged, (see Figure 5.2c). The points are now lying on the required 3D curve.

iv) Finally, using the moved points to create a curve - element 3 in the Isometric view 

(see Figure 5.2d). This curve is the expected 3D curve.

Alternatively, the 3D curve can be obtained by using the Top view and the Right view, 

since a general space element can be sufficiently described by two orthographic views, that is, 

any two of the three principle views. However, for elements which lie in the planes parallel to 

the XOZ plane, the Front view must be used; for elements which lie in the planes parallel to 

the YOZ plane, the Right view must be used. That is why three basic views are necessary.

The three dimensional elements of the bottle transformed in this way from the two 

dimensional drawing are shown in Figure 5.3.

5.2.4 Construct the wireframe model

Before the surface model is built, a wireframe model should be constructed. It is not 

straightforward to construct a wireframe model from the interpreted 3D elements obtained in 

the last section for the following reasons:

a) The number of elements is not enough to build a wireframe model. The wireframe 

model of a surface model consists of all the boundary curves of the sub-patches of the surface 

model. As discussed in section 5.2.1, the mechanical engineer who designed the component in 

terms of 2D drawings does not know the sub-patches which are going to be used to build the 

surface model. Therefore, he does not draw the boundary curves on his drawings.

b) The shape of the bottle is complex, therefore the sizes and shapes of the sub-patches 
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used to form the model must be carefully selected. There are no fixed rules for this. The size 

and arrangement of the sub-patches must be done by experience.

c) The interior of the surface is not sufficiently described in the orthographic drawing, 

therefore additional cross sectional curves must be designed.

The first step is to determine the sizes, shape and positions of the sub-patches to be used. 

For the bottle considered, surface patches are radial from the handle hole. Incorrect selection of 

the sizes, shapes or positions of the surface patches will cause distortion of the bottle faces and 

make it difficult to further manipulate and refine the surfaces. It will also affect the generation 

of NC machining data from the surfaces.

The second step is to create extra elements such as boundary curves, to give four or three 

boundary curves for each surface patch selected. Extra cross sectional curves may be neces­

sary to describe the shape of the bottle completely. All the extra elements designed by the 

CAD user should be verified using two or three views of the original 2D information. The 

interpreted 3D elements and the additional elements form the wireframe model shown in Figure 

5.4.

5.2.5 To construct the surface model from the wireframe model

Once the wireframe model has been built, surface patches are then created from the 

wireframe model using the command "SMOothe SPOle". This produces Coons Patches which 

were discussed in section 4.6. Once this has been done, The surface patches are smoothed 

using the developed program "SMOSPL.UPL" which was discussed in sections 4.7, 4.8 and 

4.9. The shape of the interior of the surface patches can be modified and verified by the three 

views of the original 2D information input from the drawing. Finally, the surface model is 

visually verified by a shaded picture. The satisfactory surface model is shown in Figure 5.5 

and the shaded picture is shown in Picture 2, Appendix three.
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5.3 Changing shape and volume of components embodying free form surfaces

In today’s market, domestic products such as plastics bottles, bodies of television sets, 

computers and cars, etc. vary widely in shape and size. The shape and size of a product also 

changes frequently to meet different customers requirements. Taking a bottle which contains 

liquid product as an example, the requirements may be

i) Keep the basic shape of the bottle for recognition, increase the volume by, say, 15% to 

give customers an extra amount free of charge as a sales promotion.

ii) Keep the basic shape, produce different size bottles, such as, half of a litre, one litre, 

two litres, etc. to meet different needs.

iii) Keep the basic shape, make the bottle longer or fatter for reasons of shelf space etc.

iv) Change the shape of local areas, e.g. the handle, the bottom or the shoulder of the 

bottle.

It is very difficult to make the above changes without CAD. The changes in shape will 

result in the re-design of the bottle in terms of 2D drawings. The changes in volume will cause 

more difficulties. Any accurate estimation of the volume is impossible in 2D engineering draw­

ings, since the shape of the bottle in the drawings is not completely defined.

With Computer Aided Design, the above tasks can be done easily. Personal Computer 

based CAD/CAM systems are good choices for this purpose because of their low cost and 

good increasing capabilities. However, the current commercial packages running on micro­

computers have not sufficient facilities to deal with this matter.

In this section, a method of changing the shape and volume of components easily and 

rapidly will be described. Another bottle model which was transformed from the Computervi­

sion CADDS 4X system will be taken as a case study. The model is shown in Figure 5.6 and 

Picture 3. More examples will be given later in this chapter.

5. 3.1 The principle of changing shape of free form surfaces
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The bottle shown in Figure 5.6 consists of sub-patches such as Bezier surfaces, Ruled 

surfaces and surfaces of revolution. Changes in the X, Y or Z direction can be achieved by 

scaling the sub-patches in the X, Y or Z direction. The scalers for the X, Y and Z axes are 

denoted by Sx, Sy and Sz respectively. The overall scaler is denoted by S and

S = Sx Sy Sz (5.1)

For the bi-cubic Bezier surface given by equation 4.7

1

r(u,v) = l u u2 u3 M V Mt

since Sx, Sy and Sz are constants, it can be obtained

(5.2)

and

Sx V, =

%V,oo ^V,01 Sx^xOQ. Sx 03
5xVxl0 5jc Vx n Sx^xn 5,V,13

Sx^x 20 5,V,23

^Vx3l

similarly

Sy ry(u,v)= I l u u2 u3 j M (Sy Vy) Mt

1

v 
v2 

v3

(5.3)



65

and

% v,=

SyVyOO Sy VyOl Sy Vy Q2 Sy Vy 03

Vy IQ Sy Vy 11 Sy Vy 12 Sy Vy 13

Sy Vy 20 Sy Vy 21 Sy Vy22 Sy Vy 23

Sy Vy 30 Sy Vy3i Sy Vy 32 Sy Vy 33

(5.4)

z vz -

Sz Vzoo 5zVz01 5ZVZQ2 5zVz03
SzVlW ^v.n 5zVzi2 5zVz13
S,V,20 5zVz2i 5Z Vz 22 5ZVZ23

s2vz30 Vz31 5zVz32 SZV,33

The above equations show that scaling a Bezier surface patch in the X, Y and Z directions can 

be achieved by scaling each vertex of the control polyhedron of the surface patch in the X, Y 

and Z directions by the scalers Sx, Sy and Sz, respectively. This principle applies to general 

Bezier surfaces of order (n+1) x (m+1).

For the ruled surface given by equation 4.11

r(w,v) = (1 v ) r0(m) + v r^u)

The scaled surface in the X direction is given by

Sxrx(u,v) = (1-v) Sx rOx(u) + v Sx r,,(m) (5.5)

Assume that r0(m) and r^u) are two cubic Bezier curves, thus

sxv%

s,v?iSx rOjt(«)= [ 1 « M SxV^ (5.6)
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x(W) — 1 U u2 u3 1 M (5.7)

s.vh

Where V^- (J = 0, 1,2,3) are the X values of the vertices of the curve r0(w) and 

V,; (J = 0, 1, 2, 3) are the X values of the vertices of the curve r^w).

Equations 5.5, 5.6 and 5.7 show that scaling a ruled surface in the X direction can be 

achieved by scaling each vertex of the control polyhedron of the surface in the X direction by 

the same scaler Sx. Similarly, it can be deduced that scaling a ruled surface in the Y and X 

directions can be achieved by scaling each vertex of the control polyhedron of the surface in 

the Y and Z directions by the same scalers Sy and Sz respectively.

Since surfaces of revolution have been transformed into Bezier representations in micro- 

CADDS, the principle of scaling Bezier surfaces also applies.

5.3 .2 The scaling program and its capabilities

Generally, for a closed space in the Cartesian Coordinate, system, the volume enclosed 

can be expressed as

V = JJJ dv = JjJ dx dy dz (5.8)
to CO

Where to is the whole surface which encloses the space. It could be composed of several sub­

patches to, (i = 1, 2, ..., n), therefore,

n 
(0 = S œi 

i=l

If the space, or the enclosing surface is scaled by the scalers Sx, Sy and Sz, that is

x' = Sx x
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y = y 
z = S2 z

Where /, / and z are the scaled variables of x, y and z. The volume of the scaled surface 

(Q) becomes

V = J^J dad dy' dz' = JJJ Sx Sy Sz dx dydz (5.9)

or

V = Sx Sy Sz JJJ dx dy dz = S V (5.9a)
CO

Equation 5.9 implies that the overall scaler 5 is the volume scaler. A program 

"SCLSPL.UPL" has been developed based on the above principles and it offers the following 

choices:

a) Change the volume of a component such as the bottle by an amount, say, 15 %, keep­

ing the shape unchanged. By definition, the volume scaler is

S = 1 + 15%= 1.15

The surface can be scaled in the X, Y and Z axes by the same value which is

2
Sx = Sy = Sz = S 3 = 1.0477

b) Change the volume by scaling the surface in the X, Y and Z axes using different 

scalers. Assume that the volume scaler is still 1.15, then the designer can select two scalers 

freely, e.g. Sx = 1.0, Sy = 1.05 and the third scaler can determined by

s, = = 1.0952
Ox Oy

c) Change the volume by scaling special parts of the surface. Assume that the volume of 

the component is composed of several parts Vf (i = 1, 2, ..., n), thus

v = i,Vi 
i=l
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The designer can change any part of the component by scaling the volume It should be 

noted that the total volume and the volume of the part to be changed must be known. The cal­

culation of the component with free form surfaces will be discussed in the next section.

5.4 Calculating the volume of components with free form surfaces

The calculation of the volume of a component may be required, especially if they are 

used as containers. Only the volume of 3D models on the CAD system can be accurately cal­

culated except those composed of simple elements such as cylinders, spheres and pyramids, 

etc. Most CAD systems have this facility, however, PC based software usually does not. The 

reason is that the accurate calculation of the volume of the component with complex surfaces is 

not a simple matter. The method used in this project is not fully automatic by comparison with 

those used in large systems, however, a result accurate and quick enough for most engineering 

purposes can be obtained. In this section, the general principle will be first described, then the 

equations for special cases will be discussed, and finally, the program used to calculate the 

volume of a component will be introduced.

5.4.1 The general principle

For a surface patch r = r(u,v), the appropriate surface ELEMENT is formed by the two 

triangles ABC and BCD. (See Figure 5.7). (An element is a small area used for integral). For 

large 5u and Sv, these triangles are not coplanar. However, for a small element, these triangles 

can be taken as coplanar and the vector area of the element AB CD is approximately

ABCD = — x — 
du dv

ôu Sv (5.10)

Since the volume of a pyramid is equal to one third of the base area times the perpendicular 

height, we see that the volume subtended by ABCD at the origin O is
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OABCD = — r 
3

— x — 
du dv

ÔM ÔV (5.11)

so that the total volume V subtended by a region R of the u ,v plane is approximately

du dv
du dv (5.12)

This equation is very difficult to work out, since the integral

du dv

rz

1 dr, dr. drz
1 du du du
! Èk dry drz
। dv dv dv

requires a large amount of mathematical calculation. Alternatively, we use the idea of integral 

and divide the surface patch into small sub areas and calculate the approximate volume of each 

sub area, the sum will be the approximate volume subtended by the surface patch. The max­

imum error of the volume of each sub area will be calculated and the sum forms the maximum 

possible error. If the error is too big, the surface can be divided into more sub areas and re­

calculated until the error is acceptable.

For the element shown in Figure 5.7, its area is the sum of the two small triangles ABC 

and BCD, thus1781

A/ — 1 (Pi — AB) (pt — BC) (pi - AC) (5.13)

+ p 2 (p 2 — BD ) (p 2 — DC ) (p 2 — BC )

Where

Pl = J (ÂB +BC +ÂC)

p2 = y (BD + DC + BC)
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and Aÿ is the area of the element corresponding to r^. For the pyramid OABCD, we assume 

that the height is l r(u ,v ) 1. Then the volume of the pyramid is

vij = y 1 r 1 Aÿ (5.14)

The total volume subtended by the surface patch is given by

V = E S (5.15)
i=i j=1

Where k x l is the number of elements divided from the surface patch. The resulting error will 

be discussed in section 5.4.3

5.4.2 Special cases

The above method applies to general cases. In practice, there are many components 

which possess a NATURAL AXIS, about which they generally have some degree of sym­

metry. These products are usually designed by defining a number of cross sectional curves. 

Those cross sectional curves are perpendicular to this axis. A typical example is the bottle 

shown in Figure 5.6. For this particular case, the calculation of volume becomes easier. Figure 

5.8 shows a small element ABCD of a surface patch and its axis 00*.

We assume that the element volume is a regular polyhedron such that the volume of this 

element is approximately

। r । Aij (5.16)

Where I r l is the line FA and Ais the area of ABCD.

The sum of the volume of the elements is the volume of the surface patch.

V - S Z Vy
1=1 j—1

In practice, there are also many components which are designed symmetrically, or to 

some degree of symmetry, about a plane. A typical example of this type is the bottle with the 
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handle shown in Figure 5.5.

Figure 5.9 shows an element taken from this type of component where the plane of sym­

metry is the XOY plane. When this element is small enough, it can be assumed to be a cuboid. 

Therefore, the volume of this element is approximately

Vij = 1 r2 1 Aÿ (5-17)

Where rz is the Z value of the vector r and is the sum of the areas of the two triangles

A'B'C' and B'C'D'. Thus

Ay — i (p i — A'B' ) (p i — B'C' ) (p i — A'C' )

+ (P2 - B'Dr) (p2 - D’C) (p2 - B'C)

(5.18)

Where

Pl = y + Â^) (5.19)

p2 = y (B'D' + D'C + B^) (5-20)

The sum of the volume of the elements is the volume of the surface patch.

y = e z y g 
1=1 j=l

5.4.3 The program used for volume calculation

In practice, the volume of products which are used as containers or covers are usually 

required to be calculated in the design stage. In this section, a program "VOLUME.UPL" used 

for this purpose will be discussed. The program is based on the principles described previ­

ously, so that it can deal with different types of surface models.

Before running the program, the surface model of a component should be analysed. That 

is, the surface model must be classified into the following cases:
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Case 1: The whole surface model has no axis of symmetry, however, the volume can be 

easily divided into elements such as that shown in Figure 5.7. In this case, the equations listed 

in section 5.4.1 can be used to calculate the sum of these volume elements.

Case 2: The whole model is designed about an axis, so that the volume can be divided 

into the volume elements such as that shown in Figure 5.8. A typical example is the bottle 

shown in Figure 5.6

Case 3: The surface model has a reference plane, about which it has some degree of sym­

metry. Therefore, the volume can be divided into volume elements such as shown in Figure 

5.9. A typical example is the bottle shown in Figure 5.5.

Sometimes a surface model may be very complex. It can not be simply classified into any 

one of the cases listed above. However, it can always be divided into different parts, each 

belonging to one of the three basic cases. Then the program will calculate these parts 

separately.

Once the surface has been classified, the program "VOLUME.UPL" can be run several 

times to calculate each part of the surface model. A number of surface patches of the same 

model can be calculated at once. The control points of each surface patch must be digitized 

when running the program.

The number of elements for each surface patch is decided by the relative error, which is 

defined by

5 = x 100 % (5.21)

Where 8 is the relative error, AV is the error in volume and V is the volume. The program first 

calculates the relative error of one boundary curve, then changes the number of elements until 

the overall error is acceptable. This restricts the overall error to an acceptable range.

5.5 Examples showing the features of the developed programs.
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The two programs VOLUME.UPL and SCLSPL.UPL have been tested by three exam­

ples. The bottle model shown ii). Figure 5.6 was used for this purpose. The first example shows 

the features of VOLUME.UPL and the other two examples show the features of SCLSPL.UPL. 

The results are detailed in Table 5.1.

Example 1 : To calculate the volume of the surface model shown in Figure 5.6 by running 

VOLUME.UPL. It took about 4 hours to calculate the volume of the bottle. The total volume 

is 1.124 pints (0.639 litres) and the average relative error is 0.011 %.

Example 2: Scaling the bottle in the X and Z direction to increase the volume by 50 %. 

Therefore the volume scaler S = 1.15. Let Sy = 1.0 and Sx = S2, thus

Sx =SZ =<S = 1.225

The running time is about one hour. The scaled bottle is shown in Figure 5.10 and Picture 4.

Example 3: Scaling the bottle locally to decrease the volume by 22.8 %. The middle part 

of the bottle was scaled in the Y direction only. Since the volume of the part to be scaled is 

0.5128 pint, the volume scaler of the part is given by

c 0.5128 - 1.124x22.8% nc
%--------65Î28--------- °"5

Since = % = 1.0, thus 5^ = S{ = 0.5. Where %, S[y and 5^ are the local scalers. The 

running time is only 20 minutes. The locally scaled bottle is shown in Figure 5.11 and Picture 

5.

5.6 Contributions and comments

The main work described in this chapter is the construction of surface models from two 

dimensional orthographic drawings and the change of any surface model in shape and size. The 

calculation of the volume of components embodying free form surfaces is also described. The 
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following results have been achieved:

i) A method has been described for inteipreting 2D engineering drawings into 3D 

geometric elements and constructing surface models from the interpreted elements has been 

tested on a typical plastics bottle supplied by McBride (UK). The method can deal com­

ponents of any complexity including those incompletely defined in the 2D drawings.

ii) A program "SCLSPL.UPL" has been described for re-constructing existing surface 

models. The surface models can be scaled in the X, Y and Z directions respectively. The sur­

face models can also be modified locally in shape and volume.

iii) A program "VOLUME.UPL" has been described for calculating the volume of com­

ponents composed of free form surfaces. This program is suitable not only for general surface 

models but also for those with symmetric axes or planes.

The above methods are particularly suitable for PC based CAD systems. The expert who 

is working on more sophisticated systems such as Computervision CADDS 4X systems will 

find that these methods require too much "manual" work. However, results have shown that the 

methods are quick and accurate enough for PC users.



Chapter Six

Preparing the Toolpath Geometry for NC Machining

6.1 Summary

In the previous chapters, the construction of surface models has been discussed, in this 

chapter, the method of preparing toolpath geometry for two and half-axis NC machining will 

be detailed. Some important concepts in machining free form surfaces will be first introduced, 

then the principle of the method is described. The determination of the sizes of ball-ended 

cutters, the generation of offset surfaces to the part surfaces, the selection of machining direc­

tions, the determination of toolpath intervals and the calculation of the maximum cusp height 

and deviation are also discussed in detail. Two examples are given to test the developed pro­

grams, and finally, the advantages and disadvantages of the procedures and the programs are 

described. The NC part programming and NC machining of the two models will be discussed 

in the next chapter.
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6.2 Introduction

Since 5-axis and 3-axis machining packages are unavailable at present in the PC environ­

ment, the major aim of this work was to find a method of machining free form surfaces using 

PC-based CAD and 2-1/2-axis CAM software. Before describing the method, some important 

concepts are introduced as follows.

6.2.1 Multi-axis machining

There are currently various NC machining packages run on mainframe systems and super 

mini computer based systems. The machining axes are from 2-1/2- to 5-axes, such as the Com­

putervision 2-1/2-axis milling, drilling and machining centre programming facilities of CVNC- 

M2, the 3-axis surface machining capabilities of CVNC-M3 and the 5-axis NC programming 

software of CVNC-M5. However, multi-axis machining is essential for the manufacture of free 

form surfaces, and 3-axis machining has been available and used satisfactorily for this purpose 

for many years, although now there is an increasing move towards 5-axis machining in order 

to reduce manufacturing times. Table 6.1 compares the 3-axis and 5-axis machining of a com­

mercial vehicle cab roof model and demonstrates the advantages of each method. The model 

and toolpaths are shown in Figure 6.1 and Figure 6.2. From this it may be seen that 5-axis 

machining is very efficient for the manufacture of large convex surfaces. Indeed, high-quality 

finishes are possible requiring very little hand finish since the flat-ended milling cutter is kept 

normal to the surface as highlighted in Figure 6.3. The volume of data is also very much 

reduced because of the large stepover which is possible, thereby speeding up the processing 

time. However, intricate and concave surfaces generally require 3-axis machining with a ball- 

ended cutter and consequently, a mixture of the two is usual for achieving optimum perfor­

mance within companies with 5-axis capability.

6.2.2 Preliminary considerations

Having received surface data suitable for machining , the following topics need con­
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sideration before programming begins.

With this method, ball-ended tools must be used for 3-axis and 2-1/2-axis work, but there 

are shortcomings related to the cutting conditions found when the tool is normal to the surface 

as shown in Figure 6.4. Therefore speeds and feeds need to be considered with due cognizance 

of the effective radius of the cutter. The tools to be used must be decided on at an early stage. 

This should not only enable optimum material removal but also must be made with due refer­

ence to the application of the CAM routines which will be used and the minimum concave 

radius of the surface which determines the maximum tool radius allowable. It is essential at 

the earliest possible stage to establish a practical geometric relationship between the part orien­

tation and the component setup on the machine tool. This should take account of component 

geometry , machine tool axis configuration, working envelope, datum locations and clamping 

arrangements. A considerable amount of machining time can be saved by the application of 

maximum material removal routines, normally with different cutters and toolpaths from those 

used for finish machining. Roughing is not easily automated and the creation of approximate 

roughing surfaces has proved the most efficient way to produce the rough toolpaths.

6.2.3 Some important aspects in machining sculptured surfaces

In machining sculptured surfaces the following aspects should be addressed, 

namely^

i) Toolpath planning.

ii) Stepovers along the toolpaths determined by the chordal deviation tolerance.

iii) Path intervals (i.e. the distance between adjacent paths) determined by scallop height 

tolerance.

iv) Gouge avoidance (i.e. anti-interference machining).

Toolpath planning means determining methods of guiding (or driving) a cutting tool to 

generate the desired surface from a solid block or a preformed raw stock. The commonly used 
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tool path planning methods are

a) To introduce explicitly tool guiding surfaces (driving surfaces).

b) To plan toolpaths on the XY-plane of a Cartesian coordinate system.

c) To plan toolpaths on the parametric space.

The first approach is used in APT III and is called the APT-based toolpath generation 

method. In APT, the surface to be generated is called the PART SURFACE, and the cutter 

passes are defined by means of a series of intermediate drive surfaces. The basic idea is that 

the cutter is moved in one direction while maintaining contacts with both the part surface and 

the drive surface. At each stepping point iterative numerical searches are made to locate the 

cutter position within a specified tolerance limit. The main disadvantage of this method is that 

the iterative computation is time consuming and unstable. This toolpath planning method is not 

suitable for use in machining complex surfaces because there is no guarantee of convergence 

for irregularly curved sculptured surfaces^.

The second approach is sometimes called the Cartesian machining method, and the third 

approach is called the parametric machining method. The parametric toolpath planning method 

can only be used for parametric surfaces of the form r = r(u ,v ). In the Cartesian toolpath plan­

ning method, it is a common practice to plan the toolpaths to be parallel straight lines on the 

XY-plane. By projecting the straight lines back to the surface, actual toolpaths on the part sur­

face are obtained. It is equivalent to finding intersection curves between the part surface and 

the vertical planes.

Since the CAM software used in this project is 2-1/2-axis machining and the cutter paths 

must be plane curves, the Cartesian toolpath planning method was used, although the surface 

definitions in microCADDS are parametric.

There are two possible choices in the Cartesian machining approach: the part surface 

intersected by vertical planes and an offset surface of the part surface intersected by vertical 

planes. The former is called the Cutter Contact (CC)-Cartesian method and the latter is called 
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the Cutter Location (CL)-Cartesian method. In this project, the CL-Cartesian method was used. 

The reason for this will be discussed in Section 6.3.

The determination of stepovers and path intervals and the gouge problem will be dis­

cussed later in this chapter.

6.3 The principle of the method

Since the tool used must be ball-ended for 3-axis and 2-1/2-axis machining, to reach a 

point on the surface, the centre point of the cutter radius should be on the normal to the sur­

face at the point, and at a distance equal to the tool radius. In other words, the centre point of 

the cutter should be on an offset surface of the surface to be cut as shown in Figure 6.5.

Surfaces are usually defined parametrically in CAD systems as this facilitates easy design 

manipulation. A number of offset points are calculated for each small change in the parameters 

which define the surface for the generation of NC data in most CAD/CAM systems. This is a 

considerable computing task because the amount of change in the parameters must be small 

enough to reduce the chordal deviation and the scallop cusp height between two adjacent cuts.

For 2-1/2-axis machining packages, the offset points of one cut must be on a plane nor­

mal to one axis (the X, Y or Z). To calculate these points from a parametrically defined sur­

face requires more computing time and also introduces some approximation due to numerical 

methods.

To reduce the amount of calculation so that the PC based systems can run the program, a 

limited number of offset points are calculated and then an offset surface is generated using 

these points. The offset surface is then intersected by a set of planes normal to an axis. Tool­

path geometry (consisting of line segments) is then generated along the intersections. These 

may then be joined to form a lace pattern toolpath which is only limited in size by the number 

of data blocks the machine tool controller can handle.
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The method can be summed up as:

i) Selecting tool size, or offset amount. The tool radius should be less than the minimum 

radius of curvature of the concave part of the part surface.

ii) Calculating offset points normal to the part surface. The number of points are deter­

mined manually by the complexity of the part surface. The number of points required to ade­

quately describe a surface was discussed in section 4.4 and shown in Figure 4.7(a) and (b).

iii) Generating an offset surface from the offset points. The offset surface is continuous if 

the part surface is continuous. The offset surface will also remain smooth within a tolerable 

amount if the part surface is smooth.

iv) Cutting the offset surface with a set of parallel planes normal to any of the three axes 

X, Y and Z, this extends the 2-1/2-axis machining to 3-axis machining. MicroCADDS offers 

this facility, however, the number of surfaces and planes are limited and the computer is often 

crashed when multi-planes and surfaces intersect each other. Moreover, the intersections are 

splines and the mathematical representations of these splines are unknown. This restricts the 

generation of line segments for the toolpath geometry. In this project, a program has been 

developed to automatically create intersection curves quickly and without crashing the com­

puter.

v ) The intersection curves are used for toolpath generation, i.e., for the generation of 

small line segments within given deviation tolerance.

It should be noted that the machining directions must be carefully selected and the scallop 

cusp height resulting from the path intervals should be calculated and limited within the given 

tolerance.

6.4 Selecting tool size and avoiding the gouging problem
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Generally, large sizes of ball-ended tools are used for efficient cutting and finish machin­

ing, since the cusp height left on the part surface decreases as the tool size increases. Figure 

6.6 (a) and (b) compares a bigger tool and a smaller tool for the same path interval. However, 

when the tool radius exceeds the minimum radius of curvature of the concave part of a surface, 

a gouging problem arises (see Figure 6.6 (c)). Therefore, the radius of a ball-ended tool must 

be less than the minimum radius of curvature of the concave part of a surface to be machined.

It can be seen here that the gouging problem can be avoided at an early stage by using 

the Cutter Location Cartesian toolpath planning method discussed in section 6.2.4. Another 

advantage of using CL-Cartesian method is that the computing time is significantly decreased 

by calculating a limited number of offset points to build an offset surface, instead of calculat­

ing many offset points for each small change in the parameters which define the surface. This 

was discussed in the last section.

6.4.1 The principal curvatures of a surface

For a surface r = r(u,v) and an arbitrary curve r(r) on the surface, the curve equation 

may be written as

r = r(O = r(w(r),v(r)) (6.1)

The normal curvature of the surface is defined as the curvature of the intersection curve 

between the surface and the plane containing the surface normal n and the tangent vector. The 

curvature of the curve r(r) is defined as the normal curvature of the surface in the direction of 

the curve (see Figure 6.7). It is given by^:

du dv 
dt dt

du dv 
dt dt

du 
dt 
dv 
dt , 
du 
dt 
dv 
dt .

(6.2)
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where kn is the normal curvature of the surface in the direction of the curve r(t). G is the first 

fundamental matrix of the surface and it is given by

dr dr dr dr
du du du ’ dv
dr dr dr dr
du dv dv * dv

and D is the second fundamental matrix of the surface and it is given by

-A "-ft-

du du dv
•ft- "-ft

du dv dv2

where n is the unit vector of the normal of the surface and it is given by

n = ±
Ax ar. 
du dv

I 
| du dv ।

(6-3)

(6.4)

(6.5)

Since the curve r(r) is arbitrary, the normal curvature for the same point on the surface 

varies as the curve which passes through this point changes. The maximum and minimum cur­

vatures of the surface at the point are known as PRINCIPAL CURVATURES, and we may 

deduce from equation 6.2 that these occur when

(D - kn G )

du 
dt 
dv 
dt

or

I G I k^ - ( £11^22 + ^11^22 ~ 2g12di2 ) kn + I D 1=0 (6.6)

where
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1 511 512 *
' G I = |g2i g22|' = 811522-8218 12

[du 412 I
1 D 1 = । 42i 4:2 I = " ^21412

where dÿ and gy are the elements of the matrix G and D respectively.

The two roots of equation 6.6 are the principle curvatures and it can be seen that the 

principle curvatures are determined by the surface r(u ,v) itself.

6.4.2 The program used for the calculation of the maximum tool radius

A program RADIUS.UPL has been developed to calculate the maximum tool radius used 

for machining a free form surface without interference (gouging). The program allows the user 

to select a number of points on a surface and then the program calculates the principle curva­

tures at these points. The program then calculates the maximum principle curvatures of all the 

points and prints out the maximum tool radius allowed, which is

^max — T (6.7)
^n/nax

It should be noted that the directions of the curvatures of a surface show the concave or con­

vex properties with respect to the normal to the surface. The directions of the principle curva­

tures at different points, or even at the same point, may not be the same. The program will cal­

culate these separately.

The curvatures at the edges of a surface do not exist. (Therefore, the program ignores 

these points on the boundaries which are selected by the user). This can be easily shown as 

follows.

For a general surface patch given by equation 4.9 

n m 
r(«.”)= S Z Vjj

■ -0 j-o
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The partial differential of r with respect to u is given by

dr " ” ))

du i=o j=o du
Bmj(y) ViJ (6.8)

where

d( Bn i(u)) _ »!
du

(i ul-1 (1-%)"-' - (/%-C u*  (l-u)^-1 )

3_
When the points are on the boundaries of the surface, the value of does not exist since 

du

u*  1 = 0"1 when i - 0 and u = 0

and

(I-m)”-1-1 = 0"1 when i = n and u - 1

Similarly, it can be shown that when the points are on the boundaries of the surface, the value

drof does not exist since
dv

== 0-1 when j = 0 and v = 0

and

(1-v = 0-1 when j = m and v = 1

The higher order of partial differential of r with respect to u contained in equation 6.6 is

given by

d^r " ft d\Bnj(u»
du2 l=o ;=o du2 V,) (6.9)

where

d\ n!

du2 il(n-i)!
(i(i-l)u‘~2 (1 -u)^
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- iCn-iyu1’1 (1-M- Kn-iVX (I-m)""'""1

- id-lXn-iV"2 (I-m)”-'-1 + Hn-iXn-J-W-1 (l-u)^-2 )

which contains the elements of m*'" 1, w1’2, (I-m)”"'"1 and These elements do not

exist when the points are on the boundaries of the surface. This also applies to other higher 

order of partial differentials of r with respect to w and v in equation 6.6.

6.5 Generating offset surfaces to the surfaces to be machined

It has been discussed that the CL-Cartesian toolpath planning method was used in this 

project and therefore offset surfaces to the surfaces to be cut must be prepared after the tool 

sizes are selected. Since different tools may be used for different parts of a component consist­

ing of a number of surface patches, the offset amount may be different and therefore the offset 

surfaces of the whole component may not be continuous.

6.5.1 Generating offset points to the part surfaces

For a Bezier surface r = r(«,v), the unit normal at a point is given by equation 6.5,

„ = ± du dv
i x i
| du dv ।

The offset point at a distance equal to the tool radius from the point is given by

P = r (u ,v ) ± h n

(6.5)

(6.10)

where h is the offset amount or the tool radius, P is the offset point.

* d(^,»)
A du /Wv) V(/
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and

t-s
m
S 8,,(«) 
j-o dv

Vÿ

OM dv
dr

dr
* 1

A:
dr
au J, 
dr

(6.11)

A program BEZOFF.UPL has been written based on the above equations. It was men­

tioned in section 6.4.2 that the partial differentials and ~. do not exist at the boundaries 
ou dv

of the surface patches. To solve this problem, the unit normal vectors at the boundaries were 

replaced by those which were very near to the boundaries. This only approximates the direc­

tions of the unit normals. For instance, the unit normal n in equation 6.10 at r(0,v) can be 

replaced by the unit normal vector at r(0.001,v) and the offset point is calculated by

p o.v = r(O,v) ± A no ooi

where no.ooi is the unit normal at the position near to the point r(0,v), and PQ v is the 

offset point at r(0,v).

The number of offset points required to build an offset surface was discussed in section 

4.4 and shown in Figure 4.7 (a) and (b), the maximum number of offset points is 8 x 8.

6.5.2 Generating offset surfaces to the part surfaces

Generating offset surfaces with the calculated offset points is an inverse procedure of the 

formation of a Bezier surface which was discussed in section 4.2.2 and section 4.6 and shown 

in Figure 4.2 and Figure 4.14. One example is given below.

For 4 x 4 offset points obtained, a 3 x 3 order of Bezier surface patch can be generated 

(see Figure 6.8). The first step is to create four curves using the points at four rows, these 

curves are Q0(v), Qi(v), ^(v) and Q^v) in Figure 4.2 and the vertices of the control 
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polygons of these four curves are the points lying on the curves SQ(u), S^u), S2W and 

S3(w). Therefore, the second step is to construct another four curves S0(u), S^u), S2(u) and 

S3(w) in the column directions using the vertices of the control polygons of the curves Q 0(v ), 

Qi(v), Q2(v) and <23(v), the vertices of the control polygons of the curves 50(m), 

S2W and S3(m) are the vertices of the control polyhedron of the offset surface. The final step 

is to construct the offset surface using the vertices of the control polygons of the curves S0(m), 

SyW, S2(u) and S3(u). The generated offset surface with the part surface and offset points is 

shown in Figure 6.9.

6.5.3 Generating offset surfaces to a ruled surfaces

A ruled surface (see Figure 4.3) takes the form of

r(w,v) = (1-v) r0(w) + v r^w)

Where m, v are parameters and 0 < u < 1, 0 < v < 1, r^u) and r^u) are two Bezier curves 

of degree n.

r0(«) = Z V,o 
i=0 

m 
n(w) = Z Bm.iW va 

1=0

A program has been written to offset a ruled surface based on these relationships. The pro­

cedure for generating an offset surface is the same as that for generating an offset surface of a 

Bezier surface except in some very simple cases where the offset surface is also a ruled sur­

face. A ruled surface can be taken as a special case of a Bezier surface. Thus the following 

conclusion may be drawn (see Figure 6.10).

Using the vertices of a ruled surface to form a Bezier surface:

n m
r(«.v)=S E BttjW 8mJ(v) v,y (6.12)

1=0 j=0
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Let the two curves r0(m) and r/u) which form the ruled surface be of degree 3, that is n = 3,

then

^i.o(v)

S1,1(V)r(m,v)— #3o(w) &33(M) (6.13)

Where

Vqo V01
Vio V„

v" V21

Vso V31

since

(6.14)

^i.i(v) = ^2i)i = v (6.15) 

substituting equations (6.13), (6.14) and (6.15) in equation (6.12) and re-arranging

r(u,v) = (l-v) £ Bn i(u) V/o + v J Bn i(u) Vn 
i=0 i=0

or

r(« ,v) = (1 v ) r0(w) + v r^u)

The above is sufficient to show that a ruled surface is a special case of a Bezier surface of 

order n x m when m - 1. Therefore, the program BEZOFF.UPL is also suitable for offsetting 

a ruled surface.
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6.6 Selecting machining directions

Before creating toolpath curves (or line segments) the machining directions must be care­

fully selected. Since the Personal Machinist (PM) is a 2 - 1/2-axis machining package, the tool­

path geometry must be in the planes parallel to the XOY, YOZ and XOZ planes. For the same 

component, different machining directions may be selected for different parts of the com­

ponent. Machining in an incorrectly selected direction may result in severe uneven path inter­

vals and therefore causes severe uneven cusp height on the finished surface.

Figure 6.11 compares three machining directions for the same surface patch when the 

gaps between the cutting planes keeps constant. It is obvious that for this surface patch, the 

cutting planes should be parallel to the plane YOZ shown in Figure 6.11c.

In the next section, a program used to solve the uneven cusp height problem will be 

introduced. However, properly selected machining directions can still significantly decrease the 

toolpath planning time and in some cases it becomes the vital choice. For instance, the cutting 

planes for a "flat" surface which is shown in Figure 6.1 ld can be parallel either to the XOY 

plane or to the YOZ plane. However, if the cutting planes were parallel to the XOZ plane, the 

intersection curves between the planes and the surface would be very irregular (see Figure 

6.1 Id), and therefore, the cusp height would be very uneven.

6.7 Calculating the gap between two adjacent cuts

Once the machining directions have been selected, the next step is to calculate the gap 

between two adjacent cuts, i.e., the gap between two adjacent cutting planes. The gap is deter­

mined by the scallop cusp height left on the machined surface.

6.7.1 The gap between two adjacent cuts for a flat surface

For a flat surface shown in Figure 6.12, the gap between two adjacent cuts can be calcu­
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lated as follows.

By Pythagoras’ theorem, it can be shown that

(R - h)2 = x (2R - x) (6.16)

where h is the cusp height and R is the radius of the cutter. It can be re-written as

x2 - (R -h) = 0

The two roots of the equation are

X! = R + ^R2-(R -h)2

= R — ^R2 — (R — h)2

Since x < Æ, the second root applies, that is

x =x2 = R - ^R2 - (R - A)2 (6.17)

It is seen in equation 6.12 that

L =2R - 2x (6.18)

where L is the gap between two cuts. Thus,

L = 2 <2Rh - h2

In practice, A2 can be ignored since the cusp height is very small, thus

L = 2 <2Rh (6.19)

6.7.2 The gap between two adjacent cuts for a general surface

Equation 6.19 applies to plane cutting. However, for the offset surface of a part surface 

shown in Figure 6.13, the determination of the gap between two planes normal to the Y axis 
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which cut the surface is much more complicated. Suppose Cx is the curve formed from the 

intersection of a plane and the offset surface and the plane is expressed as

y -yo (6.20)

The surface can be represented as

z=z(x,y) (6.21)

or

r = r(u,v) (6.22)

In Figure 6.13, P is the tangent plane of the surface at point Px on the offset surface. T is the 

tangent vector of curve Cx at point PXt N is the normal vector of the surface at point Px and 

CL is a vector in the tangent plane P and thus

CL = N x T

N = ^x^ 
du dv

T = —- 
dx

Since y =y0.

T = = 1 0 —
ox dx

(6.23)

(6.24)

(6.25)

(6.26)

To obtain J— in equation 6.26,

dz _ (dz/du) . du + (dz/dv) . dv 
dx (dx/du) . du + (dx/dv) . dv (6.27)
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Since y is a constant for the curve Cp

dy = . du + . dv = 0
du dv

or

dX
du dv

du

Substitute equation 6.28 into equation 6.27,

dz _ (dz/dv) . (dy/dw) — (dz/du) . (dy/dv) 
dx (dx/dv) . (dy/dw) - (dx/dw) . (dy/dv)

(6.28)

(6.29)

For approximation, (CL/ I CL I) . L is treated as the vector with the absolute value of L in 

equation 6.19, that is

CL
L = IcET 'L

Substitute equation 6.19 into equation 6.30,

L = 2 V2ÂT - [ 4 4 4 J (6.31)

Where ly, lz are the components of the vector L in the X, Y, and Z axes respectively. The 

gap between two cutting planes is thus

G = IZy 1 (6.32)

A program CUSPH.UPL has been developed based on the above equations. The user can select 

any number of points on the offset surface to calculate the maximum path intervals at those 

positions and then use equal or unequal intervals for the surface patch.

It should be noted that the surface used for cusp height calculation is the offset surface to 

a part surface, since it can be shown that the result obtained is the same as that obtained by 
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calculating the part surface.

Figure 6.14 is a simplified diagram of Figure 6.13 with tool and the part surface. It can 

be seen that L = L' and therefore,

G = 1^1 = iryi

Where

V = [ C c C 1

This means that the gap between two adjacent cuts can be obtained either by calculating the 

part surface or by calculating the offset surface.

6.8 Generating plane curves on the offset surface for toolpath geometry

. Once the cutting directions and the path intervals have been selected, the next step is to 

construct plane curves on the offset surface for toolpath geometry. This could be done by inter­

secting the offset surface by a set of parallel planes using a command "CUT SPO" in micro- 

CADDS. However, there are several problems with this approach, namely,

i) The number of planes and surfaces to be intersected is limited. When a large number 

of planes and surfaces are processed, errors often appear and the computer may be crashed.

ii) The intersections are splines. The mathematical representations of the splines are unk­

nown, and therefore, line segments are not easy to be created from the spline. Usually, Bezier 

curves are required to be generated manually from the splines and then line segments are 

created from the curves.

iii) It is difficult to automate the toolpath planning procedure.

To solve the above problem, a program "BEZTP" has been developed to calculate the 

intersections of the cutting planes and the offset surface. Bezier curves are generated automati­

cally and this makes it possible to automate the whole procedure for toolpath planning.
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6.8. 1 The principle of intersecting surfaces by planes

A plane defined by its normal from the origin and a point on the plane takes the form1811 

(see Figure 6.15).

(P - N) . N = 0 (6.33)

Where P is a point on the plane, N is the normal of the plane from the origin. For a curve 

r = r(u), the intersection between the curve and the plane is given by (see Figure 6.16)

(r(m) - N) . N = 0 (6.34)

For a surface r = r(w,v), the intersection between the surface and the plane is expressed as:

(r(w ,v ) - N). N = 0 (6.35)

To obtain the intersection curve , the first step is to calculate a number of intersection points, 

then create a curve from the points. This is achieved by selecting a set of isoparametric curves 

on the surface and then calculating the intersecting points between the isoparametric curves and 

the plane. That is

(r(%,v) - N). N = 0 (6.36)

Where ut = u0, wb u2, . . ., un and 0 < w, < 1, r(%;,v) are isoparametric curves on the surface 

r(« ,v). If the plane is parallel to the XOZ plane (see Figure 6.17) then

N = [ 0 kN 0 ] (6.37)

Where kN is a real constant. Since

r(M,,v) - N = [ rx(w,-,v) ry(w,-,v) - kN r^,v) l

Thus equation 6.36 becomes

(ry («I, v ) kn ) . k/\/ — 0 (6.38)
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When kN * 0, the root of the above equation is

r/i4,v) - kN = 0

ry(uitv) = kN (6.39)

For a bi cubic Bezier surface given by equation 4.7

r(u,v) = 1 m m2 u3 I M V 2

3

When the parameter u is selected and

1
v

ry(Ui,v) = 1 Ui Ui2 Ui3 M Vy Mt (6.40)2

3

Where

Vyoo ^oi V>02 V>03

Vyio Vyll Vy12 V>13 

^2O Vy21 Vy22 V>23 

Vy30 Vy31 V?32 Vy33

Equation 6.41 can be classified into the polynomial form:

a + bv + cv2 + dv3 = 0 (6.42)

Therefore, the value of v corresponding to Ui can be calculated by numerical analysis methods 

described in the following section. Then the point r(u^v, ) can be calculated.

Similarly, when the cutting plane is parallel to the XOY or the YOZ plane, the value of 
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v corresponding to u, can be obtained by solving the equations

r2(«,-,v) = kN (6.43)

or

Fxto.v) = kN (6.44)

and then the intersection points can be obtained.

6.8. 2 Numerical methods of solving polynomial equations

For low degree polynomial equations such as quadratic and cubic equations, the DIRECT 

solution method is suitable1821. For a quadratic equation

x2 + axx +ao = O (6.45)

The two roots are

X ~ *2  (~a 1 ±

For a cubic equation 

x3 + a2x2 + a xx + a0 = 0 (6.46)

Substitute 

* =7 ~ —

the equation becomes

/ + &iy +6o = O (6.47) 

where
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(3fli — #2 )

6o =
(2a% ™ 9a%ai + 27aq) 

27

A discriminant rf2 can be calculated by

J2 = Al?
3 2

If d1 > 0, there will be one real root and two conjugate roots. If d2 = 0, there will be three 

real roots and at least two equal roots. If d2 < 0, there will be three unique real roots. Then 

the three roots of equation 6.47 are given by

y i = A + B 

,3 = -^.

= _#. + &)

- (A-B)

where

h 1
A = (—~ + d) 3

2 
?&o

B d) 

and therefore, the roots of equation 6.46 can be found.
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Since the direct method becomes very complicated when the degrees of the equations are 

high, for high degrees of polynomial equations, especially for our problems, the BRAC/^£ti 

method is a better choice1831. The method is introduced as follows.

For a polynomial equation of any degree

? (6.48)

Assuming that /(x) is always a concave or convex curve in the range [0, 1], then if/(0) and 

f (1) have the same sign, there is no real root, (see Figure 6.18a and b). If/(0) and /( 1) have 

opposite signs, there is a unique root, (see Figure 6.18c)

In Figure 6.18c, select in [0, 1], if /(0) and /Cq) have opposite signs, the range [0, 

1] is replaced by [0, xj, else if f (x i) and /( 1) have opposite signs, the range [0, 1] is 

replaced by [xj, 1]. Repeat this procedure to find a x; which makes

lx, - X,-! I e (6.49)

Where e is the acceptable error. In practice, the middle point of the range is selected, e.g.,

'2 = -^ or z2-^LL
etc.

The error is predictable,

% 2’
2 
2

2 
2

2 
2 (6.50)

Where et is the error in x for the i th iteration and i = 1, 2, 3, . . . , n

All the assumptions made for this method are acceptable since the intersections of the 

planes are unique.
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6.8.3 The program used for calculating intersections between planes and surfaces

A program BEZTP.UPL has been developed based on the above equations. The user first 

inputs the control polyhedron of the offset surface, the gap between two adjacent cuts and the 

tolerance. The user should also tell the computer which axis the cutting planes are parallel to. 

Then the program will calculate the intersection points and create a Bezier surface from the 

points automatically. The program has the following features:

i) The program applies to general surfaces of order n x m.

ii) The error is predictable and therefore, high accuracy can be achieved.

iii) No failure during running the program.

iv) The intersection curves are automatically created and they are Bezier curves.

v) Cutting planes are not used, all the operations are performed on the offset surface 

itself. This is very similar to the direct toolpath generation along isoparameters of the surface 

performed on large CAD/CAM systems.

vi) Since only a limited number of offset points are calculated to form a intersection 

curve, running time is saved.

6.8.4 Blending toolpath curves to form complete cutting profiles

The toolpath curves created by the program BEZTP.UPL are for one patch. The com­

ponent could be machined patch by patch (see Figure 6.19a). However, it is more efficient to 

machine a number of surface patches in a single operation. (See Figure 6.19b). The toolpath 

for a single cut is called a cutting PROFILE. If the path intervals of two or more adjacent sur­

face patches are the same, the toolpath curves on those patches can be blended to form larger 

cutting profiles. This is achieved by blending the curves to form composite curves. The com­

mand used in microCADDS is "MATch CPO”.

Since the toolpath curves are plane curves and the surfaces are arbitrary, the toolpath 

curves at some comers of the surface patch may not be complete. The program BEZTP.UPL
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does not create those incomplete curves, however, it produces offset points for those incom­

plete toolpath curves (see Figure 6.20a). Because the surface is continuous, the adjacent surface 

patch will also have incomplete toolpaths (see Figure 6.20b). Toolpath path curves can be 

generated manually from those points and form complete toolpath curves (see Figure 6.20c).

6.9 Calculating the line segments and the deviations

In the last section, the generation of toolpath curves and cutting profiles was described. 

However, these curves can not be transferred to Personal Machinist (PM) for further process­

ing. A set of small line segments have to be created from each curve. Then the line segments 

are transferred to PM as toolpath geometry.

A program LINPATH.UPL has been developed to generate line segments from toolpath 

curves automatically. The deviations are calculated and the maximum deviation is limited to an 

acceptable tolerance. The mathematics is described below.

For a curve with its offset curve shown in Figure 6.21, the deviations given by

Û
dev = (p - R) (1 - cos—) (6.51)

Where dev is the deviation, p is the radius of curvature of the offset curve and R is the radius 

of the ball-ended tool. The angle 0 can be obtained by

L 6
y = P (6.52)

Where L is the chord length of the offset curve. The radius of curvature of the offset curve is 

given by

P = T (6.53)
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Where k is the curvature of the offset curve. Since the toolpath curves are plane curves, the 

curvature can be calculated by

k — (6.54)

Since the toolpath curves are Bezier curves of the form r = f(m),

dy dry .
dy _ du _ du _ 
dx dx drx rT(u)

du du

(6.55)

d
r,(u)

or

o. 
dx2

du
rx(u)

1
r,(M)

d^y 
dx2

( r/%) . r,(u) - ry(u) . r,(u) ) (6.56)

Where

=

G(u) =
du2
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FyW =
d2ry 
du2

Substitute equations 6.55 and 6.56 into equation 6.54,

2
32Fy(«)

G(w)
I ) I .

p = 7 Ir/w) • G(w) - ^(m) . rx (u ) I

6.10 Examples

The method of preparing the toolpath geometry for free form surfaces has been intro­

duced above, two examples have been done to test the method, and the programs and the pro­

cedure is described below.

6.10.1 Example 1: generating toolpath geometry for a bottle mould

The bottle model shown in Figure 5.6 was chosen as an example. To machine a mould (a 

female tool) of the model, the following steps were taken.

i) Select tool size. Choose several surface patches which are most curved ( except the 

fillets at the bottom and the shoulder of the bottle) and calculate the minimum radius of curva­

ture of the patches by running RADIUS.UPL. The minimum radius is 8.85 mm. The radii of 

the fillets are 4 mm. Then the actual tool diameter was selected as 10 mm. The tool radius 

should not be equal to or near to the minimum radius of curvature, otherwise the toolpath 

would become or near to a point for the concave part of the female mould. The 10 mm tool 

was used for the body of the bottle mould. Different tools were used to machine the bottom, 

shoulder and the neck of the bottle mould. This will be discussed in the next chapter.

ii) Generate the offset surface to the part surface by running BEZOFF.UPL. The offset 

amount is equal to the tool radius, i.e. 5 mm. The offset surface is shown in Figure 6.22.
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iii) Select cutting direction. The cutting direction must be carefully selected. In this case, 

the cross sectional direction was selected. Picture 6 shows two male models of the bottle 

machined in a wrong direction and with incorrect tool sizes. It can be seen that the cusp height 

is irregular.

iv) Select path intervals. This was achieved by running CUSPH.UPL. The maximum cusp 

height was limited to 0.12 mm when the path intervals were 2 mm.

v) Generating toolpath curves by running BEZTP.UPL and create line segments by run­

ning UNPATH.UPL. The maximum chordal deviation was limited to 0.05 mm. The toolpath 

geometry is shown in Figure 6.23. The total time used to do the above work using a IBM PC 

AT system is 9 hours.

6.10.2 Example 2: generating toolpath geometry for a cab roof model

A cab roof model supplied by LEYLAND-DAF was scaled by 18 % and machined at 

UMIST. The model is shown in Figure 6.24 and Picture 7. The procedure for the generation of 

toolpath geometry is the same as described above. The tool size is not limited by gouging cri­

teria, since the part to be machined is a male model. However, if the tool was too big, the 

offset surface will be too large and the defects and errors with the model would be increased. 

By experience, a 25 mm ball ended cutter was selected to machine the main part of the cab 

roof model and a 15 mm ball ended cutter was selected to machine the two comers of the 

model. The offset surfaces to the surfaces of the cab roof is shown in Figure 6.25. Three direc­

tions were selected to machine different parts of the model. For the 25 mm tool, the path inter­

vals were 4 mm and the maximum cusp height and deviation were limited to 0.16 and 0.05 

respectively; For the 15 mm tool, the path intervals were 3 mm and the maximum cusp height 

and deviation were limited to 0.15 mm and 0.05 mm respectively. The toolpath geometry is 

shown in Figure 6.26. The results of the two examples are listed in Table 6.2.
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6.11 Contributions and comments

In this chapter, a method of generating the toolpath geometry for machining free form 

surfaces with 2 - 1/2-axis machining package has been introduced. The major features of the 

method and programs are:

i) The method is suitable for the machining of surfaces of any complexity. The principle 

applies to any 2 - 1/2-axis machining system.

ii) The method is suitable for male or female tool manufacture, particularly for mould 

manufacture in the plastics industry.

iii) The toolpath geometry is created automatically. The maximum scallop cusp height 

and chordal deviation can be controlled.

iv) The cutting direction is extended from 1 to 3, and different sizes of tools can be used 

to machine different parts of the component.

v) Gouging problem can be prevented by calculating the minimum radius of curvature of 

concave surfaces and selecting proper tools.

The only drawback of the method is that the toolpath curves near to the edges of the sur­

face patches may need to be built manually. A common data base is needed to save the infor­

mation of the model to be machined so that the user does not have to input the information 

each time he runs the program.



Chapter Seven

Automatic Part Programming and NC Machining

7.1 Summary

In the last chapter, the preparation of the toolpath geometry for the machining of the bot­

tle mould and the scaled cab roof model was discussed. In this chapter, the procedure of NC 

machining the bottle mould and the cab roof model, including converting and transferring the 

toolpath geometry from microCADDS to the Personal Machinist, NC part programming, post 

processing and NC machining on the Takisawa Machining Centre, will be detailed.
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7.2 Converting the toolpath geometry and transferring it to the Personal Machin­

ist

Once the toolpath geometry (line segments) has been prepared in microCADDS, the*next  

step is to convert the line segments by a User Programming Language (UPL) program called 

"PDPM.UCD", so that it can be accepted by the Personal Machinist Numerical Control Proces­

sor (NCP). A "MERGE" command is then used to transfer the converted geometry (.NC5) into 

a part program (.NCI) where the geometry may be viewed graphically and is available for sub­

sequent processing. The merged geometry appears in the part program as the definations of a 

group of lines which are used as a cutting group. The starting and parking positions of the 

tool can be specified by digitizing two points on the screen.

In doing this, two points must be emphasized, namely

i) The line segments for each cut should be grouped using a command "GROUP ENT" in 

microCADDS. The definitions of these lines in the part program (.NCI) can therefore be 

achieved automatically. Otherwise, each line segment must be digitized manually in the Per­

sonal Machinist. This is very difficult since the line segments are very small in length.

ii) Since the merged geometry in NCP corresponds to the geometry in the Top view in 

microCADDS, if the prepared toolpath geometry is not parallel to the XOY plane in the Top 

view in microCADDS, it must be rotated to satisfy this requirement. The rotated geometry can 

be translated back in NCP using a command "TRANSLATE" followed by the specifications of 

the angles and distances about the X, Y and Z axis. Both of the two examples shown in Figure 

6.23 and Figure 6.26 need to be rotated in microCADDS and translated in NCP.
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7.3 NC processing and post-processing

Once the toolpath geometry has been merged in NCP as the definition part of the part 

program, the NC processor then asks for specifications of tool size, feed rate, speed and rapid 

moves. For the finish machining, the toolpath geometry is the path of the centre of the ball 

ended tool, therefore, the tool radius is defined as zero. (Tool size definitions are used to 

specify the offset amount to the left or the right in NCP).

Then the cutting subroutines are defined using the merged toolpath geometry. If the tool­

path geometry is rotated in microCADDS, a "TRANSLATE" command must be included in 

the subroutine to translate the geometry back to the original position and orientation.

All the above is done by "answering questions" in NCP and the part programs which 

apply to a general machine tool are created automatically by NCP. A typical part program 

(BD1.NC1) used to machine the bottle mould in cross sectional direction and three typical part 

programs (RFNC20.NC1, RFNC50.NC1 and RFNC60.NC1) used to machine the cab roof 

model in three directions are given in Appendix five.

The generated part programs can be verified graphically by displaying the toolpaths on 

the screen, rapid moves are displayed by dashed lines. Different views can be selected to show 

the toolpaths. Figure 7.1 and Figure 7.2 show the toolpaths used to machine the bottle mould 

and the scaled cab roof model.

Having checked the graphical representation, the toolpaths or part programs must be post 

processed into a suitable format for a specific machine tool. This is achieved by a running a 

post processor "TAKMET" and the NC code (.NC2) is the ASCII format. TAKMET is a post 

processor used to convert the part programs into the format suitable for the UMIST Takisawa 

Machining Centre. The NC code (.NC2) can also be edited if necessary. The post processed 

part programs in Appendix five are given in Appendix six.
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7.4 Rough machining

So far we have considered the toolpaths and part programs for finish machining. In 

practice, the block used to machine the required part should be rough machined prior to the 

finishing operations. The tools used for roughing are usually flat ended and the sizes of the 

tools should be as large as possible. The toolpaths for the roughing are less accurate than those 

for the finishing. Some amount of stock material must be left on the block for the finish 

machining.

The machining direction of the roughing operations is usually horizontal and the toolpath - 

geometry can be achieved by cutting the part surface with a set of parallel planes. A number of 

lines are created near to the intersections between the cutting planes and the part surface. 

Those lines are then converted and transferred to NCP for part programming. One typical part 

program (BRI.NCI) used for the roughing of the bottle mould is given in Appendix five and 

the post processed part program (BR1.NC2) is given in Appendix six.

The toolpaths for the roughing of the bottle mould are shown in Figure 7.3. The size of 

the flat ended tool is 15 mm in diameter and the depth of each cut is 5 mm. The size of the 

wooden block used for the bottle mould is 300 mm x 115 mm x 45 mm. Since the material 

of the block used for the cab roof model is wax and the amount of material to be removed is 

not large, the roughing operation is very simple. The toolpaths for roughing consist of several 

straight lines, therefore, the roughing operation for the cab roof model will not be discussed in 

detail. The flat ended tool used for the roughing of the cab roof model is 10 mm in diameter.
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7.5 The finish machining of the bottle mould and the cab roof model

Once the NC code (.NC2) was prepared, it was transferred to the controller of the NC 

machine via the Distribute Numerical Control (DNC) link. The toolpaths can be further verified 

graphically on the computer screen of the Takisawa Machining Centre prior to the machining 

of the parts. The Takisawa Machining Centre is shown in Picture 8. The wooden blocks 

which show the roughing operations and the result of the finished bottle mould are shown in 

Picture 9, Appendix three. The wax block of the machined cab roof model is shown in Picture 

10, Appendix three.

The time used to prepare the NC programs for the bottle mould on IBM PC AT is about 

24 hours and the machining time is 4 hours. The time used to prepare the NC programs for the 

cab roof model is 8 hours on the CV386 system and the machining time is 4 hours. The results 

are given in Table 7.1.

In practice, the moulds or models after finish machining must be hand finished or refined 

by Electro Discharge Machining (EDM). Hand finishing is relatively simple because a con­

trolled cusp height is produced.



Chapter Eight

Conclusions and Recommendations

8.1 Conclusions

A method of modelling and NC machining components embodying free form surfaces has 

been developed. The method and the programs developed are suitable for Personal Computer 

(PC) based CAD/CAM systems. The suggested use of the method is in relatively small com­

panies such as in the plastics mould making industry which produces products with complex 

surfaces such as bottle moulds and which can afford to purchase such relatively low cost sys­

tems.

Surface models of components can be specified using the digitized data from a master 

part. An improved approach to the interpolation of digitized data with Bezier surface patches 

has been developed, which can represent the interior of the surface patches.

Surface models of components can also be specified using 2 dimensional orthographic 

engineering drawings. The method can deal with components of any complexity including 

those incompletely defined in the 2D drawings.

The generated surface models can be smoothed by running the program "SMOSPL.UPL". 

The program can smooth the surface models locally without changing the whole shape of the 

original surfaces. The degrees of the surfaces do not need to be changed and the data base of 

the system does not require to be re-built.

The volume of components, such as of those used as containers, can be calculated by 

running the program "VOLUME.UPL". The volume can also be increased or decreased by 

scaling the surface models in any direction by running the program "SCLSPL.UPL". The sur­

face models can also be modified locally in shape and volume.

The 2-1/2-axis machining package Personal Machinist has been extended to 3-axis 
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machining. The toolpath geometry can be created automatically and the maximum scallop cusp 

height between two adjacent cuts and the maximum chordal deviation can be controlled. The 

cutting direction is extended from 1 to 3, and different sizes of ball ended tools can be used to 

machine different parts of the component. Gouging problems can be prevented by calculating 

the minimum radius of curvature of concave surfaces and selecting proper tools. The method is 

suitable for male and female tool manufacture, particularly for mould manufacture in the plas­

tics industry.

A bottle mould and a scaled cab roof model have been machined using the UMIST Tak- 

isawa milling machine. The results are satisfactory. The machining operations were efficient, 

and the shape of the machined components is correct. Hand finishing is relatively simple, 

because a controlled cusp height is produced.

All the programs developed in the project are fully integrated with the Computervision 

microCADDS G CD and Surfaces and the Personal Machinist. However, the principles apply to 

any CAD/CAM system.

8.2 Recommendations for the use of the developed software

The developed software is recommended to be used by small die making shops which 

manufacture components with free form surfaces, especially plastic products such as bottles. 

The basic equipment required includes a CNC milling machine, a 32-bit or 16-bit PC 

CAD/CAM system with the Computervision Personal Designer and Personal Machinist 

installed. One or two fresh graduates in engineering can operate the system after 4 week train­

ing.

The software is also suitable for those who do not actually manufacture the moulds, but 

design the models of components for the manufacturers. The shape of the products can be 

designed freely and changed to meet the customers requirements. Then toolpaths and NC pro­

grams can be generated using the models stored in the computer. The designing company then 

sent the models and the NC codes to the manufacturer for machining directly.
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8.3 Recommendations for further work

Since all the vertices of the control polyhedron of a surface patch must be digitized when 

running each program, a common data file is required to be built to save all the information 

related to the surface models, so that the data of any part of the surface models can be 

obtained directly.

The programs written in User Programming Language (UPL) cannot generate surfaces 

directly, because this function is not supplied by UPL. This limits the automation of the whole 

procedure for toolpath generation. The programs should be modified when more functions are 

developed for UPL, e.g. inserting surfaces, getting information related to curves and surfaces, 

etc. More detailed instructions should be displayed when running the programs.

Special CAD/CAM systems should be built for different uses, such as a system used for 

designing and manufacturing bottle moulds. Then the programs can be linked to form a fully 

automatic system.

4
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Appendix Two

TABLES



TABLE 4.1: The digitized data from the top half of a telephone 
receiver on Takisawa Machining Centre.

The machine datum: X-318.3 Y-123.155 Z-202.553
The probe diameter : 6.00mm

Y 1 (X,Z)

0. 1 (0.,0.)

-1. I (-9.7,0.4) (-5.,1.9) (0 ., 2.6) (5.,1.6) (7.7,-0.4)

-2. I (-13.1,-0.7)
1 (10.,0.6)

(-10.,2.5)
(11.2,-1.1)

(-5.,4.0) (0 ., 4.2) (5.,4.2)

-4. I (-17.7,-1.8)
1 (5.,8.)

(-15.,2.9).
(10.,5.4)

(-10.,6.8) 
(15.,-0.3)

(-5.,8.5)
(15.5,-1.5)

(0 ., 6.8)

—6. I (-20.8,-2.) (-20.,0.2) (-15.,6.8) (-10.,10.) (-5.,11.5)
1 (0 .,11.7) (5.,11.) (10.,8.8) (15.,4.5) (18.7,-1.7)

-9. I (24.5,-2.4) (-20.,6.2) (-15.,10.9) (-10.,13.5) (-5.,14.7)
1 (0.,14.9)
1 (25.,-2.)

(5.,14.3) (10.,12.6) (15.,9.2) (20.,3.1)

-12. I (-27.3,-2.9) (-25.,3.) (-20.,10.) (-15.,13.9) (-10.,16.2)
I (-5.,17.3)
I ( 20.,7.6)

(0.,17.4) 
(25.,-2.8)

(5.,16.9) (10.,15.3) (15.,12.5)

I (-29.4,-3.4) (-25.,7.1) (-20.,12.7) (-15.,16.2) (-10.,18.)
-15. I (-5.,18.9)

I (20.,10.6)
(0.,19.) 
(25.,3.)

(5.,18.6)
(27.1,-3.5)

(10.,17.5) (15.,14.9)

1 (-31.6,-4.7) (-30.,1.4) (-25.,10.3) (-20.,15.4) (-15.,18.5)
-19. I (-10.,19.7)

I (15.,17.3)
(-5.,20.2)
(20.,13.5)

(0., 20.3) 
(25.,7.3)

(5.,19.9)
(29.2,-4.6)

(10.,19.1)

1 (-33.4,-5.6) (-32.,0.4) (-30.,5.5) (-25.,12.9) (-20.,17.7)
-24. I (-15.,20.) (-10.,21.) (-5.,21.5) (0.,21.6) (5.,21.3)

I (10.,20.5)
I (31.2,-6.4)

(15.,19.2) (20.,16.) (25.,10.3) (30.,0.)

1I (-34.,-7.4) (-32.,3.1) (-30.,7.6) (-25.,14.7) (-20.,19.4)
-30. |I (-15.,21.3) (-10.,22.2) (-5.,22.8) (0.,22.8) (5.,22.5)

1
1
I (10.,20.5)
1 (32.2,-8.4)

(15.,19.2) (20.,17.7) (25.,12.1) (30.,2.8)

11 (-34.3,-8.8) (-32.,3.1) (-30.,7.8) (-25.,15.5) (-20.,20.3)
-35. |I (-15.,22.) (-10.,23.) (-5.,23.5) (0 ., 23.6) (5.,23.2)

1
1

1 (10.,22.4) 
(30.,2.6)

(15.,21.2)
(32.,-9.8)

(20.,18.6) (25.,12.6) (29.,5.3)

1 (-33.4,-10.) (-32.4,-.8) (-30.,6.9) (-25.,15.5) (-20.,20.8)
-40. | (-15.,22.5) (-10.,23.5) (-5.,24.) (0.,24.1) (5.,23.7)

1
1

(10.,22.9)
(30.5,-2.3)

(15.,21.8) 
(31.1,-10.3)

(20.,19.) (25.,12.4) (29.,3.7)

To be continued.



TABLE 4.1 continued.

Y | (X,Z)

1
-45. |

1

(-32.,-8.3) 
(-15.,22.8) 
(20.,19.1)

(-31.5,-1.9) 
(-10.,23.8)
(25.,11.6)

(-29.,7.6) 
(0.,24.4) 
(27.,7.1)

(-25.,15.3)
(10.,23.2)
(29.,-0.4)

(-20.,21.1)
(15. 22.1)
(29.8,-9.3)

1
-52. |

1
1

(-29.4,-2.2) 
(-17.,22.4)
(15.,22.2)
(26.5,3.2)

(-28.5,4.9) 
(-15.,22.9) 
(17.,21.5) 
(27.1,-3.5)

(-25.,14.)
(-10.,23.9) 
(20.,18.9)

(-22.,19.2) 
(0.,24.4) 
(22.,15.8)

(-20.,21.1) 
(10.,23.3) 
(25.,9.1)

1
-58. |

1

(-26.8,3.5) 
(-17.,22.4) 
(15.,22.2)

(-25.,12.7) 
(-15.,22.9)
(17.,21.5)

(-23.1,17.2) 
(-10.,23.9)
(20.,18.5)

(-22.,19.) 
(0.,24.5) 
(22.5,13.3)

(-20.,21.1) 
(10.,23.4) 
(24.6,3.7)

1
-64. |

1

(-24.8,8.6) 
(-15.,22.8)
(17.,21.3)

(-24.,13.2) 
(-10.,23.7)
(20.,17.9)

(-22.8,17.) 
(0.,24.4) 
(21.8,13.4)

(-21.5,19.4) 
(10.,23.2) 
(22.7,8.3)

(-18.5,21.8) 
(14.,22.3)

1
-70. |

1

(-23.8,8.9) 
(-15.,22.5) 
(17.,21.)

(-23.,14.8) 
(-10.,23.5)
(20.,17.1)

(-22.,18.) 
(0.,24.1) 
(21.,13.2)

(-20.,20.7) 
(10.,22.9) 
(21.5,8.8)

(-17.,22.)
(14.,22.)

1
-80. |

1

(-23.6,7.6) 
(-14.,21.9) 
(17.,20.1)

(-23.,13.4) 
(-10.,22.6)
(20.,16.)

(-21.5,18.2)
(-1.,23.3)
(21.,10.7)

(-19.,20.4) 
(10.,22.1) 
(21.2,7.9)

(-17.,21.1) 
(14.,21.2)

1
-100 . |

1

(-23.7,3.9) 
(-14.,18.9) 
(17.,17.)

(-23.,10.6) 
(-10.,19.6)
(20.,12.5)

(-22.,14.3) 
(-1.,20.2) 
(20.8,8.1)

(-20.,16.8) 
(9.,19.2) 
(21.,3.2)

(-17.5,18.) 
(14.,18.1)

1
-120.|

1

(-23.8,-1.4)
(-16.,13.5)
(16.,12.6)

(-23.5,3.2) 
(-10.,14.9) 
(18.,11.4)

(-22.,9.4) 
(-1.,15.6) 
(20.,7.3)

(-21.,11.1) 
(9.,14.5) 
(20.6,3.2)

(-19.,12.5) 
(14.,13.3) 
(20.9,-1.8)

1
-137.|

1

(-24.,-7.2)
(-15.,8.4)
(17.,6.6)

(-23.3,-1.) 
(-10.,9.4) 
(19.5,2.7)

(-22.3,3.2) 
(-l.,10.1) 
(20.5,-2.5)

(-20.6,6.)
(9.,9.1) 
(20.8,-7.5)

(-18.,7.5) 
(14.,7.8)

1
-150.|

1

(-24.2,-7.2)
(-15.,3.3)
(17.,1.4)

(-23.5,-6.6)
(-10.,4.4) 
(19.,-1.7)

(-22.3,-1.8) 
(-1.,5.1) 
(20.1,-5.9)

(-20.,1.3) 
(9.,4.) 
(20.8,-12.)

(-17.5,2.5) 
(14.,2.8)

1
-155.|

1

(-25.1,-15.) 
(-14.,1.3) 
(17.,-1. )

(-24.,-10.2)
(-10.,2.2) 
(19.,-4.1)

(-22.5,-4.7)
(-1., 2.9) 
(20.5,-9.5)

(—20.,-0.9) 
(9.,1.8) 
(21.6,-15.1)

(-17.,0.5) 
(14.,0.5)

1
-158.| 

1

(-27.,-21.1)
(-10.,0.8)
(19.,-5.6)

(-25.,-13.6)
(0 ., 1.5) 
(20.5,-10.3)

(-23.,-7.3) 
(9.,0.4)
(22.,-15.7)

(-20.,-2.2) 
(14.,-0.9) 
(23.4,-21.1)

(-15.,-0.3)
(17.,-2.5)

To be continued.



TABLE 4.1 continued.

Y |1 (X,Z)

11 (-32.9,-40.6) (-30.,-29.4) (-26.,-16.3) (-23.,-8.3) (-20.,-3.7)
-161. |1 (-16.,-2.) (-10.,-0.6) (—1.,0.1) (9.,-1.1) (13.5,-2.2)

1
1

(16.5,-3.5) 
(28.2,-37.1)

(19.,-7.1) (21.3,-13.) (24.,-21.8) (26.,-28.9)

1 (-34.8,-44.) (-32.,-44.) (-30.,-26.2) (-25.,-13.6) (-27.5,-19.5)
-164. | (-18.,-4.1) (-21.,-6. ) (-15.,-3.2) (-10.,-2.1) (-5.,-1.5)

1 (O.,-1.4) (5.,-1.9) (10.,-2.8) (15.,-4.2) - (18.,-6.6)
1
1

(20.,-10.4) 
(30.9,-44.7)

(22.,-14.9) (24.7,-21.9) (27.,-28.4) (29.,-35.4)

1 (-36.4,-46.1) (-34.3,-36.4) (-32.,-29.4) (-30.,-24.5) (-27.,-18.)
-168.| (-25.,-14.1) (-22.,-9.1) (-20.,-7.2) (-16.,-5.6) (-12.,-4.5)

1 (-7.,-3.7) (0.,-3.5) (8.,-4.4) (12.,-5.4) (15.,-6.3)

1
(18.,-8.5)
(30.,-35.)

(20.,-11.7) 
(32.5,-46.1)

(22.5,-16.4) (25.,-21.8) (27.5,-27.7)

1 (-38.,-48.) (-36.,-38.3) (-34.,-33.1) (-32.,-28.7) (-29.,-22.9)
-175. | (-25.,-16.4) (-22.,-12.6) (-20.,-11.) (-16.,-9.3) (-10.,-8.)

1 (-1.,-7.3) (9.,-8.5) (12.,-9.3) (15.,-10.2) (17.5,-11.8)
1 (23.,-19.4) (26.,-24.6) (30.,-33.) (33.1,-42.1) (34.1,-48.1)

1 (-38.1,-49.6) (-36.7,-40.9) (-34.,-34.) (-32.,-30.2) (-29.,-25.3)
-182.| (-25.,-19.8) (-22.,-16.6) (-19.,-14.7) (-15.,-13.3) (-10.,-12.2)

1 (-5.,-11.6) (0.,-11.5) (5.,-12.) (10.,-12.9) (15.,-14.4)
1
1

(18.5,-16.8)
(31.8,-37.9)

(20.,-18.4) 
(34.2,-49.4)

(23.,-22.3) (26.,-26.6) (29.,-31.9)

1 (-36.7,-51.3) (-36.,-43.6) (-34.,-37.4) (-30.,-30.1) (-25.,-23.9)
-189.| (-21.,-20.4) (-18.,-18.9) (-15.,-17.9) (-10.,-16.8) (-5.,-16.2)

1 (0.,-16.1) (5.,-16.6) (10.,-17.5) (15.,-19.2) (18.,-20.9)

1
(20.,-22.8) 
(32.8,-51.9)

(23.,-26.1) (27.,-31.6) (30.,-37.4) (32.,-43.7)

1 (-33.6,-53.8) (-32.8,-42.9) (-31.,-37.8) (-28.,-32.6) (-24.,-28.2)
-196.| (-20.,-25.2) (-16.,-23.5) (-10.,-22.) (-5.,-21.3) (0.,-21. )

1
1

(5.,-21.7)
(26.,-35.8)

(10.,-22.8) 
(29.5,-46.1)

(15.,-24.5) 
(29.7,-53.8)

(20.,-28.1) (23.,-31.3)

1 (-29.4,-54.6) (-29.2,-46.1) (-27.,-39.3) (-25.,-35.9) (-21.,-31.8)
-202.| (-17.,-29.3) (-14.,-28.3) (-10.,-27.3) (-5.,-26.6) (0 ., -26.5)

1
1

(5.,-27.) 
(24.2,-41.8)

(10.,-28.2) 
(25.8,-49.6)

(15.,-30.1) 
(25.4,-55.3)

(18.,-32.4) (21.,-35.7)

1 (-25.3,-55.7) (-25.8,-49.9) (-23.8,-41.8) (-20.,-36.1) (-17.,-33.7)
-206.| (-13.,-32.) (-10.,-31.3) (-5.,-30.6) (0.,-30.5) (5.,-31.1)

1
1

(10.,-32.3) 
(21.4,-55.6)

(14.,-34.2) (18.,-38.1) (20.,-41.7) (21.9,-50.2)

To be continued.



TABLE 4.1 continued.

Y | (X,Z)

I (-21.1,-56.5) 
-209.| (-8.,-34.2)

I (15.,-40.7)

(-21.8,-48.6) (-20.,-42.6) (-16.,-37.6) (12.,-35.2)
(-5.,-33.9) (0.,-33.8) (5.,-34.4) (10.,-36.)
(17.6,-46.6) (17.1,-56.7)

-2Î2.| (-14.7,-57.1) 
I (7.3,-40.5)

(-16.5,-50.8) (-11.8,-41. ) (-6.3,-38.1) (0.1,-37.8)
(10.,-43.1) (12.4,-48.6) (11.1,-56.6)

-214.| (-8.5,-46.4) (-2.5,-43.9) (5.5,-49.)

Extra points digitized (X,Y,Z):

(-10.9,-213.1,-57.5) (-2.4,-214.8,-50.6) (6.,-213.3,-58.)



Table 5.1 The examples showing the features of the developed programs

Items Example 1 Example 2 Example 3
Work description Calculating the volume of 

the bottle model shown in 
Figure 5.6

Scaling the bottle in Fig­
ure 5.6 in the cross­
sectional direction. The 
scaled bottle is shown in 
Figure 5.10.

Scaling the middle part of 
the bottle in Figure 5.6 
locally in the longitudal 
direction. The scaled 
bottle is shown in Figure 
5.11.

The program used VOLUME.UPL SCLSPL.UPL SCLSPL.UPL
Volume (pint) 1.124 1.686 0.868
Volume change 0.0 50% -22.8 %
Relative error 0.011 % 0.0 0.0
Operating time 4 hours 1 hour 20 minutes
Scalers 1. 1. 1 1.225, 1, 1.225 1, 0.5, 1
Computer used CV386 CV386 CV386



Table 6.1 A comparison of the three- and five-axis machining of a commercial 
vehicle cab roof model

Items Three-axis Five-axis
Cutting tool 25 mm ball ended 25 mm flat ended
Stepover (mm) 2.0 12.5
Cusp height (mm) 0.04 0.04
No. of passes 37 7
Finish Limited hand finishing required No hand finishing required
Comments Typically used for intricate and 

concave surfaces
Typically used for large convex 
surfaces. Only usable for concave 
surfaces if the tool is canted.

Table 6.2 Generating toolpaths for a bottle mould and a scaled cab roof model

Items Example 1 Example 2
Model Bottle in Figure 5.6 Cab roof in Figure 6.24
The radius of the fillets at the 
bottom and the shoulder of 
the bottle

4 mm -

The tool diameter selected to 
cut the fillets

8 mm -

Minimum radius of curvature 
of the surface patches except 
fillets

8.85 mm Not necessary

Tool diameter selected to 
machine the surfaces except 
fillets

10 mm 25 and 15 mm

Offset amount 5.0 mm 12.5 and 7.5 mm
Cutting direction Cross sectional 3 directions
Path intervals 2 mm 4 mm and 3 mm
Maximum cusp height 0.12 mm 0.15 mm
Maximum deviation 0.05 mm 0.05 mm
Time 9 hours 4 hours
System IBM PC AT CV386



Table 7.1 The NC machining of the bottle mould and the cab roof model

Items The bottle mould The cab roof model
The tools used for roughing 15 mm flat ended 10 mm flat ended
The tools used for finishing 8, 10, 5, 2 mm ball ended 25, 15 mm ball ended
The sizes of the blocks 300 115 45 mm wood 350 230 50 mm wax
Feed rate 500 IPM * 500 IPM
Spindle speed 3000 RPM ** 1500 RPM
The time used for NC pro­
gramming

24 hours 8 hours

Computer system ' IBM PC AT CV386
The time used for NC machin­
ing

4 hours 4 hours

Machining Centre Takisawa Takisawa

* Inches per minute
** Revolutions per minute



Appendix Three
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Appendix Four

THE PROGRAMS WRITTEN

IN

USER PROGRAMMING LANGUAGE (UPL)



SMOSPL.UPL

This program is used to smooth adjacent Bezier surface patches. It is based 
on the colinearity of the vertices of the control polyhedra of two adjacent 
surfaces and the coplanarity of the vertices of the control polyhedra of 
several adjacent surfaces at the joint corner. The program changes some 
vertices to satisfy the requirement and gives the new points of the vertices 
The user is required to move the vertices to be changed to the new positions 
using microCADDS commands.

PROC MAIN

------ Variable declaritions ------

INTEGER CH, CL, CHI ---------------------------------- function selection parameters
INTEGER N1,N2,N3,I,LA,CA1,CA2 ---------------number of digitizing
REAL LM, LAM, LMB ---------------------------------- tangent ratio
REAL V1,V2,V ---------------------------------- coplanarity (volume-0)
REAL AAB, DAB ---------------------------------- absolute value of vector axb
COORD B(3),B1(3),BM(1),P(4),VEC(4),H,AXB,CP

SEND
SEND 'SEL CPL 1 '
SEND

------ Input ------

ACCEPT LA PROMPT ('layer number-?___ ')
ACCEPT CAI PROMPT ('color number for colinearity-?___ * )
ACCEPT CA2 PROMPT ('color no. for coplanarity-?___ ')

AA:ACCEPT CH PROMPT ( '1: colinear 2 : coplanar 3 : finish ?___')

IF CH-2 THEN
GO_TO CC

ELSE IF CH-1 THEN
GO_TO BB

ELSE
GO_TO SS

END_IF

BB:ACCEPT CL PROMPT ('select tangent ratio, 1: default 2 : input ?')

IF CL—1 THEN
LM—1.0

ELSE
PRINT 'dig three control points'
Nl-0
GETEND (3,1,N1,B(1))
PRINT 'finish digitizing'
LAM—(B(2).X—B(1).X)A2.0+(B(2).Y-B(l).Y)A2.0+(B(2).Z-B(l).Z)A2.0 
LMB—(B(3).X-B(2).X)A2.0+(B(3).Y-B(2).Y)A2.0+(B(3).Z-B(2).Z)A2.0 
LM—(LAM/LMB)A0.5

END_IF

SEND
SEND 'REPAINT'
SEND

BBB: PRINT 'dig 3 control points to be made colinear'

N2-0



GETEND (3,1,N2,B1(1))

BM(1).X»(LM*B1 (3).X+Bl(1).X)/(1.0+LM)
BM(1).Y-(LM*B1 (3).Y+Bl(1).Y)/(1.0+LM)
BM(1).Z=(LM*B1 (3).Z+Bl(1).Z)/(1.0+LM)

INSERT POINT LOC(BM(1)) COLOR(CAI) LAYER(LA)

ACCEPT CHI PROMPT ('1: continue smoothing 2 : go back ?___ ')

IF CH1=1 THEN
GO_TO BBB

ELSE
SEND
SEND 'REPAINT'
SEND
GO_TO AA

END_IF

CC:PRINT 'dig 4 control points to be made coplanar'
PRINT 'the first 3 will be fixed'

N3-0
GETEND (4,1,N3,P (1))

LOOP 1=1 TO 3
VEC(I).X=P(I+1).X-P(l).X
VEC(I).Y=P(1+1).Y-P(1).Y
VEC (I) .Z=P(I+1) .Z-P(l) .Z

END_LOOP

Vl-VEC(l).X*VEC(2).Y*VEC(3).Z+VEC(2).X*VEC(3).Y*VEC(1).Z
V1=V1+VEC(1).Y*VEC(2).Z*VEC(3).X
V2=VEC(1).Z*VEC(2).Y*VEC(3).X+VEC(2).X*VEC(3).Z*VEC(1).Y
V2=V2+VEC(1).X*VEC(2).Z*VEC(3).Y
V-ABS(V2-V1)

IF V<0.05 THEN
PRINT 'coplanarity already achieved'
GO_TO AA

END_IF

AXB.X=VEC(1).Y*VEC(2) .Z-VEC(l).Z*VEC(2).Y
AXB.Y=VEC(1) .Z *VEC(2) .X-VEC(l) .X*VEC(2).Z
AXB.Z=VEC(1).X*VEC(2).Y-VEC(l).Y*VEC(2).X
AAB-(AXB.X)^2.0+(AXB.Y)A2.0+(AXB.Z)A2.0
DAB=VEC(3) .X*AXB .X+VEC(3) .Y*AXB .Y+VEC(3) .Z *AXB .Z

H.X=DAB/AAB*AXB .X 
H.Y=DAB/AAB*AXB .Y 
H.Z=DAB/AAB*AXB .Z 
CP.X=P(4).X-H.X 
CP.Y-P(4).Y-H.Y 
CP.Z=P(4).Z-H.Z

VEC(4).X-CP.X-P(1).X 
VEC(4).Y=CP.Y-P(1).Y 
VEC(4) .Z=CP.Z-P ( 1) . Z

V1=VEC(1).X*VEC(2).Y*VEC(4) .Z+VEC(2).X*VEC(4).Y*VEC(1).Z
V1—V1+VEC(1).Y*VEC(2) .Z*VEC(4).X
V2—VEC(1).Z*VEC (2).Y*VEC(4).X+VEC (2).X*VEC(4) .Z*VEC(1).Y
V2=V2+VEC(1).X*VEC(2) .Z*VEC(4).Y
V=ABS(V1-V2)

IF V>0.05 THEN



CP.X=H.X-P(4).X
CP.Y»H.Y-P(4).Y
CP.Z=H.Z-P(4).Z

END_IF

INSERT POINT LOC(CP) COLOR(CA2) LAYER(LA)

SEND 
SEND 'REPAINT' 
SEND

GO_TO AA

SS: ECHO ON

END PROC



SCLSPL.UPL

This program is used to scale surface 
The surface model can also be scaled 
volume can be calculated.

models in the X, Y or/and Z direction. 
locally. The increase or decrease in

PROC MAIN

------ Variable declaritions

COORD Bl(8),B2(8),B3(8),B4(8) ------ Bi(j) are the vertices of
COORD B5(8),B6(8),B7(8),B8(8),B(8,8) ------ control polyhedra
REAL SX,SY,SZ
INTEGER NEND1,NEND2,NEND3,NEND4,NEND5,NEND6,NEND 7,NEND8
INTEGER NV,NU,I,J,CN,CN1,LNO,YORN,DW

------------------Display instructions

WINDOW 5,5,25,64,79

DISP_WIN-5

CLEAR 5
DISPLAY

This program 
scales a spole 
(Bezier,ruled) 
in x, y and/or 
z direction.

Other spoles 
are taken as 
Bezier surface 
when put their 
polygons on.

you only need 
to answer the 
questions comi 
ng up when run 
ning the progr 
am.

$
ACCEPT DW PROMPT(' GIVE A RETURN TO CONTINUE')

AA:ACCEPT YORN PROMPT(' 1: scale surface; 2:finish___ ')
IF YORN=2 THEN 
GO_TO BB 
END_IF

NEND1=0; NEND2=0; NEND3=0; NEND4=0 
NEND5=0; NEND6=0; NEND7=0; NEND5=0

PRINT 'dig the controlling points row by row' 
GETEND(8,1,NEND1,Bl(1)) 
GETEND(8,1,NEND2,B2(1)) 
GETEND(8,1,NEND3,B3(1)) 
GETEND(8,1,NEND4,B 4(1) ) 
GETEND(8,1,NEND5,B5(1))



GETEND(8,1,NEND6,B6(1))
GETEND(8,1,NEND7,B7(1))
GETEND(8,1,NEND8,B8(1))
PRINT ' finish dig '
ACCEPT NV PROMPT(' no of points along v___ * )
ACCEPT NU PROMPT(' no of points along u___ ')
ACCEPT SX PROMPT(' scaling coefficient of X')
ACCEPT SY PROMPT(' scaling coeff of Y___ ')
ACCEPT SZ PROMPT(' scaling coeff of Z___ ')
ACCEPT LNO PROMPT(' layer no___ ')
ACCEPT CN PROMPT(' colour no of the controlling points___ ')
ACCEPT CN1 PROMPT(' colour no of the line___')

LOOP J-l TO NV
B(l, J)-Bl(J) ; B(2, J)-B2(J) ; B (3, J)-B3 ( J) ; B (4, J)-B4 ( J)
B(5, J)-B5(J) ; B ( 6, J) -B6 ( J) ; B (7, J)-B7 ( J) ; B(8, J)-B8(J) 
END-LOOP

LOOP 1=1 TO NU
LOOP J=1 TO NV
B(I,J).X=SX*B(I,J).X
B(I,J).Y=SY*B(I,J).Y
B(I,J).Z=SZ*B(I,J).Z
INSERT POINT COLOR(CN) LAYER(LNO) LOG(B(I,J))
END_LOOP
END_LOOP

LOOP 1=1 TO NU
LOOP J=1 TO NV-1
INSERT LINE COLOR(CN1) LAYER(LNO) ENDS(B(I,J),B(I,J+l)) 
END_LOOP
END_LOOP

GO_TO AA

BB:PRINT 'end running'

END PROC



VOLUME.UPL

This program calculates the volume of a surface model and gives the relative 
error. The volume is calculated patch by patch and the control vertices of 
each surface patch must be input as follows.

(column) ■ —

I 3 * * * * ------ > digitize in this direction — —
u * 2 * * * *------ > — —

1 1 * * * * —-> —

।------- —> v (row) J —

GROUP DECLARATIONS

GROUP

REAL U(41), V(61)
REAL CCU(8),CCV(8)
COORD R(41,61)
COORD B(8,8)
COORD SUM(8) 
INTEGER M,N,K

END GROUP

---------matrix of parameters u,v
---------c(n,i)=n!/i!/(n-i)!
-------- points selected on the surface
---------control points

— THIS SUBROUTINE CALCULATES PARAMETRIC CONSTANTS

PROC REDAT1(IN INTEGER NOPU,NOPV)

REAL UINC,VINC 
INTEGER NP

UINC-1./(REAL(NOPU)-1.)
VINC=1./(REAL(NOPV)-1.)

U(l)=0.0
U(NOPU)=1.
LOOP NP—2 TO NOPU-1
U(NP)-U(NP-1)+UINC
ENO_LOOP

V(l)=0.0
V(NOPV)=1.
LOOP NP-2 TO NOPV—1
V(NP)=V(NP-1)+VINC
END_LOOP

END PROC

— THIS SUBROUTINE GETS THE CONTROL POINTS OF THE SURFACE

PROC REDAT(INOUT INTEGER NOBU,NOBV)



INTEGER Kl,NEND1,NEND2,NEND3,NEND4,NEND5,NEND6,NEND7,NEND8 
COORD Bl(8),B2 (8),B3 (8),B4(8),B5(8),B6(8),B7(8),B8(8)

PRINT 'dig the controlling points row by row'
PRINT 'give a <CR> for each row'
NEND1=O; NEND2=0; NEND3-0; NEND4-0
NEND5-0; NEND6=0; NEND7=0; NEND8=0
GETEND(8,1,NEND1,B1(1))
GETEND(8,1f NEND2,B2(1 ) )
GETEND(8,1,NEND3,B3(1) )
GETEND(8,1,NEND4,B4(1) )
PRINT 'row 5 :'
GETEND(8,1,NEND5,B5(1) )
PRINT 'row 6:'
GETEND(8,1,NEND6,B6(1) )
PRINT 'row 7 :'
GETEND(8,1,NEND7,B7(1 ) )
PRINT 'row 8 :'
GETEND(8,1,NEND8,B8(1) )

NOBV-NEND1
ACCEPT NOBU PROMPT('no. of rows : ')

LOOP Kl=l TO NOBV
B(1, Kl)=B1(Kl); B(2,K1)-B2(Kl) ; B(3,KI)-B3(KI) ; B(4,K1)-B4(KI)
B(5,K1)-B5(K1); B(6,KI)-B6(Kl); B(7,K1)-B7(Kl); B(8,K1)-B8(KI) 

END_LOOP

END PROC

— THIS SUBROUTINE FURTHER CALCULATES THE CONSTANT MATRIX 
— c(n,i) and c(m,j) in the general equation

PROC CCUV(IN INTEGER NOBU,NOBV)

REAL CN,CNP,CNPB
INTEGER NPI,NP2,J1

CN-1.0
LOOP NP1=2 TO NOBU

CN=»CN*REAL  (NP1-1)
END_LOOP

CNP-1.0

LOOP NP1-1 TO NOBU
IF NP1-1 THEN

CNP-1.0
ELSE

CNP=CNP *RE AL(NP1-1)
END—IF

J1—NOBÜ-NP1
IF NP1=NOBU THEN

CNPB=1.0
ELSE

CNPB=1.0
LOOP NP2-1 TO JI

CNPB=CNPB*REAL(NP2 )
END—LOOP

END—IF

CCU(NPl)=CN/CNP/CNPB



END-LOOP

CN-1.0

LOOP NP1=2 TO NOBV
CN-CN*REAL(NP1-1)

END_LOOP

CNP-1.0

LOOP NP1=1 TO NOBV
IF NP1-1 THEN

CNP-1.0
ELSE

CNP—CNP *RE AL(NP1-1)
END—IF

J1-NOBV-NP1
IF NP1-NOBV THEN

CNPB—1.0
ELSE

CNPB—1.0
LOOP NP2-1 TO JI

CNPB=CNPB*REAL(NP2  )
END—LOOP

END—IF

CCV(NP1)-CN/CNP/CNPB

END_LOOP

END PROC

— THIS SUBROUTINE CALCULATES THE POINTS USED 
— FOR VOLUME CALCULATION

PROC UBV(IN INTEGER I,J,NOPU,NOPV,NOBU,NOBV)

REAL UI, VJ,UR(8),VR(8),CCC 
INTEGER Kl,K2,JI,NI,NP1,NP 2
REAL URN1,VRN

UI=U(I)
VJ-V(J)
PRINT ' I-',1,'; J-' , J

IF 1=1 THEN

UR(1)—1.0
LOOP KI—2 TO NOBU

UR(KI)=0.0 
END LOOP

ELSE IF I—NOPU THEN

UR(NOBU)=1.0
LOOP Kl—1 TO NOBU-1

UR(KI)=0.0



END-LOOP

ELSE

LOOP NP1-1 TO NOBU

J1=NOBU-NP1
CCC“CCU(NP1)
UR(NP1)=CCC*UI AREAL(NP1-1)*(1.0-UI)AREAL(JI)

END_LOOP

END—IF

IF J=1 THEN 
VR(1)“1.0 
LOOP Kl=2 TO NOBV

VR (KI) =0.0 
END-LOOP

ELSE IF J=NOPV THEN 
VR(NOBV)=1.0
LOOP Kl=l TO NOBV-1

VR (KI) =0.0 
END_LOOP

ELSE

LOOP NP1=1 TO NOBV

JI—NOBV-NP1
CCC=CCV(NP1)
VR(NP1)-CGC* VJAREAL(NP1-1)*(1. 0-VJ)AREAL(Jl)

END-LOOP

END—IF

LOOP N-l TO NOBV 
SUM(N)=[0.0,0.0,0.0] 
LOOP Nl=l TO NOBU

URN1=UR(N1)
SUM(N).X=URN1*B(N1,N).X+SUM(N).X
SUM(N).Y=URN1*B(N1,N) .Y+SUM(N).Y
SUM(N).Z=URN1*B(N1,N) .Z+SUM(N).Z 

END-LOOP
END_LOOP

R(I,J) = [0.0,0.0,0.0]
LOOP N=1 TO NOBV

VRN=VR(N)
R(I, J) .X=SUM(N) .X*VRN+R(I,  J) .X
R(I, J) .Y=SUM(N) .Y*VRN+R(I,  J) .Y
R(I, J) .Z=SUM(N) .Z*VRN+R(I,  J) .Z 

END_LOOP

END PROC

— THIS IS THE MAIN PROGRAM WHICH GIVES CHOICES AND OUTPUT —

PROC MAIN



INTEGER TYPE,TYPE1,I,J,NCI,NC2,VNO,VN01
INTEGER NOPU,NOPV,NOBU,NOBV
REAL Pl,P2,AIJ,VOL1
REAL VOL(40),VSUM,ASUM,AJSUM,AD,AJ,RER
REAL ABB,AC,BD,DC,BCC,OA,FA
COORD C(l)

SEND
SEND 'SEL CPL ',
SEND 'V 
SEND

AST:ACCEPT TYPE PROMPT('1 : continue 2:finish ')

IF TYPE=2 THEN
GO_TO BB
END_IF

REDAT(NOBU,NOBV) -------- GET CONTROL POINTS
CCUV(NOBU,NOBV) -------- CALCULATE c(n,i),c(m,j)

---------NOW DECIDE THE NO. OF ELEMENTS ------------------------------------------------------

BST: PRINT * calculate the relative error'
ACCEPT NOPV PROMPT(' No. of elements each row (<31): ')
NOPV=NOPV+1
NOPV=NOPV+NOPV-1
NOPU-4
REDAT1 (NOPU, NOPV) -----------CALCULATE PARAMETERS
PRINT 'dig one reference point'

NC1-0
GETDIG(1,1,NC1,C(1))

LOOP J-l TO NOPV 
1=1
UBV(I,J,NOPU,NOPV,NOBU,NOBV) ---------CALCULATE POINTS
ENO_LOOP

AJSUM=0.0
ASUM-0.0
LOOP J=1 TO NOPV-2
ABB=(R(1,J).X—R(1,J+2).X)A2.+(R(1,J).Y-R(l,J+2).Y)A2.
ABB=ABB+(R(l,J).Z-R(l,J+2).Z)A2.
ABB=ABBA0.5

AC=(R(1,J) .X—R(1,J+l) .X)A2.+ (R(1, J) .Y—R(1, J+l) .Y)A2.
AC=AC+(R(1,J).Z-R(1,J+l).Z)A2.
AC=ACA0.5

BCC-(R(1,J+l) .X-R(l,J+2) .X)A2. + (R(1,J+l) .Y-R(l,J+2) .Y)A2.
BCC=BCC+(R(1,J+l).Z-R(1,J+2).Z)A2.
BCC=BCCA0.5

Pl=0.5* (ABB+BCC+AC)
AIJ=(Pl*(PI-ABB) *(Pl-BCC)*(Pl-AC) ) A0.5
ASUM=ASUM+AIJ

AD=(R(1,J).X-C(l).X)A2.+(R(l,J).Y-C(1).Y)A2.+(R(1,J).Z-C(1).Z)A2.
AD=ADA0.5

BD=(R(1,J+2).X-C(l).X)A2.+(R(1,J+2).Y-C(l).Y)A2.
BD=BD+(R(1,J+2).Z-C(l).Z)A2.
BD=BDA 0.5



P2=0.5* (AD+BD+ABB)
AJ-(P2*(P2-AD) *(P2-ABB)*(P2-BD))A0.5

AJSUM-AJSUM+AJ

END_LOOP

RER=1.5*ASUM/AJSUM

PRINT * the relative error is',RER

ACCEPT TYPE1 PROMPT('1 : error acceptable 2 : not acceptable')
IF TYPE1-2 THEN
GO_TO BST
END_IF

ACCEPT NOPU PROMPT('the new no. of elements for each row')
ACCEPT NOPV PROMPT('the new no. of elements for each colume')

NOPU=NOPU+1
NOPV=NOPV+1

REDAT1(NOPU,NOPV) -------- RE-SET THE PARAMETERS

PRINT 'easel has a symmetric point'
PRINT 'case2 has a symmetric axis'
PRINT 'case3 has a symmetric plane'

BA: ACCEPT TYPE PROMPT(' 1 : easel 2 :case2 3 :case3 4:go back ? ')

IF TYPE=4 THEN
GO_TO AST
END_IF 

LOOP 1=1 TO NOPU 
LOOP J=1 TO NOPV

UBV(I,J,NOPU,NOPV,NOBU,NOBV)

END_LOOP
END_LOOP 

IF TYPE=1 THEN

PRINT 'the vertex of the volume must be the origion'

VOL1=0.0

LOOP 1=1 TO NOPU-1 
LOOP J=1 TO NOPV-1 

PRINT 'element ',J

ABB=(R(I,J).X—R(I,J+l).X)A2.+(R(I,J).Y-R(I,J+l).Y)A2.
ABB-ABB+(R(I,J).Z-R(I,J+l),Z)A2.
ABB=ABBA.5

BCC-(R(I,J+l).X—R(1+1,J).X)A2.+(R(I,J+l).Y-R(I+1,J).Y)A2.
BCC=BCC+(R(I,J+l).Z-R(I+1,J).Z)A2.
BCC=BCCA.5

AC=(R(I,J).X—R(1+1,J).X)A2.+(R(I,J).Y-R(1+1,J).Y)A2.
AC=AC+(R(I,J).Z-R(1+1,J).Z)A2.
AC=ACA.5



Pl”.5* (ABB+BCC+AC)

BD-(R(I,J+l).X-R(I+1,J+l).X)A2.+(R(I,J+l).Y-R(1+1,J+l).Y)A2. 
BD=BD+(R(I,J+l).Z-R(I+1,J+l).Z)A2.
BD=BDA.5

DO(R(I+1, J+l) . X-R (1+1, J) .X) A2. + (R(I+1, J+l) . Y-R ( 1+1, J) .Y) A2.
DC=DC+(R(I+1,J+l).Z-R(1+1,J).Z)A2.
DC»DCA.5

P2-.5* (BD+DC+BCC)

AIJ-(Pl*(PI-ABB) *(Pl-BCC)*(Pl-AC))A.5+(P2*(P2-DC) *(P2-BCC)*(P2-BD))A.5

0A=(R(I,J).X)A2.+(R(I,J).Y)A2.+(R(I,J).Z)A2. 
OA=OAA.5

VOL1=VOL1+1./3.*OA*AIJ

END_LOOP
END_LOOP

PRINT 'volume is :',VOL1

ACCEPT VNO PROMPT('surface patch number—? ')
VOL(VNO)=VOL1 

ELSE IF TYPE-2 THEN

PRINT 'symmetric axis must be Y '

VOL1-0.

LOOP 1=1 TO NOPU-1 
LOOP J=1 TO NOPV-1

PRINT 'element ___',J

FA—(R(I,J) .X)A2. + (R(I, J) .Z)A2. 
FA—FAA.5

AC—(R(I,J).X-R(I,J+l),X)A2.+(R(I,J).Y-R(I,J+l).Y)A2.
AC—AC+(R(I,J).Z-R(I,J+l).Z)A2. 
AC—ACA.5

ABB-(R(I,J).X-R(I+1,J).X)A2.+(R(I,J).Y-R(1+1,J).Y)A2.
ABB—ABB+(R (I, J) .Z-R(1+1,J) .Z)A2.
ABB-ABBA.5

VOL1—VOL1+0.5*FA*ABB*AC

END_LOOP
END_LOOP

PRINT 'volume is :',VOL1

ACCEPT VNO PROPMT('surface patch number-? ')
VOL(VNO)-VOL1

ELSE IF TYPE-3 THEN

PRINT 'the symmetric plane must be XOY' 
VOL1-0.

LOOP 1=1 TO NOPU-1



LOOP J-l TO NOPV-1

PRINT 'element ',1,'___J

ABB-((R(I,J).X-R(I,J+l).X)*2.+(R(I,J).Y-R(I,J+l).Y) A2.)A.5
BCC-((R(I,J+l).X-R(I+1,J).X)A2.+(R(I,J+l).Y-R(1+1,J).Y)A2.)A.5
AC=((R(I,J).X-R(I+1,J).X)A2.+(R(I,J).Y-R(1+1,J).Y)A2.)A.5
P1-.5*(ABB+BCC+AC)
BD=((R(I,J+l) .X-R(I+1, J+l) .X)A2. + (R(I,J+l) .Y-R(1+1,J+l) .Y)A2.)A.5
DC-((R(I+1,J).X-R(I+1,J+l).X)A2.+(R(I+1,J),Y-R(I+1,J+l).Y)A2.)A.5
P2-.5* (BD+DC+BCC)
AIJ=(Pl*(PI-ABB) *(Pl-BCC)*(Pl-AC))A.5+(P2*(P2-BD) *(P2-DC)*(P2-BCC))A.5

VOL1-VOL1+AIJ*ABS(R(I,  J) .Z)

END__LOOP
END_LOOP

PRINT *.  volume Is : ' f voll

ACCEPT VNO PROMPT('surface patch number—?')
VOL(VNO)—VOL1

END_IF

ACCEPT TYPE1 PROMPT(' 1: do another surface 2:finish ')

IF TYPE1—1 THEN
GO_TO AST

END_IF

ACCEPT VN01 PROMPT('total number of patches-? ')
VSUM-0.0

LOOP 1=1 TO VN01
VSUM—VSUM+VOL(I)
END_LOOP

BB:ECHO ON

PRINT 'total volume of ',VN01, ' patches —',VSUM

END PROC



RADIUS.UPL

This program calcultes the minimum radius of curvature of a surface model 
so that the maximum radius of the ball ended tool used to machine the 
model or the mould of the model can be determined. The vertices of the 
control polyhedra of the surface patches are input as follows.

Calculates maximum tool radius allowed to machine a surface

— — (column) —
— — 3 * * * * ------ > DIG IN THIS DIRECTION (ROWS) — —
— u A 2 * * * *------ > — —

— — । * * * *------ > — —

—— ——
1
I------------------ > v (row)

GROUP DECLARATIONS

GROUP

REAL U(8) ,V(8) ,CCU(8) ,CCV(8) -----------------------parameters of the patch
COORD DRUU (8,8), DRUV (8,8), DRW (8,8) ------------------partial diff erials
COORD R(8,8),B(8,8),RU(8,8),RV(8,8),RUV(8,8) —and coordinate variables
COORD RUVAB(8,8),P1(8,8),P2(8,8)
COORD SUM(8)
INTEGER M,N,K

END GROUP

— THIS SUBROUTINE GETS INPUT INFORMATION OF A SURFACE AND 
— CALCULATES PARAMETRIC CONSTANTS

PROC REDAT(IN INTEGER NOPU,NOPV;INOUT INTEGER NOBU,NOBV)

INTEGER NP,NOP,Kl,NEND1,NEND2,NEND3,NEND4,NEND5,NEND 6,NEND7,NEND8 
COORD Bl(8),B2 (8),B3(8),B4(8),B5(8),B6(8),B7(8),B8(8)

U(l)=0.0
U(NOPU)“1.0
LOOP NP=2 TO NOPU-1

U(NP)=U(NP-1)+1.0/(REAL(NOPU)-1.0)
END-LOOP

V(l)=0.0
V(NOPV)=1.0
LOOP NOP=2 TO NOPV-1

V(NOP)=V(NOP-1)+1.0/(REAL(NOPV)-1.0)
END_LOOP

PRINT * dig the controlling points row by row'
PRINT 'give a <CR> for each row'
NEND1=0; NEND2=0; NEND3=0; NEND4=0
NEND5=0; NEND6=0; NEND7=0; NEND8=0
GETEND(8,1,NEND1,Bl(1))
GETEND(8,l,NEND2,B2(1))



GETEND(8,1,NEND3,B3(1))
GETEND(8,1,NEND4,B4(1))
PRINT 'row 5 : *
GETEND(8,1,NEND5,B5(1))
PRINT 'row 6 : *
GETEND(8,1,NEND6,B6(1))
PRINT 'row 7 :'
GETEND(8,1,NEND7,B7(1))
PRINT 'row 8 :'
GETEND(8,1,NEND8,B8(1))

NOBV=NEND1
ACCEPT NOBU PROMPT('no. of rows : ')

LOOP Kl-1 TO NOBV
B(1,KI)“Bl(KI); B(2,K1)=B2(K1); B(3,K1)-B3(KI); B(4,K1)-B4(KI)
B(5,K1)-B5(Kl); B(6,K1)-B6(KI); B(7,K1)-B7(KI); B(8,K1)-B8(KI)

END_LOOP

END PROC

— THIS SUBROUTINE FURTHER CALCULATES THE CONSTANT MATRIX
— C(n,i) & C(m,j) IN THE BEZIER SURFACE FORM: r-UBV

PROC CCUV(IN INTEGER NOBU,NOBV)

REAL CN,CNP,CNPB
INTEGER NPI,NP2,J1

CN-1.0
LOOP NP1“2 TO NOBU

CN=CN*REAL(NP1-1)
END_LOOP

CNP=1.0

LOOP NP1=1 TO NOBU
IF NP1=1 THEN

CNP=1.0
ELSE

CNP=CNP *RE AL(NP1-1)
END—IF

J1“NOBU-NP1
IF NP1=NOBU THEN

CNPB=1.0
ELSE

CNPB“1.0
LOOP NP2=1 TO JI

CNPB“CNPB*REAL(NP2 )
END_LOOP

END—IF

CCU(NP1)“CN/CNP/CNPB

END_LOOP

CN-1.0

LOOP NP1-2 TO NOBV
CN=CN*REAL(NP 1-1) 

END LOOP



CNP-1.0

LOOP NP1=1 TO NOBV 
IF NP1“1 THEN

CNP-1.0
ELSE

CNP—CNP *RE AL(NP1-1) 
END_IF

JI—NOBV—NP1 
IF NP1-NOBV THEN

CNPB—1.0
ELSE

CNPB—1.0
LOOP NP2-1 TO JI

CNPB—CNPB*REAL(NP2  ) 
ENB_LOOP

END_IF

CCV(NP1)-CN/CNP/CNPB

END_LOOP

END PROC

THIS SUBROUTINE CALCULATES THE PARTIAL DIFFERENTIALS

PROC UBV(IN INTEGER I,J,NOPU,NOPV,NOBU,NOBV)

REAL UI,VJ,DU(8),UR(8),VR(8),DV(8),CCC,UUU1,UUU2 
INTEGER K1,K2,J1,N1,NP1,NP2
REAL URN1,VRN,DUN1,DVN,UUU3,UUU4,DDU(8),DDV(8)

UI-U(I)
VJ=V(J)
PRINT ' I-',I,*  ; J-' , J

LOOP NP1-1 TO NOBU

J1-NOBU-NP1
CCC—CCU(NP1)
UR(NPI)-CCC*UI AREAL(NP1-1)*(1. O-UI)AREAL(JI)
UUU1=CCC*REAL(NP 1-1)*UI AREAL(NP1-2)* (1.0-UI)AREAL(J1)
UUU2-CCC*REAL(J1)*UI AREAL(NP1-1)*(1.0-UI)AREAL(J1-1)
DU(NPI)—UUU1-UUU2

UUU1—REAL((NP1-1)*(NP1-2))*UI AREAL(NP1-3)*(1.0-UI)AREAL(JI)
UUU2—REAL((NP1-1)*J1)*UI AREAL(NP1-2)*(1. O-UI)AREAL(Jl-1)
UUU3—REAL((NP1-1)*(NP1-2)* JI)*UI AREAL(NP1-3)*(1.0-UI)AREAL(Jl-1)
UUU4—REAL((NP1-1)*J1*(Jl-1) )*UI AREAL(NP1-2)*(1. O-UI)AREAL(Jl-2) 
DDU(NPl)-CCC*(UUU1-UUU2-UUU3+UUU4 )

END_LOOP

LOOP NP1-1 TO NOBV

JI—NOBV-NP1 
CCC-CCV(NPl)



VR(NPI)-CCC*VJ AREAL(NP1-1)*(1.0-VJ)AREAL(JI) 
UUU1-CCC*REÀL(NP1-1) *VJ AREAL(NP1-2)* (1.0-VJ)AREAL(JI) 
UUU2-CCC*REAL (JI)*VJ AREAL(NP1-1)*(1. O-VJ)AREAL(Jl-1) 
DV(NP1)=UUU1-UUU2

UUU1-REAL((NP1-1)*(NP1-2))*VJ AREAL(NP1-3)* (1.0-VJ)AREAL(J1) 
UUU2=REAL((NP1—1)*J1)*VJ AREAL(NP1-2)*(1.0-VJ)AREAL(Jl-1) 
ÜUU3-REAL((NP1-1)*(NP1-2)*J1)*VJ AREAL(NP1-3)*(1. O-VJ)AREAL(Jl-1) 
UUU4=REAL((NP1-1)*J1*(Jl-1) )*VJ AREAL(NP1-2)*(1.0-VJ)AREAL(Jl-2) 
DDV(NPl) =CCC*  (UUU1 -UUU2-UUU34-UUU4)

END-LOOP

LOOP N-l TO NOBV
SUM(N) = [0.0,0.0, 0.0]
LOOP Nl=l TO NOBU

• DUN1=DU(N1)
SUM(N).X=DUN1*B(N1,N).X+SUM(N).X
SUM(N).Y-DUN1*B(N1,N).Y+SUM(N).Y
SUM(N).Z=DUN1*B (NI,N).Z+SUM(N).Z

END_LOOP
END_LOOP

RU(I,J)=[0.0,0.0,0.0]
LOOP N-l TO NOBV

VRN-VR(N)
RU(I,J).X=SUM(N).X*VRN+RU (I,J).X
RU(I,J).Y=SUM(N).Y*VRN+RU (I,J).Y
RU(I,J) .Z=SUM(N) .Z *VRN+RU (I,J) .Z

END_LOOP

LOOP N=1 TO NOBV
SUM(N) = [0.0,0.0,0.0]
LOOP Nl=l TO NOBU

URN1=UR(N1)
SUM(N) .X=URN1*B(N1,N)  .X+SUM(N) .X
SUM(N).Y=URN1*B (NI,N).Y+SUM(N).Y
SUM(N).Z=URN1*B(N1,N) .Z+SUM(N).Z 

END-LOOP
END_LOOP

RV(I,J)=[0.0,0.0,0.0]
LOOP N=1 TO NOBV

DVN-DV(N)
RV(I,J).X=SUM(N).X*DVN+RV(I,J).X
RV(I,J) .Y=SUM(N) .Y *DVN+RV (I,J) .Y
RV(I,J) .Z=SUM(N) .Z *DVN+RV (I,J) .Z 

END_LOOP

LOOP N=1 TO NOBV
SUM(N)=[0.0,0.0,0.0]

LOOP Nl-1 TO NOBU
SUM(N).X=DDU(NI)*B (Ni,N).X+SUM(N).X 
SUM(N).Y=DDU(N1)*B(N1,N).Y+SUM(N).Y  
SUM(N).Z=DDU(N1)*B(N1,N) .Z+5UM(N).Z 
END_LOOP

END—LOOP

DRUU(I,J)=[0.0,0.0,0.0]
LOOP N-l TO NOBV



DRUU(I,J).X-VR(N)*SUM(N) .X+DRUU(I,J).X 
DRUU(I,J) .Y=VR(N)*SUM(N)  ,Y+DRUU(I, J) .Y 
DRUU(I,J).Z-VR(N)*SUM(N).Z+DRUU(I,J).Z  
END_LOOP

LOOP N»1 TO NOBV
SUM(N)-[0.0,0.0,0.0]

LOOP Nl=l TO NOBU
SUM(N).X-UR(Nl)*B(N1,N).X+SUM(N).X
SUM(N).Y=UR(N1)*B(N1,N) .Y+SUM(N).Y
SUM(N).Z=ÜR(N1)*B(N1,N) .Z+SUM(N).Z 
END_LOOP

END_LOOP

DRW(I, J) = [0.0,0.0,0.0]
LOOP N-l TO NOBV .
DRW (I, J) .X=DDV(N) *SUM(N)  . X+DRW (I, J) .X
DRW (I, J) . Y-DDV(N) *SUM(N)  . Y+DRW (I, J) .Y 
DRW (I, J) . Z-DDV(N) *SUM(N)  . Z+DRW (I, J) .Z 
END_LOOP

LOOP N=1 TO NOBV
SUM(N)=[0.0,0.0,0.0]

LOOP Nl=l TO NOBU
SUM(N).X=DU(N1)*B(N1,N).X+SUM(N).X
SUM(N).Y-DU(Nl)*B(N1,N).Y+SUM(N).Y
SUM(N).Z=DU(N1)*B(N1,N).Z+SUM(N).Z  
END_LOOP

END_LOOP

DRUV(I,J)=[0.0,0.0,0.0]
LOOP N=1 TO NOBV
DRUV(I,J).X=DV(N)*SUM (N).X+DRUV(I,J).X 
DRUV(I,J).Y=DV(N)*SUM (N).Y+DRUV(I,J).Y 
DRUV(I,J) .Z-DV(N)*SUM(N)  .Z+DRUV(I, J) .Z 
END_LOOP

END PROC

— THIS IS THE MAIN PROGRAM WHICH GIVES CHOICES AND OUTPUT —

PROC MAIN

INTEGER TYPE,TYPE1,I,J,CNO
INTEGER NOPU,NOPV,NOBU,NOBV
REAL C,Gll,G12,G21,G22,dll,dl2,d21,d22
REAL KNM1,KNM2,KN1,KN2,EQA,EQB,EQC,MINRI,MINR2

ACCEPT NOPV PROMPT(' No of pois to be tested each row: ' )
ACCEPT NOPU PROMPT(' No of points each column : ')

BST:REDAT(NOPU,NOPV,NOBU,NOBV) -----------CALL RE DAT

CCUV (NOBU, NOBV) ------------- CALL CCUV

BA: ACCEPT TYPE PROMPT(' 1 : CALCULATE 2 : FINISH 3 : START AGAIN ?')

IF TYPE=1 THEN



KNM1-0.0
KNM2-0.0
LOOP 1-2 TO NOPU-1

LOOP J=2 TO NOPV-1

UBV(I,J,NOPU,NOPV,NOBU,NOBV)
RUV(I,J).X—RU(I,J).Y*RV(I,J) .Z-RU(I,J).Z*RV(I,J).Y  
RUV(I,J).Y=RU(I,J).Z*RV(I,J).X-RU(I,J) .X*RV(I,J).Z  
RUV(I,J).Z-RU(I,J).X*RV(I,J).Y-RU(I,J) .Y*RV (I,J).X 
C—(RUV(I,J).XA2.0+RUV(I,J).YA2.0+RUV(I,J).ZA2.0)A0.5

Gil—(RU(I,J).X)A2.0+(RU(I,J).Y)A2.0+(RU(I,J).Z)A2.0
G21=RU(I,J).X*RV(I,J) .X+RU(I,J).Y*RV(I,J) .Y+RU(I,J).Z*RV(I,J).Z  
G12-G21
G22-(RV(I,J).X)A2.+(RV(I,J).Y)A2.+(RV(I,J).Z)A2.

Dll—RUV(I,J).X/C*DRUU (I,J).X+RUV(I,J).Y/C*DRUU(I,J).Y
Dll—Dll+RUV(I,J).Z/C*DRUU(I,J).Z
D21—RUV(I,J).X/C*DRUV (I,J).X+RUV(I,J).Y/C*DRUV(I,J).Y
D21—D21+RUV(I,J).Z/C*DRUV(I,J).Z
D12-D21
D22—RUV (I, J) .X/C*DRW  (I, J) .X+RUV (I, J) . Y/C*DRW  (I, J) .Y
D22—D22+RUV ( I, J) . Z/C*DRW  (I, J) .Z
EQA=G11*G22-G12*G21
EQB-Gll*D22+Dll*G22-2 .0*G12*D12
EQC=D11*D22~D12*D21

IF EQBA2.0-4.0*EQA*EQC  <0.0 THEN 
PRINT ' no real root * 
GOTO LBB
END_IF

KN1-(-EQB+(EQBA2.0-4.0*EQA*EQC) A0.5)/2.0/EQA
KN2-(-EQB-(EQBA2.0-4.0*EQA*EQC) A0.5)/2.0/EQA

IF KN1 >0.0 THEN
IF KN1 > KNM1 THEN
KNM1-KN1
END__IF

ELSE
IF ABS(KNl) > KNM2 THEN
KNM2-ABS(KN1)
END_IF

END_IF

IF KN2 > 0.0 THEN
IF KN2 > KNM1 THEN
KNM1-KN2
END_IF

ELSE
IF ABS(KN2) > KNM2 THEN
KNM2-ABS(KN2)
END_IF

END_IF
LBB: ECHO ON

END_LOOP
END_LOOP

SEND
SEND 'REPAINT'
SEND

MINRI—1.0/KNM1
MINR2-1.0/KNM2
PRINT 'min radii of tool for 2 sides are :',MINRI,'and',MINR2



ELSE IF TYPE-2 THEN
GO_TO BB ,

ELSE IF TYPE-3 THEN
GO_TO BST

END_IF

ACCEPT TYPE1 PROMPT(' 1 : do another surface

IF TYPE1-1 THEN
GO_TO BST

END_IF

BB:ECHO ON

END PROC

2:finish ')



BEZOFF.UPL

This program calculates the offset points to a part surface and generates 
curves from the offset points automatically. These curves are later used 
used for generating the offset surface to the part surface. The vertices 
of the control polyhedra of the surface patches of a model is input as 
follows.

Offset Bezier surfaces

— — (column)
DIG IN THIS DIRECTION (ROWS)3 * * *

— — u ' 2 * * * * — —

1 1
1

* * * * — — — SIDE A ( 
SIDE B (

. ) 
x ) «

> v (row)

GROUP DECLARATIONS

GROUP

REAL U(8) ,V(8) ,CCU(8) ,CCV(8)
COORD R(8,8),B(8,8),RU(8,8),RV(8,8),RUV(8,8)
COORD RUVAB(8,8),P1(8,8),P2(8,8)
COORD SUM(8)
INTEGER M,N,K

END GROUP

— THIS SUBROUTINE GETS INPUT INFORMATION OF A SURFACE AND 
— CALCULATES PARAMETRIC CONSTANTS

PROC REDAT(IN INTEGER NOPU,NOPV;INOUT INTEGER NOBU,NOBV)

INTEGER NP,NOP,Kl,NEND1,NEND2,NEND3,NEND4,NEND5,NEND6,NEND7,NEND8 
COORD Bl(8),B2(8),B3(8),B4(8),B5(8),B6(8),B7(8),B8(8)

U(l)=0.0
U(NOPU)=1.0
LOOP NP=2 TO NOPU-1

U(NP)=U(NP-1)+1.0/(REAL(NOPU)-1.0)
END_LOOP

V(l)-0.0
V(NOPV)=1.0
LOOP NOP=2 TO NOPV—1

V(NOP) =V (NOP-D+l. 0/ (REAL (NOPV)-1.0)
END_LOOP

PRINT * dig the controlling points row by row'
PRINT 'give a <CR> for each row*
NEND1=0; NEND2=0; NEND3=0; NEND4=0
NEND5=0; NEND6=0; NEND7=0; NEND8=0
GETEND(8,1,NEND1,Bl(1))
GETEND(8,1,NEND2,B2(1))



GETEND(8,1,NEND3,B3(1))
GETEND(8,1,NEND4,B4(1))
PRINT 'row 5 :'
GETEND(8,1,NEND5,B5(1))
PRINT 'row 6 :'
GETEND(8,1,NEND6,B6(1))
PRINT 'row 7 :'
GETEND(8,1,NEND7,B7(1))
PRINT 'row 8 :'
GETEND(8,1,NEND8,B8(1))

NOBV=NEND1 
ACCEPT NOBU PROMPT ('no. of rows: ') 

LOOP Kl=l TO NOBV
B(1,K1)-B1(KI); B(2,K1)-B2(K1); B(3,KI)-B3(KI); B(4,K1)=B4(KI)
B(5,K1)=B5(Kl); B(6,Kl)=B6(Kl); B(7,K1)-B7(Kl); B(8,KI)~B8(KI)

END_LOOP

END PROC

— THIS SUBROUTINE FURTHER CALCULATES THE CONSTANT MATRIX 
— U, V IN THE BEZIER SURFACE FORM: r=UBV

PROC CCUV(IN INTEGER NOBU,NOBV)

REAL CN,CNP,CNPB
INTEGER NPI,NP2, J1

CN-1.0
LOOP NP1=2 TO NOBU

CN-CN*REAL(NP1-1)
END_LOOP

CNP=1.0

LOOP NP1=1 TO NOBU
IF NP1=1 THEN

CNP=1.0
ELSE

CNP=CNP*REAL(NP1-1)
END_IF

J1=NOBU-NP1
IF NP1=NOBU THEN

CNPB=1.0
ELSE

CNPB—1.0
LOOP NP2=1 TO JI

CNPB=CNPB*REAL(NP2 )
END_LOOP

END_IF

CCU(NPl)=CN/CNP/CNPB

END_LOOP

CN=1.0

LOOP NP1=2 TO NOBV
CN=CN*REAL(NP1-1  ) 

END—LOOP



CNP=1.0

LOOP NP1=1 TO NOBV 
IF NP1-1 THEN

CNP=1.0
ELSE 

CNP=CNP*REAL(NP1-1 )
END_IF

J1=NOBV-NP1
IF NP1-NOBV THEN

CNPB-1.0
ELSE

CNPB=1.0
LOOP NP2=1 TO JI 

CNPB=CNPB*REAL(NP2 )
END_LOOP

• END_IF

CCV(NP1)=CN/CNP/CNPB

END_LOOP

END PROC

— THIS SUBROUTINE CALCULATES THE OFFSET POINTS OF A SURFACE —

PROC UBV(IN INTEGER I,J,NOPU,NOPV,NOBU, NOBV)

REAL UI,VJ,DU(8),UR(8),VR(8),DV(8),CCC,UUU1,UUU2
INTEGER Kl,K2,JI,N1,NP1, NP 2
REAL URN1,VRN,DUN1,DVN

UI-U(I)
VJ=V(J)
PRINT ' 1=',I,'; J=' , J

IF 1=1 THEN

UR(1)=1.0
LOOP Kl=2 TO NOBU

UR(KI)=0.0
END-LOOP
DU(1)=-REAL(NOBU-1)
DU(2)-REAL(NOBU-1 )
LOOP K2=3 TO NOBU

DU(K2)=0.0
END_LOOP

ELSE IF I-NOPU THEN

UR(NOBU)=1.0
LOOP Kl=l TO NOBU-1

UR(KI)=0.0
END-LOOP
DU(NOBU)=REAL(NOBU-1)
DU (NOBU-1) —REAL (NOBU-1)
LOOP K2-1 TO NOBU-2

DU(K2)=0.0
END LOOP



ELSE

LOOP NP1-1 TO NOBU

JI-NOBU-NPI
CCC—CCU(NPI)
UR(NP1)=CCC*UI AREAL(NP1-1)*(1. O-UI)AREAL(JI)
UUU1=CCC*REAL(NP1-1) *ÜI AREAL(NPI—2)* (1.0-UI)AREAL(J1) 
UUU2-CCC*REAL (JI)*UI AREAL(NP1-1)*(1. O-UI)AREAL(Jl-1) 
DU(NPI)«UUU1-UUU2

END_LOOP

END_IF

IF J-l THEN
VR(l)=1.0
LOOP Kl=2 TO NOBV

VR(K1)-O.O
END_LOOP
DV(1)—REAL(NOBV-1)
DV(2)-REAL(NOBV-1)
LOOP K2-3 TO NOBV

DV(K2)=0.0
END_LOOP

ELSE IF J—NOPV THEN
VR(NOBV)=1.0
LOOP Kl—1 TO NOBV-1

VR (KI) —0.0
END_LOOP
DV(NOBV)-REAL(NOBV-1)
DV (NOBV-1) —REAL (NOBV-1)
LOOP K2-1 TO NOBV-2

DV(K2)—0.0
END_LOOP

ELSE

LOOP NP1-1 TO NOBV
JI—NOBV-NP1
CCC-CCV(NPl)
VR(NPI)—CCC*VJ AREAL(NP1-1)*(1.0-VJ)AREAL(J1)
UUU1—CCC*REAL(NP1-1)*VJ AREAL(NPI—2)* (1.0-VJ)AREAL(JI) 
UUU2-CCC*REAL(JI)*VJ AREAL(NP1-1)*(1. 0-VJ)AREAL(Jl-1) 
DV(NPI)—UUU1-UUU2

END_LOOP

END—IF

LOOP N—1 TO NOBV
SUM(N)=[0.0,0.0,0.0]
LOOP NI—1 TO NOBU

URN1—UR(N1)
SUM(N).X—URN1*B (Ni,N).X+SUM(N).X
SUM(N).Y—URN1*B (NI,N).Y+SUM(N).Y
SUM(N).Z=URN1*B(N1,N) .Z+SUM(N).Z

END_LOOP
END_LOOP

R(I,J) = [0.0,0.0,0.0]
LOOP N=1 TO NOBV



VRN=VR(N)
R(I,J).X=SUM(N),X*VRN+R(I,J).X
R(I, J) .Y=SUM(N) .Y*VRN+R(I,J)  .Y
R(I, J) .Z-SUM(N) .Z*VRN+R(I,J)  .Z 

END_LOOP

LOOP N-l TO NOBV
SUM(N)-[0.0,0.0,0.0]
LOOP Nl-1 TO NOBU

DUNl-DU(Nl)
SUM(N).X=DUN1*B(N1,N).X+SUM(N).X
SUM(N).Y-DUN1*B(N1,N) .Y+SUM(N).Y
SUM(N).Z=DUN1*B(N1,N) .Z+SUM(N).Z 

END_LOOP
END__LOOP

RU(I,J)-[0.0,0.0,0.0]
LOOP N=1 TO NOBV

• VRN=VR(N)
RU(I,J).X-SUM(N).X*VRN+RU (I,J).X
RU(I,J).Y—SUM(N).Y*VRN+RU(I,J).Y
RU(I,J).Z-SUM(N).Z*VRN+RU(I,J),Z  

END_LOOP

LOOP N=1 TO NOBV
SUM(N)=[0.0,0.0,0.0]
LOOP Nl=l TO NOBU

URNl-UR(Nl)
SUM(N).X»URN1*B(N1,N).X+SUM(N).X
SUM(N).Y-URN1*B(N1,N) .Y+SUM(N).Y
SUM(N).Z=URN1*B(N1,N) .Z+SUM(N).Z 

END_LOOP
END_LOOP

RV(I,J)-[0.0,0.0,0.0]
LOOP N=1 TO NOBV

DVN=DV(N)
RV(I,J).X=SUM(N).X*DVN+RV (I,J).X
RV(I,J).Y—SUM(N).Y*DVN+RV (I,J).Y
RV(I,J) .Z=SUM(N) .Z *DVN+RV (I,J) .Z 

END_LOOP

END PROC

— THIS IS THE MAIN PROGRAM WHICH GIVES CHOICES AND OUTPUT —

PROC MAIN

INTEGER TYPE,TYPE1,I,J,CNO,LNO
INTEGER NOPU,NOPV,NOBU,NOBV,SOFF 
REAL H,C

ACCEPT NOPV PROMPT(' NO OF OFFSET POINTS EACH ROW: ' )
ACCEPT NOPU PROMPT(' NO OF OFFSET POINTS EACH COLUMN: ')
ACCEPT H PROMPT('offset value ( tool radius : ')
ACCEPT SOFF PROMPT('offset direction, 1: side A. 2: side B ')
ACCEPT LNO PROMPT('layer no : ' )

BST: REDAT(NOPU,NOPV,NOBU,NOBV)

CCUV(NOBU,NOBV)

CALL REDAT

CALL CCUV



BA: ACCEPT TYPE PROMPT(' 1 : CALCULATE 2:FINISH 3 : START AGAIN ?')

IF TYPE—1 THEN

LOOP 1=1 TO NOPU
LOOP J»1 TO NOPV

UBV(I,J,NOPU,NOPV,NOBU,NOBV)
RUV(I,J).X=RU(I,J).Y*RV(I,J) .Z-RU(I,J).Z*RV(I,J).Y  
RUV(I,J).Y=RU(I,J).Z*RV(I,J) .X-RU(I,J).X*RV (I,J).Z 
RUV(I,J).Z=RU(I,J).X*RV(I,J) .Y-RU(I,J).Y*RV(I,J).X  
C=(RUV(I,J).XA2.0+RUV(I,J).YA2.0+RUV(I, J).ZA2.0) A0.5

IF SOFF=2 THEN

Pl(I,J).X=R(I,J).X+(H/C)*RUV(I,J).X  
Pl(I,J).Y=R(I,J).Y+(H/C)*RUV(I ,J).Y 
Pl(I,J).Z=R(I,J).Z+(H/C)*RUV(I,J).Z

ELSE IF SOFF=1 THEN

PKI, J) . X-R (I, J) .X- (H/C) *RUV  (I, J) .X 
Pl(I,J).Y=R(I,J).Y-(H/C)*RUV(I,J).Y  
Pl(I,J).Z-R(I,J).Z-(H/C)*RUV(I,J).Z

END_IF

END_LOOP
END_LOOP

SEND
SEND 'REPAINT'
SEND

LOOP 1=1 TO NOPU
SEND
SEND 'SMO CPO DEG ',NOPV-1,':',
LOOP J=1 TO NOPV

SEND 'X',P1(I,J).X,'Y',P1(I,J).Y,'Z',P1(I,J).Z,',',
END-LOOP
SEND

END_LOOP

SEND
SEND 'REPAINT'
SEND

ELSE IF TYPE-2 THEN
GO_TO BB

ELSE IF TYPE-3 THEN
GO_TO BST

END_IF

ACCEPT TYPE1 PROMPT(' l:do another surface 2:finish ')

IF TYPE1—1 THEN
GO—TO BST

END—IF

BB:ECHO ON

END PROC



CUSPH.UPL

This program calculates the maximum scallop cusp height left on the 
finished surface of a part. It also selects the maximum toolpath interval 
for a given ball ended tool. The vertices of the control polyhedra of a 
surface model are input as follows.

> v (0,1)

(0,1) 3 * * * * ——> DIG IN THIS DIRECTION (ROWS)
u A 2 * * * *------ >

1 1 * * * *------ >

GROUP

REAL U(8) , V(8)
COORD B(8,8),RU(8,8),RV(8,8),RUV(8,8)
COORD CL(8,8),SUM(8)
REAL CH(8,8)
INTEGER M,N,K

END GROUP
------------------------------------------------------------------------------------------------------------------Group declarations

PROC REDAT(INOUT INTEGER NOPU,NOPV,NOBU,NOBV;IN REAL US,UF,VS,VF)

INTEGER NP,NOP,Kl,NEND1,NEND2,NEND3,NEND4,NEND5,NEND6,NEND7,NEND8 
COORD Bl(8),B2(8),B3(8),B4(8),B5(8),B6(8),B7(8),B8(8)

ACCEPT NOPU PROMPT(' NO. OF POINTS ALONG U:') 
ACCEPT NOPV PROMPT(' NO. OF POINTS ALONG V:')

U(1)=US
U(NOPU)=UF
LOOP NP=2 TO NOPU-1
U(NP)=U(NP-1)+(UF-US)/(REAL(NOPU)-1.0) 
END_LOOP

V(1)-VS
V(NOPV)-VF
LOOP NOP—2 TO NOPV-1
V(NOP)-V(NOP—1)+(VF-VS)/(REAL(NOPV)-1.0)
END_LOOP
PRINT ' U:',U(1),' ',U(2),' ',U(3),' ',U(4)
PRINT ' V:',V(1),' ',U(2),' ',V(3),' ',U(4)

PRINT fdig the controlling points row by row'
PRINT 'give a <CR> for each row'
NOBV—0 ; NEND2-0; NEND3—0; NEND4-0
NEND5=0; NEND6=0; NEND7=0; NEND8=0
GETEND(8,1,NOBV,Bl(1))
GETEND(8,1,NEND2,B2(1))
GETEND(8,1,NEND3,B3(1))
GETEND(8,1,NEND4,B4(1))
PRINT * row 5 : *



GETEND(8,1,NEND5,B5(1))
PRINT 'row 6 :'
GETEND(8,1,NEND6,B6(1))
PRINT 'row 7 : *
GETEND(8,1,NEND7,B7(1))
PRINT 'row 8 : *
GETEND(8,1,NEND8,B8(1))

ACCEPT NOBU PROMPT(' no. of ROWS : ')

LOOP Kl-1 TO NOBV
B(1,KI)“Bl(Kl); B(2,K1)=B2(Kl); B(3,KI)=B3(KI); B(4,K1)=B4(KI)
B(5,K1)-B5(Kl); B(6,K1)=B6(KI); B(7,K1)-B7(KI); B(8,K1)»B8(KI)
END-LOOP

END PROC 
-------------------------------------------------------------------------------------------------------------------------Input information

PROC UBV(IN INTEGER I,J,NOPU,NOPV,NOBU,NOBV)

REAL UI,VJ,DU(8),UR(8),CN,CNP,CNPB,VR(8),DV(8),CCC,UUU1,UUU2 
INTEGER K1,K2,J1,NP1,NP2,NP3,N1
REAL URN1,VRN,DUN1,DVN

UI=U(I)
VJ=V(J) 
PRINT ' I-',1,'; J=',J

IF UI<0.001 THEN
UR(l)=1.0
LOOP Kl=2 TO NOBU
UR(KI)-0.0
END_LOOP
DU ( 1 ) —REAL (NOBU-1 )
DU(2)-REAL(NOBU-1)
LOOP K2-3 TO NOBU 
DU (K2) —0.0 
END_LOOP

ELSE IF (1.0-UI)<0.001 THEN
UR(NOBU)=1.0
LOOP Kl-1 TO NOBU-1
UR(KI)=0.0
END_LOOP
DU(NOBU)-REAL(NOBU-1)
DU (NOBU-1) —REAL (NOBU-1)
LOOP K2—1 TO NOBU-2
DU (K2) —0.0
END_LOOP

ELSE
CN—1.0
LOOP NP3-1 TO NOBU

IF NP3-1 THEN
CN-1.0
ELSE
CN—CN*REAL(NP3-1 )
END_IF

END_LOOP

CNP—1.0
LOOP NP1-1 TO NOBU



IF NP1-1 THEN
CNP=1.0
ELSE
CNP-CNP*REAL(NP1-1)
END_IF

J1=NOBU~NP1 
IF NP1=NOBU THEN 
CNPB=1.0 
ELSE
CNPB-1.0
LOOP NP2=1 TO JI
CNPB-CNPB*REAL(NP2 ) 
END_LOOP
END_IF

CCC=CN/CNP/CNPB
UR(NP1)=CCC*UI AREAL(NP1-1)*(1.0-UI)AREAL(JI) 
UUU1=CCC*REAL(NP1-1 )*UI AREAL(NP1-2)* (1.0-UI)AREAL(JI) 
UUU2=CCC*REAL(J1)*UI AREAL(NP1-1)*(1. 0-UI)AREAL(Jl-1) 
DU(NP1)=UUU1-UUU2
END_LOOP

END_IF

IF VJ<0.001 THEN
VR(1)=1.0
LOOP Kl=2 TO NOBV
VR(KI)=0.0
END_LOOP
DV(1)=-REAL(NOBV-1)
DV(2)-REAL(NOBV-1)
LOOP K2=3 TO NOBV
DV(K2)=0.0
END_LOOP

ELSE IF (1.0-VJ)<0.001 THEN
VR(NOBV)=1.0
LOOP Kl=l TO NOBV—1
VR (KI) —0.0
END—LOOP
DV(NOBV)-REAL(NOBV-1)
DV (NOBV-1 ) —REAL (NOBV-1 )
LOOP K2—1 TO NOBV-2
DV(K2)-0.0
END—LOOP
ELSE

CN-1.0
LOOP NP3-1 TO NOBV
IF NP3-1 THEN
CN-1.0
ELSE
CN—CN*REAL(NP3-1)
END—IF
END_LOOP

CNP—1.0
LOOP NP1-1 TO NOBV
IF NP1-1 THEN
CNP—1.0
ELSE
CNP—CNP*REAL(NP1-1 )
END—IF



J1=NOBV-NP1 
IF NP1-N0BV THEN 
CNPB=1.0 
ELSE 
CNPB=1.0 
LOOP NP2=1 TO JI 
CNPB=CNPB*REAL(NP2 ) 
END_LOOP 
END_IF

CCC=CN/CNP/CNPB
VR(NP1)-CCC*VJ AREAL(NP1-1)*(1. 0-VJ)AREAL(JI) 
UUU1=CCC*REAL(NP1-1)*VJ AREAL(NP1-2)* (1.0-VJ)AREAL(J1) 
UUU2=CCC*REAL (JI)*VJ AREAL(NP1-1)*(1.0-VJ)AREAL(Jl-1) 
DV(NP1)=UUU1-UUU2

END_LOOP

END_IF

LOOP N=1 TO NOBV
SUM(N)-[0.0,0.0,0.0]
LOOP Nl=l TO NOBU
DUN1=DU(N1)
SUM(N).X=DUN1*B(N1,N).X+SUM(N).X  
SUM(N).Y=DUN1*B(N1,N) .Y+SUM(N).Y 
SUM(N).Z=DUN1*B(N1,N).Z+SUM(N).Z  
END_LOOP 
END_LOOP

RU(I,J)-[0.0,0.0,0.0]
LOOP N-l TO NOBV
VRN=VR(N)
RU(I,J).X=SUM(N).X*VRN+RU (I,J).X 
RU(I,J).Y-SUM(N).Y*VRN+RU(I,J).Y  
RU(I,J).Z-SUM(N).Z*VRN+RU(I,J).Z  
END—LOOP

LOOP N=1 TO NOBV
SUM(N)=[0.0,0.0,0.0] 
LOOP Nl=l TO NOBU 
URN1=UR(N1)
SUM(N).X=URN1*B(N1,N).X+SUM(N).X
SUM(N).Y-URN1*B(N1,N).Y+SUM(N).Y
SUM(N).Z-URN1*B(N1,N) .Z+SUM(N).Z
END_LOOP
END_LOOP

RV(I,J)=[0.0,0.0,0.0]
LOOP N=1 TO NOBV
DVN=DV(N)
RV(I,J).X=SUM(N).X*DVN+RV (I,J).X
RV(I,J).Y=SUM(N).Y*DVN+RV (I,J).Y
RV(I,J).Z=SUM(N).Z*DVN+RV(I,J).Z  
END—LOOP

END PROC

------------------------------------------------------------------------------------------------------------- Calculations

PROC MAIN

INTEGER TYPE,I,J,NOPU,NOPV,NOBU,NOBV,DMORE 
REAL H,C,D,L,Cl,C2,GAP,US,UF,VS,VF



WINDOW 5,5,24,64,79 
DISP_WIN-5 
CLEAR 5

DISPLAY

This program 
calculate mini 
mum gap of two 
cuts for a giv 
en cusp hight. 
You can only 
calculate a 
small area: 
(ul<= u =<u2, 
(vl<= v =<v2)

***u2***  
+u ***ul***  
a ****vlv2  

। >******* 
।--------------- > +v 

$

ACCEPT US PROMPT(f START u VALUE : ') 
ACCEPT UF PROMPT(' FINISH u VALUE : ') 
ACCEPT VS PROMPT(' START v VALUE: ') 
ACCEPT VF PROMPT(' FINISH v VALUE ; ') 
ACCEPT H PROMPT(' CUSP HIGHT ALLOWED : ') 
ACCEPT D PROMPT(' DIAMETER OF THE CUTTER: ') 
GAP=1000.0

L=2.0*(D*H) A0.5
BST: REDAT(NOPU,NOPV,NOBU,NOBV,US,UF,VS,VF)

BA: ACCEPT TYPE PROMPT(' CONTINUE : 1 FINISH: 2 REINPUT: 3 ?

IF TYPE=1 THEN

LOOP 1=1 TO NOPV
LOOP J=1 TO NOPU

UBV(I,J,NOPU,NOPV,NOBU,NOBV)

RUV(I,J).X=RU(I,J).Y*RV(I,J) .Z-RU(I,J).Z*RV(I,J).Y
RUV(I,J).Y=RU(I,J).Z*RV(I,J) .X-RU(I,J).X*RV (I,J).Z
RUV(I,J) ,Z=RU(I,J) .X*RV(I,J)  .Y-RU(I,J) .Y*RV(I,  J) .X

PRINT ' RUV:',RUV(I,J)
C1-RV(I,J),X*RU(I,J) .Z-RU(I,J).X*RV (I,J).Z
C2=RV(I,J) .Y*RU(I,J)  .Z-RU(I, J) ,Y*RV(I,J)  .Z
CL(I,J),X=-RUV(I,J).Z*C2
CL(I,J) .Y=RUV(I, J) .Z*C1
CL(I,J).Z-RUV(I,J).X*C2-RUV (I,J).Y*C1

PRINT ' CL:',CL(I,J)
C=(CL(I,J).XA2.0+CL(I,J).YA2.0+CL(I,J).ZA2.0)A0.5
CH(I,J)=ABS(L/C*CL(I,J) .Z)
PRINT ' CH:',CH(I,J)
PRINT ' GAP :',GAP
IF GAP>CH(I,J) THEN
GAP=CH(I,J)
END IF



END-LOOP
END_LOOP

PRINT ' MIN GAP :',GAP

ACCEPT DMORE PROMPT(' 1:DO ONE MORE 2 :FINISH ')

IF DMORE-1 THEN
GO—TO BST
END—IF

ELSE IF TYPE=3 THEN
GO-TO BST

END—IF

BB:ECHO ON

END PROC 
---------------------------------------------------------------------------------------------------------------------------end



BEZTP.ÜPL

This program generates toolpath curves on the offset surfaces to the part 
surfaces. The vertices of the control polyhedra of a offset surface are 
input as follows.

> v (0,1)

(0,1) 3 * * * * ------ > DIG IN THIS DIRECTION (ROWS)
u A 2 * * * * ———>

1 1 * * * * ——>

GROUP

REAL U(8),V(8),CCU(8),CCV(8),H(100)
COORD R(100,8),B(8,8)
INTEGER M,N,K,DIF(100)

END GROUP 
------------------------------------------------------------------------------------------------------------------Group declarations

PROC REDAT(IN INTEGER NOPV;INOUT INTEGER NOBU,NOBV)

INTEGER NP,NOP,Kl,NEND1,NEND2,NEND3,NEND4,NEND5,NEND6,NEND7,NEND 8 
COORD Bl(8),B2(8),B3 (8),B4(8),B5(8),B6(8) ,B7(8) ,B8(8)

V(l)-0.0
V(NOPV)-1.0
LOOP NOP=2 TO NOPV—1
V (NOP) — V (NOP-D+l. 0/ (REAL (NOPV) -1.0)
END_LOOP

PRINT 'dig the controlling points row by row'
PRINT 'give a <CR> for each row'
NOBV=0; NEND2=0 ; NEND3=0; NEND4=0
NEND5=0; NEND6=0; NEND7=0; NEND8=0
GETEND (8,1, NOBV, Bl (1) )
GETEND(8,1,NEND2,B2(1))
GETEND(8,1,NEND3,B3(1))
GETEND(8,1,NEND4,B4(1) )
PRINT 'row 5 : '
GETEND(8,1,NEND5,B5(1) )
PRINT 'row 6 : '
GETEND(8,1,NEND6,B6(1))
PRINT 'row 7 : '
GETEND(8,1,NEND7,B7(1))
PRINT 'row 8 : '
GETEND(8,1,NEND8,B8(1))

ACCEPT NOBU PROMPT(' no. of ROWS : ' )

LOOP Kl-1 TO NOBV
B(1,K1)-B1(K1); B(2,K1)-B2(K1); B(3,KI)-B3(KI); B(4,K1)-B4(KI)



B(5,K1)-B5(Kl); B(6,K1)»B6(Kl); B(7,Kl)-B7(Kl); B(8,Kl)-B8(Kl)
END_LOOP

END PROC 
-------------------------------------------------------------------------------------------------------------------------Input information

PROC CCUV(IN INTEGER NOBU,NOBV)

REAL CN,CNP,CNPB 
INTEGER NPI,NP2, J1

CN-1.0
LOOP NP1=2 TO NOBU
CN-CN*REAL(NP1-1)
END_LOOP

CNP=1.0 
LOOP NP1=1 TO NOBU 
IF NP1=1 THEN

CNP=1.0
ELSE

CNP=CNP*REAL(NP1-1)
END-IF

J1-NOBU-NP1
IF NP1=NOBU THEN 

CNPB=1.0
ELSE

CNPB=1.0
LOOP NP2=1 TO J1
CNPB=CNPB*REAL(NP2 )
END_LOOP

END_IF

CCU(NPI)=CN/CNP/CNPB
END_LOOP

-------------------------------------------------------------------------- CCU

CN-1.0
LOOP NP1—2 TO NOBV
CN-CN*REAL(NP1-1)
END_LOOP

CNP=1.0 
LOOP NP1=1 TO NOBV 
IF NP1=1 THEN

CNP-1.0
ELSE

CNP=CNP*REAL(NP1-1)
END_IF

Jl-NOBV—NP1
IF NP1-NOBV THEN 

CNPB-1.0
ELSE

CNPB-1.0
LOOP NP2=1 TO J1
CNPB=CNPB*REAL(NP2 )
END_LOOP

END_IF

CCV(NPI)=CN/CNP/CNPB

END LOOP ------------------ CCV



END PROC

PROC RUBV(IN INTEGER I,J,NOPV,NOBU,NOBV,CNO,LNO,CXYZ; IN REAL TOL)

COORD SUM(8)
REAL AH(8),UR(8),VR(8)
REAL VJ,CGC,UA,UB,UT,FA,FB,FT,UJ
INTEGER K1,NP1,I1,K2,NP2,N1

VJ=V(J)

IF J-l THEN 
VR(l)-1.0 
LOOP Kl“2 TO NOBV
VR(K1)=0.0
END_LOOP

ELSE IF J=NOPV THEN 
VR(NOBV)=1.0 
LOOP Kl=l TO NOBV-1
VR (KI) =0.0
END_LOOP

ELSE 
LOOP NP1=1 TO NOBV 
CCC-CCV(NPl)
VR(NPI)-CCC*VJ AREAL(NP1-1)*(1.0-VJ)AREAL(NOBV-NP1) 
END_LOOP

END_IF

------------------------------------------------------------- CALCULATE VR 

LOOP Kl=l TO NOBU 
AH(Ki)=0.0 
LOOP NP1=1 TO NOBV 

IF CXYZ-1 THEN 
AH(Kl)=VR(NP1)*B(K1,NP1).X+AH(K1)

ELSE IF CXYZ=2 THEN 
AH(Kl)=VR(NPI)*B(K1,NP1) .Y+AH(KI) 

ELSE 
AH(Kl)=VR(NPI)*B (Kl,NP1).Z+AH(K1)

END_IF
END_LOOP

END-LOOP 

----------------------------------------------------------------CALCULATE AY(NOBU) 

---------To calculate uj, use iteration ----------------

UA=0.0
UB=1.0
FA=AH(1)-H(I)
FB=AH(NOBU)-H(I)
IF ABS(FA)<0.0001 THEN
UJ=UA
ELSE IF ABS(FB)<0.0001 THEN 

UJ=UB 
ELSE IF FA*FB<0 .0 THEN

EE :UT=(UA+UB)/2.0 
LOOP NP1=1 TO NOBU 
CCC=CCU(NP1)



UR(NPI)=CCC*UT AREAL(NP1-1)*(1. O-UT)AREAL(N0BU-NP1) 
END_LOOP

FT-0.0 
LOOP NP1-1 TO NOBU 
FT=FT+AH(NPI)*UR(NP1 ) 
END_LOOP 
FT=FT-H(I) 
IF FT*FA<0 .0 THEN 
FB»FT 
UB-UT 
ELSE 
FA-FT 
UA=UT 
END_IF 
IF ABS(FB-FA)>TOL THEN 
GO__TO EE 
END_IF

UJ=(UA+UB)/2.0 
ELSE 
DIF(I) =2 
GO_TO DD 

END IF 
-------------------------------------------------------------------------------------Uj 
IF ABS(UJ)<0.0001 THEN 

UR (1)=1.0 
LOOP NP1=2 TO NOBU 
UR(NP1)=0.0 
END-LOOP

ELSE IF ABS(UJ-1.0)<0.0001 THEN
UR(NOBU)-1.0
LOOP NP1-1 TO NOBU-1
UR(NP1)=O.O 
END_LOOP 

ELSE 
LOOP NP1-1 TO NOBU 

CCC=CCU(NP1) 
UR(NPl)=CCC*UJ AREAL(NP1-1)*(1.0-UJ)AREAL(NOBU-NP1) 

END_LOOP 
END IF 
-------------------------------------------------------------------------------------------- UR 
LOOP N-l TO NOBU 
SUM(N)-[0.0,0.0,0.0] 

LOOP Nl-1 TO NOBV 
SUM(N).X=VR(N1)*B(N,N1).X+SUM(N).X  
SUM(N).Y=VR(NI)*B(N,N1 ).Y+SUM(N).Y 
SUM(N).Z=VR(N1)*B(N,N1) .Z+SUM(N).Z 
END—LOOP

END_LOOP

R(I,J)=[0.0,0.0,0.0] 
LOOP N=1 TO NOBU 
R(I, J) .X=SUM(N) .X*UR (N)+R(I,J) .X 
R(I, J) .Y=SUM(N) .Y*UR(N)+R(I,J)  .Y 
R(I,J).Z=SUM(N).Z*UR (N)+R(I,J).Z 
END_LOOP

IF CXYZ=1 THEN
R(I,J).X=H(I) 

ELSE IF CXYZ=2 THEN 
R(I,J).Y=H(I) 

ELSE
R(I,J).Z=H(I)

END—IF
PRINT 'R(I,J):',R(I,J)
INSERT POINT COLOR(CNO) LAYER(LNO) LOC(R(I,J))



GO_TO CC

DD:PRINT ' 
GO_TO FF 
CC:PRINT '
FF:ECHO ON

END PROC

NO INTERSECTION'

TOLERANCE :',TOL

----------------------------------------------------------------------- Calculations

PROC MAIN

INTEGER TYPE,I,J,CNO,LNO,NOPU,NOPV,MIL(100) ,NU 
INTEGER PAT,NOBU,NOBV,DMORE,CXYZ,NENT,IEND 
REAL Hl,GAP,TOL 
FILE Fl

WINDOW 5,5,24,64,79 
DISP_WIN=5 
CLEAR 5

DISPLAY

This program 
calculate tool 
paths on the 
offset surface 
the digitize 
direction is 
shown below :

' x'---------inside 
' . '------ outside

SEND
SEND 'SEL CPL 1 '
SEND

ACCEPT PAT PROMPT(' PATCH NO :')
ACCEPT CXYZ PROMPT(' 1; CUT IN X AXIS; 2 ; Y; 3:Z ')
ACCEPT NOPV PROMPT(' NO OF POINTS USED FOR EACH CURVE ')
ACCEPT Hl PROMPT(' VALUE OF THE FIRST PLANE:')
ACCEPT GAP PROMPT(' THE GAP BETWEEN TWO ADJACENT PLANES : ')
ACCEPT NOPU PROMPT(' NO. OF CUTS ALONG THE AXIS : ')
ACCEPT CNO PROMPT(' colour no')
ACCEPT LNO PROMPT('layer no')
ACCEPT TOL PROMPT(' tolerance:')

BST:OPEN Fl 'PATCH.DAT'
WRITE Fl,'PATCH NO : ',PAT
LOOP 1-1 TO NOPU
H(I)=H1+REAL(1-1)*GAP
DIF(I)“1
WRITE Fl,' CUT NO: CUT AXIS:',CXYZ, ' VALUE»',H(I)
END_LOOP 
CLOSE Fl



REDAT(NOPV,NOBU,NOBV) CALL INPUT SUB

CCUV(NOBU,NOBV) ------------- CALL CCUV SUB

BA: ACCEPT TYPE PROMPT(' CONTINUE : 1 FINISH: 2 REINPUT: 3 ? ')

IF TYPE-1 THEN

LOOP 1-1 TO NOPU 
LOOP J-l TO NOPV

PRINT ' I-',I/' Of (' ,NOPU, r ' ,NOPV, ' ) '

RUBV(I,J,NOPV,NOBU,NOBV,CNO,LNO,CXYZ,TOL)

END_LOOP
END_LOOP

SEND
SEND 'REPAINT'
SEND 
LOOP 1=1 TO NOPU 
IF DIF(I)=l THEN

SEND 'SMO CPO DEG ',NOPV-1,':', 
LOOP J=1 TO NOPV
SEND 'X',R(I,J) .X,'Y',R(I,J) .Y,'Z',R(I,J) .Z,',', 
END_LOOP 

SEND
END—IF
END_LOOP
SEND 'REPAINT'
SEND

—ACCEPT NU PROMPT(' DIG THE SPO TO BE CHANGED POFF :') ENTANY NEWLINE
—SEND 'CHA SPO POFF: MIPTR',NU
—SEND 'REPAINT'
—SEND

—PRINT 'DIG THE CPOLES TO BE CHANGED POLYGON ON'
—NENT=0
—GETENT(100,NENT,MIL(1),IEND)
—LOOP 1=1 TO NENT
—SEND
—SEND 'CHA CPO PON: MIPTR ',MIL(I)
—SEND
—END—LOOP

—SEND
—SEND 'REPAINT'
—SEND

ACCEPT DMORE PROMPT(' 1:DO ONE MORE 2:FINISH ')

IF DMORE=1 THEN 
GO—TO BST 
END—IF

ELSE IF TYPE=3 THEN
GO_TO BST

END—IF

BB:ECHO ON

END PROC



--------------------------------------------------------------------------------------------------------------------------- end



LINPATH.UPL

This program generates line segments from the curves created on the 
offset surfaces. The line are later used as toolpath geometry. The 
maximum chordal deviation is calculted and this determines the maximum 
length of the line segments.

o
------ Group delarition ------

GROUP

REAL U(100),CCU(8),VAR1(100),VAR2(100)
COORD R(100),B(8)
INTEGER M,N,K

END GROUP

PROC REDAT(IN INTEGER NOPU;INOUT INTEGER NOBU)

INTEGER NP

U(l)=0.0
U(NOPU)-1.0
LOOP NP-2 TO NOPU-1
U(NP)-U(NP-1)+1.0/(REAL(NOPU)-1.0) 
END_LOOP

PRINT 'dig the controlling points'
NOBU-O
GETEND(8,1,NOBU,B(1))

END PROC
-------------------------------------------------------------------------------------------------------------------------Input information

PROC CCUV(IN INTEGER NOBU)

REAL CN,CNP,CNPB 
INTEGER NP1,NP2,J1

CN=1.0
LOOP NP1-2 TO NOBU
CN=CN*REAL(NP1-1 ) 
END_LOOP

CNP=1.0
LOOP NP1=1 TO NOBU

IF NP1-1 THEN
CNP=1.0
ELSE
CNP—CNP *REAL(NP1-1)
END_IF

J1=NOBU-NP1 
IF NP1—NOBU THEN 
CNPB-1.0



ELSE 
CNPB-1.0 
LOOP NP2=1 TO JI 
CNPB»CNPB*REAL(NP2 ) 
END_LOOP 
END_IF

CCU(NP1)=CN/CNP/CNPB
END_LOOP 

------------------------------------------------------------------------------------- CALCULATE CCU

END PROC 

PROC UBV(IN INTEGER I,NOPU,NOBU,OXYZ)

REAL UI,UR(8) 
INTEGER KI

UI-U(I)
PRINT ' 1=',I
------------------------------------------------------------- CALCULATE UR 
IF 1=1 THEN

UR(l)=1.0 
LOOP KI=2 TO NOBU 
UR(KI)=0.0
END_LOOP 

ELSE IF I“NOPU THEN
UR(NOBU)“1.0 
LOOP Kl=l TO NOBU—1 
UR(KI)=0.0
END_LOOP

ELSE 
LOOP Kl“l TO NOBU 
UR(KI)=CCU(KI)*UI^REAL(Kl-1) *(1.0 -UI)AREAL(NOBU-KI) 
END_LOOP

END—IF 
---------------------------------------------------------------------CALCULATE R

R(I)“[0.0,0.0,0.0] 
IF OXYZ=1 THEN

LOOP Kl-1 TO NOBU
R (I) .X“B(1) .X 
R(I).Y=R(I).Y+UR(Kl)*B(K1).Y
R(I).Z=R(I).Z+UR(Kl)*B(K1).Z  
END—LOOP

VARI(I)=R(I).Y
VAR2(I)=R(I).Z

ELSE IF OXYZ=2 THEN

LOOP Kl=l TO NOBU
R(I).X=R(I).X+UR(Kl)*B(K1).X
R(I).Y—B(1).Y 
R(I).Z-R(I).Z+UR(Kl)*B (Kl).Z
END_LOOP

VARI(I)=R(I).Z
VAR2(I)=R(I).X

ELSE

LOOP Kl=l TO NOBU



R(I).X-R(I).X+UR(Kl)*B(K1).X  
R(I).Y-R(I).Y+UR(K1)*B(K1).Y  
R(I).Z=B(1).Z
END_LOOP

VAR1(I)=R(I) X
VAR2(I)-R(I).Y

END_IF

END PROC

PROC ERR(IN INTEGER I,NOPU,NOBU,OXYZ;INOUT REAL DEV)

REAL UI,DU(8),DDU(8),UI,U2,U3,U4,U5,DR1,DR2,DDR1,DDR2,LB,RERR 
INTEGER Kl,K2

UI-U(I) 
-----------------------------------------------------------------------------------------------CAL DU,DDU 
IF 1=1 THEN 

DU(1)=-REAL(NOBU-1) 
DU(2)“REAL(NOBU-1) 
LOOP K2=3 TO NOBU 
DU(K2)-0.0 
END_LOOP

DDU(1)“REAL((NOBU-1)* (NOBU-2)) 
DDU(2)=-2.0*REAL(NOBU-2 ) 
DDU(3)“2.0 
LOOP Kl-4 TO NOBU 
DDU(Kl)=0.0 
ENDJLOOP 

ELSE IF I=NOBU THEN 
DU(NOBU)“REAL(NOBU-1) 
DU(NOBU-1)—REAL(NOBU-1) 
LOOP K2-1 TO NOBU-2 
DU(K2)“0.0 
END_LOOP

DDU(NOBU)“REAL((NOBU-1)*(NOBU-2)) 
DDU(NOBU-1)=-2.0*REAL(NOBU-2)  
DDU(NOBU-2)=2.0 
LOOP Kl“l TO NOBU-3 
DDU(Kl)“0.0 
ENDJLOOP 

ELSE 
LOOP Kl=l TO NOBU 
U1=REAL (Kl-1) *UI^REAL(Kl-2)  * ( 1.0-UI ) AREAL (NOBU-K1 ) 
U2=REAL(NOBU—Kl)*UI AREAL(Kl-1)*(1. 0-UI)AREAL(NOBU-K1-1) 
DU(Kl)“CCU(Kl)*(U1-U2)

U3=REAL((Kl-1)*(Kl-2))*UI AREAL(Kl—3)*(1 .0-UI)AREAL(NOBU-K1) 
U4“-2.0*REAL ((Kl-1)*(NOBU-K1))*UI AREAL(Kl-2)*(1 .0-UI)AREAL(NOBU-K1-1) 
U5=REAL((NOBU-K1)*(NOBU-K1-1))*UI AREAL(Kl-1)* (1.0-UI)AREAL(NOBU-K1-2) 
DDU(Kl)=CCU(Kl)*(U3+U4+U5) 
END_LOOP

END_IF

--------------------------------------------------------------CAL ERROR

DR1=0.0
DDRl=0.0



DR2=0.0
DDR2=0.0

IF OXYZ-1 THEN 
LOOP Kl-1 TO NOBU 
DR1=DR1+DU(Kl)*B (Kl).Y 
DR2-DR2+DU(KI)*B(KI ).Z 
DDR1—DDR1+DDU(Kl)*B (Kl).Y 
DDR2”DDR2+DDU(Kl)*B (Kl).Z 
END_LOOP

ELSE IF OXYZ=2 THEN 
LOOP Kl=l TO NOBU 
DR1-DR1+DU(KI)*B(KI ).Z 
DR2-DR2+DU(Kl)*B (Kl).X 
DDR1-DDR1+DDU(Kl)*B (Kl).Z 
DDR2-DDR2+DDU(K1)*B(K1).X  
END—LOOP

ELSE 
LOOP Kl=l TO NOBU 
DR1-DR1+DU(Kl)*B (Kl).X 
DR2-DR2+DU(Kl)*B (Kl) . Y 
DDRl—DDRl+DDU(Kl)*B (Kl).X 
DDR2=DDR2+DDU(Kl)*B (Kl).Y 
END-LOOP

END—IF

LB-( (VARI (1+1)-VARI (I) ) A2.0+ (VAR2 (1+1) -VAR2 (I) ) A2.0) A0.5

RERR-ABS(DR1A3.O)* (1.0+ (DR2/DR1)A2.0)A0.6667/ABS(DDR2*DR1-DR2*DDR1 )

DEV=RERR-(RERRA2.0-(LB/2.0)A2.0) A0.5

END PROC

------------------------------------------------------------------------------------------------------------- Calculations

PROC MAIN

INTEGER TYPE,I,CNO,LNO,NOPU,NOBU,OXYZ,ER,BOS 
REAL DEV,MDEV

SEND
SEND 'SEL CPL l'
SEND

BST:ACCEPT CNO PROMPT(' colour no')
ACCEPT LNO PROMPT('layer no')
ACCEPT OXYZ PROMPT('CURVE IN WHICH PLANE 1:YOZ 2 :ZOX 3:XOY')

DST:ACCEPT NOPU PROMPT(' NO. OF LINE SEGMENTS: ') 
NOPU=NOPU+1

REDAT(NOPU,NOBU)

CCUV(NOBU) ------------- CALL CCUV

BA:ACCEPT TYPE PROMPT(*  1: CALCULATE 2 : FINISH 3: START AGAIN ? ')

IF TYPE=1 THEN

LOOP 1=1 TO NOPU

UBV(I,NOPU,NOBU,OXYZ)



END-LOOP

ACCEPT ER PROMPT(' 1 : CALCULATE ERROR 2:DO NOT CALCULATE * ) 
IF ER-1 THEN
MDEV-0.0
LOOP 1-1 TO NOPU-1

ERR(I,NOPU,NOBU,OXYZ,DEV) 
IF DEV>MDEV THEN

MDEV-DEV
END—IF

END_LOOP

PRINT 'MAX DEV :',MDEV
ACCEPT BOS PROMPT(' 1: DEV ACCEPTED 2:DECREASED DEV')

IF BOS-2 THEN 
GO-TO DST 
END—IF

END—IF

LOOP 1-1 TO NOPU-1
INSERT LINE COLOR(CNO) LAYER(LNO) ENDS(R(1+1) , R(I) ) 
END-LOOP

SEND 
SEND 'REPAINT'
SEND

GO_TO BA

ELSE IF TYPE-2 THEN
GO_TO BB

ELSE IF TYPE-3 THEN
GO-TO BST

END IF

BB:ECHO ON

END PROC 
------------------------------------------------------------------------- end



Appendix Five

SOME TYPICAL NC PART PROGRAMS

(.NCI)

GENERATED BY THE NC PROCESSOR



BRI.NCI A typical Part Program used for the roughing 
of the bottle mould

prog 
001. 
002. 
003. 
004. 
005. 
006. 
007.
008. , 
009. 
010. , 
01 1.
012. , 
013.
014. , 
015.
016. , 
017. , 
018. . 
019. , 
020. . 
021. । 
022. , 
023. , 
024. . 
E) U n i 
026. . 
027. . 
028. . 
029. . 
030. . 
031. . 
032. . 
033. , 
034. . 
035. . 
036. . 
037. . 
038. . 
039. . 
040. . 
041. . 
042... 
043. . 
044. « 
045. . 
046. .

BRI v3 5/31/1989
.BEGIN/SUB1
.LXYXY/L1 X-12 Y225.4 X-41 Y216.49
.LXYXY/L2 X-41 Y216.49 X-42.48 Y193.85 
.LXYXY/L3 X-42.48 Y193.85 X-42.13 Y188.28 
.LXYXY/L4 X-42.13 Y188.28 X-35.7 Y169.74 
.LXYXY/L5 X-35.7 Y169.74 X-34.74 Y163.61 
.LXYXY/L6 X-34.74 Y163.61 X-35.34 Y143.62 
.LXYXY/L7 X-35.34 Y143.62 X-37.09 Y71.92 
.LXYXY/L8 X-37.09 Y71.92 X-37.59 Y47.1 
.LXYXY/L9 X-37.59 Y47.1 X-39.12 Y41.98 
.LXYXY/L10 X-39.12 Y41.98 X-41.14 Y38.69 
.LXYXY/LT1 X-41.14 Y38.69 X-42.57 Y33.37 
.LXYXY/L12 X-42.57 Y33.37 X-42.74 Y0 
LXYXY/L13 X12 Y225.4 X41 Y216.49 
LXYXY/L14 X41 Y216.49 X42.48 Y193.85 
LXYXY/L15 X42.48 Y193.85 X42.13 Y188.28 
LXYXY/L16 X42.13 Y188.28 X35.7 Y169.74 
LXYXY/L17 X35.7 Y169.74 X34.74 Y163.61 
LXYXY/L18 X34.74 Y163.61 X35.34 Y143.62 
LXYXY/L19 X35.34 Y143.62 X37.09 Y71.92 
LXYXY/L20 X37.09 Y71.92 X37.59 Y47.1 
LXYXY/L21 X37.59 Y47.1 X39.12 Y41.98 
LXYXY/L22 X39.12 Y41.98 X41.14 Y38.69 
LXYXY/L23 X41.14 Y38.69 X42.57 Y33.37 
LXYXY/L24 X42.57 Y33.37 X42.74 Y0 
LXYXY/L25 X42.74 Y0 X-42.74 Y0 
LXYXY/L26 X0 Y225.4 X-12 Y225.4 
PXY/P1 X0.41 Y211.47 
LXYXY/L27 X12 Y225.4 X0 Y225.4 
PXY/P2 X-2.12 Y211.39 
PXY/P3 X4.78 Y211.13 
GROUP/GP2 " 
GROUP/L26 LI L2 L3 L4 L5 L6 
GROUP/L7 L8 L9 L10 Lil L12 L25 
GROUP/L24 L23 L22 L21 L20 LI9 L18 
GROUP/L17 L16 L15 L14 L13 L27 
GROUP/GP3 
END/
CLEARP/Z20
TLCHG/X0 Y280 T6 RPM3000 F500 
TOOL/LR0 DIA16 
MOVE/X0 Y211 Z20 
FEDTO/X0 Y211 Z10 
FEDTO/X0 Y211 Z-5 
CALL/SUB1 FR0 MX0 MY0 
FEDTO/X0 Y211 Z20

y



BD1.NC1 - A typical Part Program used for the finishing 
of the bottle mould

prog BD1 v5 5/31/1989
001..BEGIN/SUB1
002..TRANSL/ANG-90 ANG0 ANG0 D0 D5 D0
003..LXYXY/L1 X-37.72 Y0 X-37.72 Y-4.64
004..LXYXY/L2 X-36.29 Y-7.19 X-34.08 Y-S.5 
005..LXYXY/L3 X-34.08 Y-8.5 X-31./9 Y-9.74 
006..LXYXY/L4 X-31.79 Y-9.74 X-29.41 Y-10.9 
007..LXYXY/L5 X-29.41 Y-10.9 X-26.95 Y-11.97 
008..LXYXY/L6 X-26.95 Y-11.97 X-24.43 Y-12.97 
009..LXYXY/L7 X-24.43 Y-12.97 X-21.85 Y-13.87 
010..LXYXY/L8 X-21.85 Y-13.87 X-19.22 Y-14.68 
011..LXYXY/L9 X-19.22 Y-14.68 X-16.55 Y-15.4 
012..LXYXY/L10 X-16.55 Y-15.4 X-13.84 Y-16.01 
013..LXYXY/L11 X-13.84 Y-16.01 X-l1.1 Y-16.52 
014..LXYXY/L12 X-l1.1 Y-16.52 X-8.33 Y-16.92 
015..LXYXY/L13 X-8.33 Y-16.92 X-5.56 Y-17.2 
016..LXYXY/L14 X-5.56 Y-17.2 X-2.78 Y-17.37 
017* .LXYXY/L15 X-37.72 Y-4.64 X-37.66 Y-5.22 
018..LXYXY/L16 X-37.66 Y-5.22 X-37.52 Y-5.74 
019..LXYXY/L17 X-37.52 Y-5.74 X-37.27 Y-6.23 
020..LXYXY/L18 X-37.27 Y-6.23 X-36.87 Y-6.71 
021..LXYXY/L19 X-36.87 Y-6.71 X-36.29 Y-7.19 
022..LXYXY/L20 X37.72 Y0 X37.72 Y-4.64 
023..LXYXY/L21 X36.29 Y-7.19 X34.08 Y-8.5 
024..LXYXY/L22 X34.08 Y-8.5 X31.79 Y-9.74 
025..LXYXY/L23 X31.79 Y-9.74 X29.41 Y-10.9 
026..LXYXY/L24 X29.41 Y-10.9 X26.95 Y-11.97 
027..LXYXY/L25 X26.95 Y-11.97 X24.43 Y-12.97 
028..LXYXY/L26 X24.43 Y-12.97 X21.85 Y-13.87 
029..LXYXY/L27 X21.85 Y-13.87 X19.22 Y-14.68 
030..LXYXY/L28 X19.22 Y-14.68 X16.55 Y-15.4 
031..LXYXY/L29 X16.55 Y-15.4 X13.84 Y-16.01 
032..LXYXY/L30 X13.84 Y-16.01 Xll.l Y-16.52 
033..LXYXY/L31 Xll.l Y-16.52 X8.33 Y-16.92 
034..LXYXY/L32 X8.33 Y-16.92 X5.56 Y-17.2 
035..LXYXY/L33 X5.56 Y-17.2 X2.78 Y-17.37 
036..LXYXY/L34 X2.78 Y-17.37 X0 Y-17.41
037..LXYXY/L35 X37.72 Y-4.64 X37.66 Y-5.22 
038..LXYXY/L36 X37.66 Y-5.22 X37.52 Y-5.74 
039..LXYXY/L37 X37.52 Y-5.74 X37.27 Y-6.23 
040..LXYXY/L38 X37.27 Y-6.23 X36.87 Y-6.71 
041..LXYXY/L39 X36.87 Y-6.71 X36.29 Y-7.19 
042..LXYXY/L40 X0 Y-17.41 X-2.78 Y-17.37 
043..PXY/P1 X-27.41 Y2.92 
044..PXY/P2 X27.89 Y1.95
045..GROUP/GP1
046..GROUP/L1 LIS L16 L17 L18 L19 L2
047..GROUP/L3 L4 L5 L6 L7 L8 L9
048..GROUP/L10 LI 1 L12 L13 L14 L40 L34 
049..GROUP/L33 L32 L31 L30 L29 L28 L27



050..GR0UP/L26 L25
051..GROUP/L38 L37
052..GROUP/GP2
053..END/
054..RPLANE/R20
055..TLCHG/X0 Y280
056..TOOL/LR0 DIA0

L24 L23 L22 L21 L39
L36 L35 L20

T2 RPM3000 F500

057..MOVE/X0 Y280 Z20 
058..MOVE/X0 Y5 Z20 
059..FEDTO/X0 Y5 Z0 
060..CALL/SUB1 FR0 MX0 MY0 
061..BEGIN/SUB2 
062..TRANSL/ANG-90 AN80 ANG0 D0 D7 D0 
063..LXYXY/L41 X-37.72 Y0 X-37.72 Y-4.55 
064..LXYXY/L42 X37.72 Y0 X37.72 Y-4.55 
065..LXYXY/L43 X-37.72 Y-4.55 X-37.66 Y-5.13 
066..LXYXY/L44 X-37.66 Y-5.13 X-37.52 Y-5.65 
067..LXYXY/L45 X-37.52 Y-5.65 X-37.27 Y-6.15 
068..LXYXY/L46 X-37.27 Y-6.15 X-36.88 Y-6.62 
069..LXYXY/L47 X-36.88 Y-6.62 X-36.29 Y-7.11 
070..LXYXY/L48 X-36.29 Y-7.11 X-34.08 Y-8.42 
071..LXYXY/L49 X-34.08 Y-8.42 X-31.79 Y-9.65 
072..LXYXY/L50 X-31.79 Y-9.65 X-29.41 Y-10.82 
073..LXYXY/L51 X-29.41 Y-10.82 X-26.95 Y-11.9 
074..LXYXY/L52 X-26.95 Y-11.9 X-24.43 Y-12.89 
075..LXYXY/L53 X-24.43 Y-12.89 X-21.85 Y-13.8 
076..LXYXY/L54 X-21.85 Y-13.8 X-19.22 Y-14.61 
077..LXYXY/L55 X-19.22 Y-14.61 X-16.55 Y-15.32 
078..LXYXY/L56 X-16.55 Y-15.32 X-13.84 Y-15.94 
079..LXYXY/L57 X-13.84 Y-15.94 X-ll.1 Y-16.45 
080..LXYXY/L58 X-l1.1 Y-16.45 X-8.33 Y-16.84 
081..LXYXY/L59 X-8.33 Y-16.84 X-5.56 Y-17.13 
082..LXYXY/L60 X-5.56 Y-17.13 X-2.78 Y-17.3 
083..LXYXY/L61 X-2.78 Y-17.3 X0 Y-17.34 
084..LXYXY/L62 X0 Y-17.34 X2.78 Y-17.3 
085..LXYXY/L63 X2.78 Y-17.3 X5.56 Y-17.13 
086..LXYXY/L64 X5.56 Y-17.13 X8.33 Y-16.84 
087..LXYXY/L65 X8.33 Y-16.84 Xll.l Y-16.45 
088..LXYXY/L66 Xll.l Y-16.45 X13.84 Y-15.94 
089..LXYXY/L67 X13.84 Y-15.94 X16.55 Y-15.32 
090..LXYXY/L68 X16.55 Y-15.32 XI9.22 Y-14.61 
091..LXYXY/L69 X19.22 Y-14.61 X21.85 Y-13.8 
092..LXYXY/L70 X21.85 Y-13.8 X24.43 Y-12.89 
093..LXYXY/L71 X24.43 Y-12.89 X26.95 Y-11.9 
094..LXYXY/L72 X26.95 Y-11.9 X29.41 Y-10.82 
095..LXYXY/L73 X29.41 Y-10.82 X31.79 Y-9.65 
096..LXYXY/L74 X31.79 Y-9.65 X34.08 Y-8.42 
097..LXYXY/L75 X34.08 Y-8.42 X36.29 Y-7.11 
098..LXYXY/L76 X37.72 Y-4.55 X37.66 Y-5.13 
099..LXYXY/L77 X37.66 Y-5.13 X37.52 Y-5.65 
100..LXYXY/L78 X37.52 Y-5.65 X37.27 Y-6.15 
101..LXYXY/L79 X37.27 Y-6.15 X36.88 Y-6.62 
102..LXYXY/L80 X36.88 Y-6.62 X36.29 Y-7.11 
103..PXY/P3 X28.97 Y1.93



104. .PXY/P4 X-28.25 Y3.2
105. .GROUP/GP3
106. .GROUP/L42 L76 L77 L78 L79 L80 L75
107. .GROUP/L74 L73 L72 L71 L70 L69 L68
108. .GROUP/L67 L66 L65 L64 L63 L62 L61
109. .GROUP/L60 L59 L58 L57 L56 L55 L54
110. .GROUP/L53 L52 L51 L50 L49 L48 L47
111. .GR0UP/L46 L45 L44 L43 L41
112. .GR0UP/GP4
113. .END/
114. .CALL/SUB2 FR0 MX0 MY0
115. .BEGIN/SUB3
116. .TRANSL/ANG-90 ANG0 ANG0 D0 D9 D0 
117..LXYXY/L81 X-37.72 Y0 X-37.72 Y-4.47 
118..LXYXY/L82 X-37.72 Y-4.47 X-37.66 Y-5.04 
119..LXYXY/L83 X-37.66 Y—5.04 X-37.5? Y—5 57 
120..LXYXY/L84 X-37.52 Y-5.57 X-37.27 Y-6^06 
121..LXYXY/L85 X—37„27 Y—6.06 X—36.88 Y—6.54 
122..LXYXY/L86 X-36.88 Y-6.54 X-36.29 Y-7.02 
123..LXYXY/L87 X-36.29 Y-7.02 X-34.09 Y-8.33 
124. .LXYXY/L88 X-34.09 Y-8.33 X-31.79 Y.7,57 
12b..LXYXY/L89 X-31.79 Y-9.57 X-29,41 Y-10„74 
126..LXYXY/L90 X-29.41 Y.t0,74 X-26,95 Y-l1.82 
12/..LXYXY/L91 X-26.95 Y-l1.82 X-24.43 Y-12.81 
128..LXYXY/L92 X-24.43 Y-12.81 X-21.85 Y-13.72 
129..LXYXY/L93 X-21.85 Y-13.72 X-19.22 Y-14.53 
130..LXYXY/L94 X-19.22 Y-14.53 X-16.55 Y-l5.25 
131..LXYXY/L95 X-16.55 Y-15.25 X-13.84 Y-15.86 
132..LXYXY/L96 X-13.84 Y—15.86 X—11.1 Y—16.57 
133..LXYXY/L97 X-ll.l Y-16.37 X-8.33 Y-36.77 
134..LXYXY/L98 X-8.33 Y-16.77 X-5.56 Y-17.06 
135..LXYXY/L99 X-5.56 Y-17.06 X-2.78 Y-17.22 
136..LXYXY/L100 X37.72 Y0 X37.72 Y-4.47
137..LXYXY/L101 X37.72 Y-4.47 X37.66 Y-5.04 
138..LXYXY/L102 X37.66 Y-5.04 X37.52 Y-5.57 
139..LXYXY/L103 X37.52 Y-5.57 X37.27 Y-6.06 
140..LXYXY/L104 X37.27 Y-6.06 X36.88 Y-6.54 
141..LXYXY/L105 X36.88 Y-6.54 X36.29 Y-7.02 
142..LXYXY/L106 X36.29 Y-7.02 X34.09 Y-8.33 
143..LXYXY/L107 X34.09 Y-8.33 X31.79 Y-9.57 
144..LXYXY/L108 X31.79 Y-9.57 X29.41 Y-10.74 
145..LXYXY/L109 X29.41 Y-10.74 X26.95 Y-l1.82
146. .LXYXY/L110 X26.95 Y-l1.82 X24.43 Y-12.81
147. .LXYXY/L111 X24.43 Y-12.81 X21.85 Y-j 3.77
148. .LXYXY/L112 X21.85 Y-13.72 X19.22 Y-14.53
149. .LXYXY/L113 X19.22 Y-14.53 X16.55 Y-15.25
150. .LXYXY/L114 X16.55 Y-15.25 X13.84 Y-15.86
151. .LXYXY/L115 X13.84 Y-15.86 X11.1 Y-16.37 
152..LXYXY/L116 XI1.1 Y-16.37 X8.33 Y-16.77 
153..LXYXY/L117 X8.33 Y-16.77 X5.56 Y-17.06 
154..LXYXY/L118 X5.56 Y-17.06 X2.78 Y-l7.22 
155..LXYXY/L119 X2.78 Y-l7.22 X0 Y-l7.27 
156..LXYXY/L120 X0 Y-17.27 X-2.78 Y-l7.22 
157..PXY/P5 X-28.49 Y2.45



158. .PXY/P6 X28.79 Y2.15
159. .GROUP/GPS
160. .GROUP/L81 L82 L83 L84 L85 L86 L87
161. .GROUP/L88 L89 L90 L91 L92 L93 L94
162. .GROUP/L95 L96 L97 L98 L99 L120 L119 
163..GROUP/L118 LI 17 LI 16 L115 LI 14 LI 13 
164..GROUP/L111 L110 L109 L108 L107 L106 
165..GROUP/L104 LI03 L102 L101 LI00
166. .GROUP/GP6
167. .END/
168. .CALL/SUB3 FR0 MX0 MY0
169. .BEGIN/SUB4

LI 12
LI 05

170. .TRANSL/ANG-90 ANG0 ANG0 D0 Dll D0
171. .LXYXY/L121 X-37.72 Y0 X-37^ 72 Y-4.38 
172..LXYXY/L122 X-37.72 Y-4.38 X-37.66 Y-4.96 
173. .LXYXY/L123 X—37« 66 Y—4.96 X—37.52 Y—5.48 
174..LXYXY/L124 X-37.52 Y-5.48 X-37.27 Y-5.97 
175..LXYXY/L125 X-37.27 Y-5.97 X-36.88 Y-6.45 
176..LXYXY/L126 X-36.88 Y-6.45 X-36.3 Y-6.93 
177..LXYXY/L127 X-36.3 Y-6.93 X-34.09 Y-8.25 
178..LXYXY/L128 X-34.09 Y-8.25 X-31.79 Y-9.49 
179..LXYXY/L129 X-31.79 Y-9.49 X-29.41 Y-10.66 
180..LXYXY/L130 X-29.41 Y-10.66 X-26.95 Y-l1.74 
181..LXYXY/L131 X-26.95 Y-l1.74 X-24.43 Y-12.74 
182..LXYXY/L132 X-24.43 Y-12.74 X-21.85 Y-13.64 
183..LXYXY/L133 X-21.85 Y-13.64 X-19.22 Y-l4.46 
184..LXYXY/L134 X-19.22 Y-l4.46 X-16.55 Y-l5.17 
185..LXYXY/L135 X-16.55 Y-15.17 X-13.84 Y-15.79 
186..LXYXY/L136 X-13.84 Y-15.79 X-ll.l Y-16.3
187. .LXYXY/Ll37 X —11„1 Y—16.3 X—8.33 Y—16.7 
188..LXYXY/L138 X-8.33 Y-16.7 X-5.56 Y-l6.98 
189..LXYXY/L139 X-5.56 Y-16.98 X-2.78 Y-17.15 
190..LXYXY/L140 X37.72 Y0 X37.72 Y-4.38
191. .LXYXY/L141 X37.72 Y-4.38 X37.66 Y-4.96
192. .LXYXY/L142 X37.66 Y-4.96 X37.52 Y-5.48
193. .LXYXY/L143 X37.52 Y-5.48 X37.27 Y-5.97
194. .LXYXY/L144 X37.27 Y-5.97 X36.88 Y-6.45
195. .LXYXY/L145 X36.88 Y-6.45 X36.3 Y-6.93 
196..LXYXY/L146 X36.3 Y-6.93 X34.09 Y-8.25 
197..LXYXY/L147 X34.09 Y-8.25 X31.79 Y-9.49 
198..LXYXY/L148 X31.79 Y-9.49 X29.41 Y-10.66 
199..LXYXY/L149 X29.41 Y-10.66 X26.95 Y-l1.74
200..LXYXY/L150 X26.95 Y-l1.74 X24.43 Y-12.74 
201..LXYXY/L151 X24.43 Y-12.74 X21.85 Y-13.64 
202..LXYXY/L152 X21.85 Y-13.64 X19.22 Y-14.46 
203..LXYXY/L153 XI9.22 Y-14.46 X16.55 Y-15.17 
204..LXYXY/L154 X16.55 Y-15.17 X13.84 Y-15.79
205. .LXYXY/L155 X13.84 Y-15.79 XI1.1 Y-16.3
206. .LXYXY/L156 X 11. 1 Y-16.3 X8.33 Y-16.7
207. .LXYXY/L157 X8.33 Y-16.7 X5.56 Y-16.98
208. .LXYXY/L158 X5.56 Y-16.98 X2.78 Y-17.15
209. .LXYXY/L159 X2.78 Y-17.15 X0 Y-17.2
210. .LXYXY/L160 X0 Y-17.2 X-2.78 Y-17.15
211. .PXY/P7 X28.43 Y2.31



213..GROUP/GP7
212..PXY/P8 X-28.43 Y3.57

214. .GROUP/LI40 L141 L142 L143 LI 44 L145 LI 46215. .GR0UP/L147 LI 48 L149 L150 L151 L152 LI 53216. .GROUP/L154 LI 55 L156 L157 L158 L159 L160217. .GR0UP/L139 LI 38 LI 37 L136 L135 L134 LI 33218. .GROUP/L132 L131 L130 L129 LI 28 L127 L126219. .GROUP/Ll25 L124 L123 L*  1 aL «#1 L121
220..GROUP/GP8
221..END/
222. .CALL/SUB4 FR0 MX0 MY0
223. .BEGIN/SUB5
224. .TRANSL/ANG-90 ANG0 ANG0 D0 D13 D0
225. .LXYXY/L161 X-37.72 Y0 X-37.72 Y-4.3 
226..LXYXY/L162 X-37.72 Y-4.3 X-37.66 Y-4.87 
227..LXYXY/L163 X-37.66 Y-4.87 X—37.52 Y-5.39 
228..LXYXY/L164 X-37.52 Y-5.39 X-37.28 Y-5.89 
229.„LXYXY/L165 X-37.28 Y-5.89 X-36.88 Y-6.37

« « LXYXY/L166 X—36.88 Y—6.37 X—36.3 Y-6.85
'LXYXY/LÎ67 X-36.3 Y-6.85 X—34.09 Y-8.16 

2^?2. . LXYXY/L168 X-34.09 Y-8. 16 X-31.79 Y-9.41 
2oo..LXYXY/L169 X-31.79 Y-9.41 X—29.41 Y—10.58 
^.o4. . LXYXY/L170 X—29.41 Y—10.58 X-26. 95 Y—11.66 
235..LXYXY/L171 X-26.95 Y-l1.66 X-24.43 Y-12.66 
2-2.6. . LXYXY/L172 X-24.43 Y-12. 66 X-21.85 Y-13.57 
2^.7. . LXYXY/L173 X-21.85 Y-l3. 57 X-19. 22 Y-14.38 
238..LXYXY/L174 X-19.22 Y-14.38 X-16.55 Y-15.1 
239.„LXYXY/L175 X-16.55 Y-15.1 X-13.83 Y-l5.72 
240..LXYXY/L176 X-13.83 Y-15.72 X-ll.l Y-16.22 
xl4 1. . LXYX Y/Ll 77 X —11.1 Y-16.22 X—8. 33 Y—16.62 
242..LXYXY/L178 X-8.33 Y-16.62 X-5.56 Y-16.91 
243.„LXYXY/L179 X-5.56 Y-16.91 X-2.78 Y-l7.08 
244..LXYXY/L180 X37.72 Y0 X37.72 Y-4.3 
245..LXYXY/L181 X37.72 Y-4.3 X37.66 Y-4.87 
246..LXYXY/L182 X37.66 Y-4.87 X37.52 Y-5.39 
247..LXYXY/L183 X37.52 Y-5.39 X37.28 Y-5.89 
248..LXYXY/L184 X37.28 Y-5.89 X36.88 Y-6.37 
249..LXYXY/L185 X36.88 Y-6.37 X36.3 Y-6.85 
250..LXYXY/L186 X36.3 Y-6.85 X34.09 Y-8.16 
251..LXYXY/L187 X34.09 Y-8.16 X31.79 Y-9.41 
252..LXYXY/L188 X31.79 Y-9.41 X29.41 Y-10.58 
253..LXYXY/L189 X29.41 Y-10.58 X26.95 Y-l1.66 
254..LXYXY/L190 X26.95 Y-l1.66 X24.43 Y-12.66 
255..LXYXY/L191 X24.43 Y-12.66 X21.85 Y-l3.57 
256..LXYXY/L192 X21.85 Y-13.57 X19.22 Y-14.38 
257..LXYXY/L193 X19.22 Y-14.38 X16.55 Y-15.1 
258..LXYXY/L194 X16.55 Y-15.1 X13.83 Y-15.72 
259..LXYXY/L195 X13.83 Y-15.72 Xll.l Y-16.22 
^60..LXYXY/L196 Xll.l Y—16.22 X8.33 Y—16.62 
^61..LXYXY/L197 X8.33 Y—16.62 X5.56 Y-16.91 
262..LXYXY/L19B X5.56 Y-16.91 X2.78 Y-l7.08 
263..LXYXY/L199 X2.78 Y-l7.08 X0 Y-17.12 
264..LXYXY/L200 X-2.78 Y-17.08 X0 Y-17.12 
265..PXY/P9 X-27.95 Y1.8



266..PXY/P10 X29.16 Y1.68
267..GR0UP/GP9
268..GROUP/L161 L 162 LI 63 L164 L165 L166 L167269..GROUP/L168 L169 LI 70 L171 LI 72 L173 L174270..GROUP/L175 LI 76 L177 LI 78 LI 79 L200 L199271..GROUP/L198 LI 97 L196 L195 L194 LI 93 LI 92272..GROUP/L191 L190 L189 L188 LI 87 L186 L185273..GROUP/L184 L183 LI 82 L181 LI 80274..GROUP/GP10
275..END/
276..CALL/SUB5 FR0 MX0 MY0
277..BEGIN/SUB6 ,
278..TRANSL/ANG-90 ANG0 ANG0 D0 D15 D0
z/v.
280.
281.

!83
84

286
287

289
290

294

296
297

299
300
301
302
303
304.

306
307
308
309
310,

.LXYXY/L201 

.LXYXY/L202 

.LXYXY/L203 

.LXYXY/L204 

.LXYXY/L205 

.LXYXY/L206 

.LXYXY/L207 

.LXYXY/L208 

.LXYXY/L209 

.LXYXY/L210 

.LXYXY/L211 

.LXYXY/L212 

.LXYXY/L213 

.LXYXY/L214 

.LXYXY/L215 

.LXYXY/L216 

.LXYXY/L217 

.LXYXY/L218 

.LXYXY/L219 
,LXYXY/L220 
.LXYXY/L221
LXYXY/L222 
LXYXY/L223 
LXYXY/L224 
LXYXY/L225 
LXYXY/L226 
LXYXY/L227 
LXYXY/L228 
LXYXY/L229 
LXYXY/L230 
LXYXY/L231

X 
X
X

X

66

X-36.3
X-34.06
X-31.74
X-29.34
X-26.87

X-21.75 
X-19.11 
X-16.44 
X-13.74 
X-11.01 
X—8.26 '

X37.66

X37.28 
X36.88 
X36.3 ' 
X34.06 
X31.74 
X29.34
X26.87

316
317
318

Y0 X-37.
Y-4.21 X
Y-4.78 X
Y-5.31 X

! Y-4.21
7.66 Y—4.78
7.52 Y-5.31
7. 28

Y-5.8 X-36.88
Y—6.28 X—36.3
Y-6.76 X-34.06
Y-8.1 X-31.74
Y-9.35 X-29. 3'

Y-14.34

Y-l6.17

Y-6.28
Y-6.76

Y-9.3
4 Y—10

6.87 Y-l 1

LXYXY/L2
LXYXY/L2
LXYXY/L2:
LXYXY/L2
LXYXY/L2:

4

6
LXYXY/L237
LXYXY/L238
LXYXY/L239
LXYXY/L240
PXY/P11 X28

X-19.11
X-16.44
X-13.74
X-11.01
X—8.26 ’

Y— 14

Y-16

o s
 C i

 in
 0

 o
 1.4 

O
' Ln

 N M M
5.51 Y-16.84

Y-16.84 X-2.75 Y-17.
Y0 X37.72 Y-4.21
Y-4.21 X37.66 Y-4.78
Y-4.78 X37
Y-5.31 X37

1

I Y—6.28 X36.3 Y—6.76
Y-6.76 X34.06 Y-S.1 

. Y-8.1 X31.74 Y-9.35
Y—9.35 X29.34 Y-10 '

X19.11 
X16.44 
X13.74
XI1.01 
X8.26 '

Y-13.52
Y-14.34

Y—l6.17

5.51 Y-16.84

X 7=

X26.87

X19.11
X16.44
X13.74
X 11.01

Y-14.34

Y-l5.66
Y-16.17

X8.26 Y—16.56

X0 Y-l7.05
X0 Y-17.05



320..PXY/P12 X-28.25 Y3.4
321„.GROUP/GP11
322. .GROUP/L220 L221 L222 L223 L224 L225 L226
323. .GROUP/L227 L228 L229 L230 L231 L232 L233
324. .GROUP/L234 L235 L236 L237 L238 L239 L240
325. .GROUP/L219 L218 L217 L216 L215 L214 L213
326. .GROUP/L212 L211 L210 L209 L208 L207 L206
327. .GROUP/L205 L204 L203 L202 L201
328. .GROUP/GP12
329. .END/
330. .CALL/SUB6 FR0 MX0 MY0
331. .BEGIN/SUB7
332..TRANSL/ANG-90 ANG0 ANG0 D0 D17 D0
333..LXYXY/L241
334..LXYXY/L242
335..LXYXY/L243
336..LXYXY/L244
337..LXYXY/L245
338..LXYXY/L246
339..LXYXY/L247
340..LXYXY/L248
341..LXYXY/L249
342..LXYXY/L250
343..LXYXY/L251
344..LXYXY/L252
345..LXYXY/L253
346..LXYXY/L254
347..LXYXY/L255
348..LXYXY/L256
349..LXYXY/L257
350..LXYXY/L258
351..LXYXY/L259
352..LXYXY/L260
353..LXYXY/L261
354..LXYXY/L262
355..LXYXY/L263
356..LXYXY/L264
357.-LXYXY/L265
358..LXYXY/L266

X-37.72 Y0 X-37.72 Y-4.13 
X-37.72 Y-4.13 X-37.66 Y-4.7 
X-37.66 Y-4.7 X-37.52 Y-5.22 
X-37.52 Y-5.22 X-37.28 Y-5.71 
X-37.28 Y-5.71 X-36.88 Y-6.19 
X-36.88 Y-6.19 X-36.3 Y-6.67 
X-36.3 Y-6.67 X-34.06 Y-8.01
X-34.06
X-31.74
X-29.34
X-26.87
X-24.33
X—21.75
X-19.il
X-16.44 
X-13.74
X-l1.01
X — 8.26 
X-5.51 
X37.72 
X37.72
X37.66 
X37.52 
X37.28 
X36.88

Y-8.01 X-31.74 Y-9.27
Y-9.27 X-29.34 Y-10.45
Y-10.45
Y-11.54
Y-12.54
Y-13.45
Y—14.26
Y—14.98
Y-15.59
Y—16„09

X-26.87 
X-24.33 
X-21.75
X-19.11 
X-16.44
X-13.74
X-l1.01 
X-8

Y—11.54
Y-12.54
Y-13.45
Y—14.26
Y—14.98
Y-15.59
Y-16.09

26 Y—16.49
Y-16.49 X-5.51 Y-16.77 
Y-16.77 X-2.75 Y-16.93 
Y0 X37.72 Y-4.13 
Y-4.13 X37.66 Y-4.7 
Y-4.7 X37.52 Y-5.22 
Y-5.22 X37.28 Y-5.71 
Y-5.71 X36.88 Y-6.19 
Y-6.19 X36.3 Y-6.67

359..LXYXY/L267
360..LXYXY/L268 
361..LXYXY/L269 
362..LXYXY/L270
363..LXYXY/L271 
•64. . LXYXY/L272
•65. . LXYXY/L273 
=66. . LXYXY/L274 
=67. .LXYXY/L275 
68..LXYXY/L276 
69.„LXYXY/L277 
70..LXYXY/L278 
71..LXYXY/L279

X36.3 Y-6.67 X34.06 Y-8.01
X34.06 
X31.74 
X29.34 
X26.87 
X24.33 
X21.75 
X19.11 
X 16.4 4- 
X13.74 
X 11.01

Y-8.01 X31.74 Y-9.27 
Y-9.27 X29.34 Y-10.45 
Y-10.45 X26.87 Y-11.54 
Y-11.54 X24.33 Y-12.54 
Y-12.54 X21.75 Y-13.45 
Y—13.45 X19.ll Y-14.26 
Y—14.26 X16.44 Y-14.98 
Y-14.98 XI3.74 Y-15.59 
Y-15.59 X11.01 Y-16.09 
Y-16.09 X8.26 Y-16.49

X8.26 Y-16.49 X5.51 Y-16.77
X5.51 Y-16.77 X2.75 Y-16.93
X2.75 Y-16.93 X0 Y-16.98

72..LXYXY/L280 X-2.75 Y-16.93 X0 Y-16.98
73..PXY/P13 X-29.64 Y1.93



374. .PXY/P14 X30.12 Y1.99
375. .GROUP/GP13
376. .GROUP/L241 L242 L243 L244 L245 L246 L247
377. .GROUP/L248 L249 L250 L251 L252 L253 L254
37B..GROUP/L255 L256 L257 L258 L259 L280 L279
379..GROUP/L278 L277 L276 L275 L274 L273 L272
380..GROUP/L271 L270 L269 L268 L267 L266 L265
-• 81. . GROUP/L264 L263 L262 L261 L260
382. .GROUP/GP14
383. .END/
384. .CALL/SUB7 FR0 MX0 MY0
385. .BEGIN/SUB9
386. . T.RANSL/ANG-90 ANG0 ANG0 D0 D19 D0
387..LXYXY/L281
388..LXYXY/L282
389..LXYXY/L283
390..LXYXY/L284
391..LXYXY/L285
392..LXYXY/L286
393..LXYXY/L287
394..LXYXY/L288
395..LXYXY/L289
396..LXYXY/L290
397..LXYXY/L291
398..LXYXY/L292
399..LXYXY/L293
400..LXYXY/L294
401..LXYXY/L295
402..LXYXY/L296
403..LXYXY/L297
404..LXYXY/L298
405..LXYXY/L299
406..LXYXY/L300
407..LXYXY/L301
408..LXYXY/L302
409..LXYXY/L303
410..LXYXY/L304
4ll..LXYXY/L305
412..LXYXY/L306
413..LXYXY/L307
414..LXYXY/L308
415. .. LXYXY/L309
416..LXYXY/L310
417..LXYXY/L311
418..LXYXY/L312
419..LXYXY/L313
420..LXYXY/L314
421..LXYXY/L315
422..LXYXY/L316
423..LXYXY/L317
424..LXYXY/L318
425..LXYXY/L319

X-37.72 Y0 X-37
X—37.72 Y—4.04
X-37.66 Y-4.61
X-37.52 Y-5.13
X-37.28 Y-5.62
X-36.88 Y-6.11
X-36.3 Y-6.59 X
X-34.06 Y—7.93
X-31.74 Y-9.19
X-29.34 Y-10.37
X-26.87 Y-11.46
X—24.33 Y-12.46 
X-21.75 Y-13.37
X — 19.11 Y-14.19

.72 Y-4.04
X—37.66 Y—4.61 
X-37.52 Y-5.13 
X-37.28 Y-5.62 
X-36.88 Y-6.11 
X-36.3 Y-6.59 
-34.06 Y-7.93 
X-31.74 Y-9.19 
X-29.34 Y-10.37
X-26.87 Y-11.46 
X—24.33 Y—12.46 
X-21.75 Y-13.37 
X—19.11 Y-14.19 
X-16.44 Y-14.9

X-16.44 Y-14.9 X-13.74 Y-15.51
X-13.74 Y-15.51 X-l1.01 Y-16.02
X-11.01 Y-16.02 X-8.26 Y-16.41
X-8.26 Y-16.41 X-5.51 Y-16.7
X-5.51 Y-16.7 X-2.75 Y-16.86
X37.72 Y0 X37.72 Y-4.04
X37.72 Y-4.04 X37.66 Y-4.61
X37.66 Y-4.61 X37.52 Y-5.13
X37.52 Y-5.13 X37.28 Y-5.62
X37.28 Y-5.62 X36.88 Y-6.11
X36.88 Y-6.11 X36.3 Y-6.59
X36.3 Y-6.59 X34.06 Y-7.93 
X34.06 Y-7.93 X31.74 Y-9.19 
X31.74 Y-9.19 X29.34 Y-10.37 
X29.34 Y-10.37 X26.87 Y-11.46 
X26.87 Y-11.46 X24.33 Y-12.46 
X24.33 Y-12.46 X21.75 Y-13.37 
X21.75 Y-13.37 X19.11 Y-14.19 
Xl9.ll Y-14.19 X16.44 Y-14.9 
X16.44 Y-14.9 X13.74 Y-15.51 
X13.74 Y-15.51 XI1.01 Y-16.02 
XI1.01 Y-16.02 X8.26 Y-16.41
X8.26 Y-16.41 X5.51 Y-16.7
X5.51 Y-16.7 X2.75 Y-16.86
X2.75 Y-16.86 X0 Y-16.91

426..LXYXY/L320 X-2.75 Y-16.86 X0 Y-16.91
427..PXY/P15 X28.37 Y2.33



428. .FXY/P16 X-28.25 Y3.35
429. .GR0UP/GP15
430. .GROUP/L300 L301 L302 L303 L304 L305 I 306
431. .GROUP/L307 L308 L309 L310 L311 L312 L313
432. .GR0UP/L314 L315 L316 L317 L318 L319 L320
433. .GR0UP/L299 L298 L297 L296 L295 L294 L293
434. .GR0UP/L292 L291 L290 L289 L288 L.287 L.286
435. .GR0UP/L285 L284 L283 L282 L281
436. .GR0UP/GP16
437. .END/
438. .CALL/SUB9 FR0 MX0 MY0



RFNC20.NC1 A typical Part Program used for the machining 
of the cab roof model

Machining direction: parallel to the XOZ plane 
(The axes of the machine is shown in Figure 4.6)

prog RFNC20 v5 5/31/1989
001.-£££//Job = rfnc20.M01
002..£££/MILL
003..£££//Tool number - 1
004..BEGIN/SUB1
005..TRANSL/ANG-90 ANG0 ANG0 D0 D-0.8 D0
006..PXY/P1 X145.04 Y-4.51
007..PXY/P2 X177.15 Y-38.14
008..LXYXY/L1 X145.04 Y-4.51 X147,48 Y-4.61 
009..LXYXY/L2 X147.48 Y-4.61 X149.89 Y-4.95 
010..LXYXY/L3 X149.89 Y-4.95 X152.25 Y-5.5 
011..LXYXY/L4 X152.25 Y-5.5 X154.54 Y-6.25 
012..LXYXY/L5 X154.54 Y-6.25 X156.75 Y-7.18 
013..LXYXY/L6 X156.75 Y-7.18 X158.87 Y-8.25 
014..LXYXY/L7 X158.87 Y-8.25 X160.87 Y-9.46 
015..LXYXY/L8 X160.87 Y-9.46 X162.74 Y-10.78 
016..LXYXY/L9 X162.74 Y-10.78 X164.49 Y-12.2 
017..LXYXY/L10 X164.49 Y-12.2 X166.1 Y-13.7 
018..LXYXY/L11 X166.1 Y-13.7 X167.57 Y-15.27 
019..LXYXY/L12 X167.57 Y-15.27 X168.9 Y-16.89 
020..LXYXY/L13 X168.9 Y-16.89 X170.1 Y-18.54 
021..LXYXY/L14 X170.1 Y-18.54 X171.15 Y-20.23 
022..LXYXY/L15 X171.15 Y-20.23 X172.08 Y-21.92 
023..LXYXY/L16 X172.08 Y-21.92 X172.88 Y-23.63 
024..LXYXY/L17 X172.88 Y-23.63 X173.57 Y-25.33 
025..LXYXY/L18 X173.57 Y-25.33 X174.17 Y-27.02 
026..LXYXY/L19 X174.17 Y-27.02 X174.68 Y-28.7 
027..LXYXY/L20 X174.68 Y-28.7 X175.13 Y-30.35 
028..LXYXY/L21 X175.13 Y-30.35 X175.53 Y-31.97 
029..LXYXY/L22 XI75.53 Y-31.97 X175.9 Y-33.57 
030..LXYXY/L23 XI75.9 Y-33.57 X176.28 Y-35.13 
031..LXYXY/L24 X176.28 Y-35.13 X176.69 Y-36.65 
032..LXYXY/L25 X176.69 Y-36.65 X177.15 Y-38.14 
033..GROUP/GP1 LI L2 L3 L4 L5 L6 
034..GR0UP/L7 L8 L9 L10 Lil L12 L13
035..GROUP/LI4 L15 L16 L17 LIS L19 L20
036..GR0UP/L21 L22 L23 L24 L25 GP2
037..END/
038..RPLANE/R20
039..TLCHG/X0 Y0 Tl RPM1500 F500
040..TOOL/LR1 DIA0
041..MOVE/X0 Y0 Z20
042..MOVE/X145 Y-0.8 Z20
043..FEDTO/X145 Y-0.8 Z0
044..CALL/SUB1 FR0 MX0 MY0
045..£££//End M. APROFILE- rfnc20.M01
046..BEGIN/SUB2
047..TRANSL/ANG-90 ANG0 ANG0 D0 D-4.8 D0 
048..PXY/P3 X177.15 Y-38.14
049..PXY/P4 X145.04 Y-4.51



050.-LXYXY/L26 X177.15 Y-38.14 X176.69 Y-36.65 
051..LXYXY/L27 X176.69 Y-36.65 X176.28 Y-35.13 
052..LXYXY/L2S X176.28 Y-35.13 X175.9 Y-33.57 
053..LXYXY/L29 X175.9 Y-33.57 X175.53 Y-31.97 
054..LXYXY/L30 X175.53 Y-31.97 X175.13 Y-30.35
055..LXYXY/L31 X175.13 Y-30.35 X174.68 Y-28.7
056..LXYXY/L32 X174.68 Y-28.7 X174.17 Y-27.02 
057..LXYXY/L33 X174.17 Y-27.02 X173.57 Y-25.33
058..LXYXY/L34 X173.57 Y-25.33 X172.88 Y-23.63
059..LXYXY/L35 X172.88 Y-23.63 X172.08 Y-21.92
060..LXYXY/L36 X172.08 Y-21.92 XI71.15 Y-20.23
061..LXYXY/L37 X171.15 Y-20.23 X170.1 Y-18.54 
062..LXYXY/L38 X170.1 Y-18.54 X168.9 Y-16.89 
063..LXYXY/L39 X168.9 Y-16.89 X167.57 Y-15.27 
064..LXYXY/L40 X167.57 Y-15.27 X166.1 Y-l3.7 
065..LXYXY/L41 X166.1 Y-13.7 X164.49 Y-12.2 
066..LXYXY/L42 X164.49 Y-12.2 X162.74 Y-10.78 
067..LXYXY/L43 X162.74 Y-10.78 X160.87 Y-9.46 
068..LXYXY/L44 X160.87 Y-9.46 X158.87 Y-8.25 
069..LXYXY/L45 X158.87 Y-8.25 X156.75 Y-7.18 
070..LXYXY/L46 X156.75 Y-7.18 X154.54 Y-6.25 
071..LXYXY/L47 X154.54 Y-6.25 XI52.25 Y-5.5 
072..LXYXY/L48 X152.25 Y-5.5 X149.89 Y-4.95 
073.-LXYXY/L49 X149.89 Y-4.95 X147.48 Y-4.61 
074..LXYXY/L50 X147.48 Y-4.61 X145.04 Y-4.51 
075..GR0UP/GP3 L26 L27 L28 L29 L30 L31
076..GR0UP/L32 L33 L34 L35 L36 L37 L38
077..GR0UP/L39 L40 L41 L42 L43 L44 L45
078..GROUP/L46 L47 L48 L49 L50 GP4
079..END/
080..CALL/SUB2 FR0 MX0 MY0
081 ».£££//End M. APROFILE- rfnc20.M02 
082..BEGIN/SUB3 .
083..TRANSL/ANG-90 ANG0 ANG0 D0 D-8.8 D0 
084..PXY/P5 X145.04 Y-4.54 
085..PXY/P6 X177.19 Y-38.15
086..LXYXY/L51 X145.04 Y-4.54 X147.46 Y-4.64 
087..LXYXY/L52 X147.46 Y-4.64 X149.86 Y-4.98 
088..LXYXY/L53 X149.86 Y-4.98 X152.21 Y-5.53 
089..LXYXY/L54 X152.21 Y-5.53 X154.5 Y-6.27 
090..LXYXY/L55 X154.5 Y-6.27 X156.71 Y-7.18 
091..LXYXY/L56 X156.71 Y-7.18 X158.82 Y-8.25 
092..LXYXY/L57 X158.82 Y-8.25 X160.82 Y-9.45 
093..LXYXY/L58 X160.82 Y-9.45 X162.69 Y-10.76 
094..LXYXY/L59 X162.69 Y-10.76 X164.44 Y-12.17 
095..LXYXY/L60 X164.44 Y-12.17 X166.06 Y-13.66 
096..LXYXY/L61 X166.06 Y-13.66 X167.53 Y-15.22 
097..LXYXY/L62 X167.53 Y-15.22 X168.87 Y-16.83 
098..LXYXY/L63 X168.87 Y-16.83 XI70.07 Y-18.48 
099..LXYXY/L64 X170.07 Y-18.48 X171.13 Y-20.16 
100..LXYXY/L65 X171.13 Y-20.16 X172.07 Y-21.86 
101..LXYXY/L66 X172.07 Y-21.86 X172.88 Y-23.56 
102..LXYXY/L67 X172.88 Y-23.56 X173.58 Y-25.26 
103..LXYXY/L68 X173.58 Y-25.26 X174.18 Y-26.96



104. .LXYXY/L69 X174.18 Y-26.96 X174.7 Y-28.64 
105..LXYXY/L70 X174.7 Y-28.64 X175.15 Y-30.3 
106..LXYXY/L71 X175.15 Y-30.3 X175.56 Y-31.93 
107..LXYXY/L72 X175.56 Y-31.93 X175.94 Y-33.54 
108..LXYXY/L73 X175.94 Y-33.54 X176.32 Y-35.11 
109..LXYXY/L74 X176.32 Y-35.11 X176.73 Y-36.65 
110..LXYXY/L75 X176.73 Y-36.65 X177.19 Y-38.15 
111..GR0UP/GP5 L51 L52 L53 L54 L55 L56
112. .GR0UP/L57 L58 L59 L60 L61 L62 L63
113. .GR0UP/L64 L65 L66 L67 L68 L69 L70
H4. . GROUP/L7l L72 L73 L74 L75 GP6
115. .END/
116. .CALL/SUB3 FR0 MX0 MY0
117. .£££//End M. APROFILE- rfnc20.M03
118. .BEGIN/SUB4
119. .TRANSL/ANG-90 ANG0 ANG0 D0 D-12.8 D0 
120..PXY/P7 X177.23 Y-38.16 
121..PXY/P8 X145.03 Y-4.58
122. .LXYXY/L76 X177.23 Y-38.16 X176.77 Y-36.64 
123..LXYXY/L77 X176.77 Y-36.64 X176.36 Y-35.09 
124..LXYXY/L78 X176.36 Y-35.09 X175.97 Y-33.51 
125..LXYXY/L79 X175.97 Y-33.51 X175.59 Y-31.89 
126..LXYXY/L80 X175.59 Y-31.89 X175.17 Y-30.25 
127..LXYXY/L81 X175.17 Y-30.25 X174.71 Y-28.58 
128..LXYXY/L82 X174.71 Y-28.58 X174.19 Y-26.9 
129..LXYXY/L83 X174.19 Y-26.9 X173.58 Y-25.2 
130..LXYXY/L84 X173.58 Y-25.2 X172.87 Y-23.49 
131..LXYXY/L85 X172.B7 Y-23.49 X172.05 Y-21.79 
132..LXYXY/L86 X172.05 Y-21.79 X171.ll Y-20.09 
133..LXYXY/L87 X171.ll Y-20.09 X170.04 Y-18.42 
134..LXYXY/L88 X170.04 Y-18.42 X168.84 Y-16.77 
135..LXYXY/L89 X168.84 Y-16.77 X167.49 Y-15.17 
136..LXYXY/L90 X167.49 Y-15.17 X166.01 Y-13.62 
137..LXYXY/L91 X166.01 Y-13.62 X164.4 Y-12.14 
138..LXYXY/L92 X164.4 Y-12.14 X162.64 Y-10.74 
139..LXYXY/L93 X162.64 Y-10.74 X160.76 Y-9.43 
140..LXYXY/L94 X160.76 Y-9.43 X158.77 Y-8.25 
141..LXYXY/L95 X158.77 Y-8.25 X156.66 Y-7.19 
142..LXYXY/L96 X156.66 Y-7.19 X154.46 Y-6.29 
143..LXYXY/L97 X154.46 Y-6.29 X152.17 Y-5.55 
144..LXYXY/L98 X152.17 Y-5.55 X149.83 Y-5.01 
145..LXYXY/L99 X149.83 Y-5.01 X147.44 Y-4.68 
146..LXYXY/L100 X147.44 Y-4.68 X145.03 Y-4.58 
147..GR0UP/GP7 L76 L77 L78 L79 L80 LSI
148. .GR0UP/L82 L83 L84 L85 L86 L87 L88
149. .GROUP/L89 L90 L91 L92 L93 L94 L95
150. .GROUP/L96 L97 L98 L99 L100 GP8
151. .END/
152. .CALL/SUB4 FR0 MX0 MY0
153. .£££//End M. APROFILE- rfnc20.M04
154. .BEGIN/SUB5
155. .TRANSL/ANG-90 ANG0 ANG0 D0 D-16.8 D0 
156..PXY/P9 X145.03 Y-4.62 
157..PXY/P10 X177.27,Y-38.17



158..LXYXY/L101 X145.03 Y-4.62 X147.42 Y-4.71 
159..LXYXY/L102 X147.42 Y-4.71 X149.8 Y-5.04 
160..LXYXY/L103 X149.8 Y-5.04 XI52.14 Y-5.58 
161..LXYXY/L104 X152.14 Y-5.58 X154.41 Y-6.3 
162..LXYXY/L105 X154.41 Y-6.3 X156.61 Y-7.2 
163..LXYXY/L106 X156.61 Y-7.2 X158.71 Y-8.25 
164..LXYXY/L107 X158.71 Y-8.25 X160.71 Y-9.42 
165..LXYXY/L108 X160.71 Y-9.42 X162.59 Y-10.72 
166..LXYXY/L109 X162.59 Y-10.72 X164.35 Y-12.11 
167..LXYXY/L110 X164.35 Y-12.11 X165.97 Y-13.58 
168..LXYXY/L111 X165.97 Y-13.58 X167.45 Y-15.12 
169..LXYXY/L112 X167.45 Y-15.12 X168.8 Y-16.72 
170..LXYXY/L113 X168.8 Y-16.72 X170.01 Y-18.36 
171..LXYXY/L114 X170.01 Y-18.36 X171.09 Y-20.03 
172..LXYXY/L115 X171.09 Y-20.03 X172.03 Y-21.73 
173..LXYXY/L116 X172.03 Y-21.73 X172.86 Y-23.43 
174..LXYXY/L117 X172.86 Y-23.43 X173.58 Y-25.14 
175..LXYXY/L118 X173.58 Y-25.14 X174.19 Y-26.84 
176..LXYXY/L119 X174.19 Y-26.84 X174.73 Y-28.53 
177..LXYXY/L120 X174.73 Y-28.53 X175.19 Y-30.2 
178..LXYXY/L121 X175.19 Y-30.2 X175.61 Y-31.85 
179..LXYXY/L122 X175.61 Y-31.85 X176 Y-33.48 
180..LXYXY/L123 XI76 Y-33.48 X176.39 Y-35.07 
181..LXYXY/L124 X176.39 Y-35.07 X176.B1 Y-36.64 
182..LXYXY/L125 X176.81 Y-36.64 X177.27 Y-38.17 
183..GR0UP/GP9 L101 L102 L103 L104 L105 L106 
184..GROUP/L107 L108 L109 L110 Lill L112 L113 
185. . GR0LJP/L114 L115 L116 L117 LUS L119 L120 
186..GR0UP/L121 L122 L123 L124 L125 GP10 
187..END/ 
IBS..CALL/SUB5 FR0 MX0 MY0 
189..£££//End M. APROFILE- rfnc20.M05 
190..BEGIN/SUB6 
191..TRANSL/ANG-90 ANG0 ANG0 D0 D-20.8 D0 
192..PXY/P11 X177.3 Y-38.18 
193..PXY/P12 X145.02 Y-4.66 
194..LXYXY/L126 X177.3 Y-38.18 X176.84 Y-36.64 
195..LXYXY/L127 X176.84 Y-36.64 X176.42 Y-35.06 
196..LXYXY/L128 X176.42 Y-35.06 X176.03 Y-33.45 
197..LXYXY/L129 X176.03 Y-33.45 X175.63 Y-31.82 
198..LXYXY/L130 X175.63 Y-31.82 X175.21 Y-30.16 
199..LXYXY/L131 X175.21 Y-30.16 X174.74 Y-28.48 
00..LXYXY/L132 XI74.74 Y-28.48 XI74.2 Y-26.78 
01..LXYXY/L133 X174.2 Y-26.78 XI73.57 Y-25.08

N 
N 
N 
M 
W 
N 
M 
M 
N 
N 
W 
W

11..LXYXY/L143 X162.54 Y-10.7 X160.66 Y-9.42

02..LXYXY/L134 X173.57 Y-25.08 X172.85 Y-23.37
03..LXYXY/L135 X172.85 Y-23.37 X172.01 Y-21.67
04..LXYXY/L136 X172.01 Y—21.67 X171.06 Y-l9.97
05..LXYXY/L137 X171.06 Y-1.9.97 X169„98 Y—18.31
06..LXYXY/L138 X169.98 Y-18.31 X168.76 Y-16.67
07..LXYXY/L139 X168.76 Y-16.67 X167.41 Y-l5.08
08..LXYXY/L140 X167.41 Y-15.08 XI65.92 Y-13.54
09..LXYXY/L141 X165.92 Y-13.54 X164.29 Y-12.08
10..LXYXY/L142 X164.29 Y-12.08 X162.54 Y-10.7



212..LXYXY/L144 X160.66 Y-9.42 X158.66 Y-8.25 
213..LXYXY/L145 X158.66 Y-8.25 X156.56 Y-7.21 
214..LXYXY7L146 X156.56 Y-7.21 X154.37 Y-6.33 
215..LXYXY/L147 X154.37 Y-6.33 X152.1 Y-5.61 
216..LXYXY/L148 X152.1 Y-5.61 X149.77 Y-5.08 
217..LXYXY/L149 X149.77 Y-5.08 X147.4 Y-4.75 
218..LXYXY/L150 X147.4 Y-4.75 X145.02 Y-4.66 
219..GR0UP/GP11 L126 LI27 LI28 L129 L130 L131
220. .GR0UP/L132 L133 LI34 LI35 L136 LI37 LI38
221. .GR0UP/L139 LI40 L141 L142 L143 L144 LI45
222. .GROUP/L146 L147 L148 L149 LI50 GP12
223. .END/
224. .CALL/SUB6 FR0 MX0 MY0
225. „£££//End M. APROFILE- rfnc20.M06
226. .BEGIN/SUB7
227. .TRANSL/ANG-90 ANG0 ANG0 D0 D-24.8 D0
228. .PXY/P13 XI45.01 Y-4.7
229. .PXY/P14 X177.33 Y-38.19
230..LXYXY/L151
231..LXYXY/L152
232..LXYXY/L153

X145.01 Y-4.7 X147.38 Y-4.79 
X147.38 Y-4.79 X149.74 Y-5.11 
X149.74 Y-5.11 X152.06 Y-5.64 
X152.06 Y-5.64 X154.32 Y-6.35 
X154.32 Y-6.35 X156.51 Y-7.23 
X156.51 Y-7.23 X158.61 Y-8.26 
X158.61 Y-8.26 X160.6 Y-9.41 
X160.6 Y-9.41 X162.48 Y-10.68 
X162.48 Y-10.68 X164.24 Y-12.06 
X164.24 Y-12.06 X165.87 Y-13.51 
X165.87 Y-13.51 X167.36 Y-15.04 
X167.36 Y-15.04 X168.72 Y-16.62 
X168.72 Y-16.62 X169.94 Y-18.25 
XI69.94 Y-18.25 XI71.03 Y-19.92 
X171.03 Y—19.92 X171.99 Y-21.61 
X171.99 Y-21.61 X172.83 Y-23.31 
X172.83 Y-23.31 X173.56 Y-25.02 
X173.56 Y-25.02 X174.19 Y-26.73 
X174.19 Y-26.73 X174.74 Y-28.43 
X174.74 Y-28.43 X175.22 Y-30.12 
X175.22 Y-30.12 X175.65 Y-31.79 
X175.65 Y-31.79 X176.05 Y-33.43 
X176.05 Y-33.43 X176.45 Y-35.05 
X176.45 Y-35.05 X176.86 Y-36.64 
X176.86 Y-36.64 X177.33 Y-38.19 
L151 L152 L153 LI54 L155 L156 
L158 L159 L160 L161 L162 LI63 
L165 L166 L167 L168 L169 L170 
LI72 LI73 L174 LI75 GP14

233. .LXYXY/L154
234. .LXYXY/L155
235. .LXYXY/L156
236. .LXYXY/L157
237. .LXYXY/L158
238. .LXYXY/L159 
239..LXYXY7L160
240. .LXYXY/L161
241. .LXYXY7L162
242. .LXYXY/L163
243. .LXYXY/L164
244. .LXYXY/L165
245. .LXYXY/L166
246. .LXYXY/LÎ67
247. .LXYXY/L168
248. .LXYXY/L169
249. .LXYXY/L170
250. .L X Y X Y/L171
251. .LXYXY/L172
252. .LXYXY/L173
253. .LXYXY/L174
254. .LXYXY/L175
255. .GROUP/GP13
256. .GROUP/L157
257. .GROUP/L164
258. .GROUP/L171
259. .END/
260. .CALL/SUB7 FR0 MX0 MY0
261. .£££//End M. APROFILE- rfnc20.M07
262. .BÈGIN/SUB8
263. .TRANSL/ANG-90 ANG0 ANG0 D0 D-28.8 D0 
264..PXY/P15 X177.35 Y-38.21
265. .PXY/P16 X145.01 Y-4.74



266. .LXYXY/L176 X177.35 Y-38.21 X176.89 Y-36.64
267. .LXYXY/L177 X176.89 Y-36.64 X176.47 Y-35.04
268. .LXYXY/L178 X176.47 Y-35.04 X176.07 Y-33.41
269. .LXYXY7L179 X176.07 Y-33.41 X175.66 Y-31.75
270. .LXYXY/L180 X175.66 Y-31.75 X175.23 Y-30.08
271. .LXYXY/L181 X175.23 Y-30.08 X174.74 Y-28.38
272. .LXYXY/L182 X174.74 Y-28.38 X174.19 Y-26.68
273. .LXYXY/L1B3 X174.19 Y-26.68 X173.55 Y-24.97
274. .LXYXY/L184 X173.55 Y-24.97 X172.81 Y-23.25
275. .LXYXY/L185 X172.81 Y-23.25 X171.97 Y-21.55
276. .LXYXY7L186 X171.97 Y-21.55 X171 Y-19.86 
277..LXYXY7L187 X171 Y-19.86 X169.9 Y-18.2 
278..LXYXY/L188 X169.9 Y-18.2 X168.68 Y-16.58 
279..LXYXY7L189 X168.68"Y-16.58 X167.31 Y-15 
280..LXYXY/L190 X167.31 Y-15 X165.82 Y-13.48
281. .LXYXY/L191 X165.82 Y-13.48 X164.19 Y-12.03
282. .LXYXY/L192 X164.19 Y-12.03 X162.43 Y-10.67
283. .LXYXY/L193 X162.43 Y-10.67 X160.55 Y-9.41
284. .LXYXY/L194 X160.55 Y-9.41 X158.55 Y-8.26 
285..LXYXY7L195 X158.55 Y-8.26 X156.46 Y-7.25 
286..LXYXY/L196 X156.46 Y-7.25 X154.27 Y-6.38 
287..LXYXY/L197 XI54.27 Y-6.38 X152.02 Y-5.67 
288..LXYXY/L198 X152.02 Y-5.67 X149.71 Y-5.15 
289..LXYXY/L199 X149.71 Y-5.15 X147.36 Y-4.84 
290..LXYXY/L200 X147.36 Y-4.84 X145.01 Y-4.74 
291..GR0UP/GP15 L176 LI77 L178 L179 L180 L181 
292..GROUP/LI82 L183 L184 L185 L186 L187 L188 
293..GRDUP/L189 L190 L191 L192 LI93 LI94 L195 
294..GROUP/L196 L197 L198 L199 L200 GP16
295. .END/
296. .CALL/SUB8 FR0 MX0 MY0 
297..FEDTO/X145.01 Y20 Z0 
298..£££//End M. APROFILE- rfnc20.M08 
299..£££//End of Entire JOB rfnc20



RFNC50.NCI - A typical Part Program used for the machining
of the cab roof model

Machining direction: parallel to the XOY plane 
(The axes of the machine is shown in Figure 4.6)

prog RFNC50 v4 5/31/1989
001..£££/COMMAND file - RFNC50.TXT
002..£££//Job = RFNC50.M01
003.,£££/CUT IN XOY PLANE
004..£££//Tool number = 2
005.„£££//Drawing “ rooftp2
006..£££//Total ENTITIES = 12 
007..BEGIN/SUB1
008..TRANSL/ANG0 ANG0 ANG0 D0 D0 0-26,5 
009..PXY/P1 X149.04 Y-185.07
010..PXY/P2 X161.67 Y-171.67 
011..LXYXY/L1 X149.04 Y-185.07 X151.02 Y-184.02 
012..LXYXY/L2 X151.02 Y-184.02 X152.75 Y-183 
013..LXYXY/L3 X152.75 Y-183 X154.27 Y-181.97 
014..LXYXY/L4 X154.27 Y-181.97 X155.61 Y-180.92 
015..LXYXY/L5 X155.61 Y-180.92 X156.79 Y-179.82 
016..LXYXY/L6 X156.79 Y-179.82 X157.84 Y-178.67 
017..LXYXY7L7 X157.84 Y-178.67 X158.76 Y-177.47 
018..LXYXY/L8 X158.76 Y-177.47 X159.58 Y-176.24 
019..LXYXY/L9 X159.58 Y-176.24 X160.28 Y-175
020..LXYXY/L10 X160.28 Y-175 X160.87 Y-173.79 
021..LXYXY/L11 X160.87 Y-173.79 X161.34 Y-172.66 
022..LXYXY/L12 X161.34 Y-172.66 X161.67 Y-171.67 
023..GROUP/GP1 LI L2 L3 L4 L5 L6 
024..GROUP/L7 L8 L9 L10 Lil L12 GP2 
025..END/ 
026..RPLANE/R20 
027..TLCHG/X0 Y0 T2 RPM1500 F500 
028..TOOL/LR1 DIA0 • 
029..MOVE/X0 Y0 Z20
030..MOVE/X149.04 Y-185.07 Z20 
031..FEDTO/X149.04 Y-185 Z0 
032..CALL/SUB1 FR0 MX0 MY0 
033..£££//End M. APROFILE- RFNC50.M01 
:034..£££/COMMAND file - KEY2.TXT
035..£££//Job = RFNC50.M02
036..BEGIN/SUB2
037..TRANSL/ANG0 ANG0 ANG0 00 00 0-29.5
038..PXY/P3 XI63.63 Y-171.37
039..PXY/P4 X153.54 Y-184.49
040..LXYXY/L13 X163.63 Y-171.37 X163.38 Y-172.26 
041..LXYXY/L14 X163.38 Y-172.26 X163.06 Y-173.32 
042..LXYXY/L15 X163.06 Y-173.32 X162.64 Y-174.48 
043..LXYXY/L16 X162.64 Y-174.48 X162.13 Y-175.71 
044..LXYXY/L17 X162.13 Y-175.71 X161.5 Y-176.95 
045..LXYXY/L18 X161.5 Y-176.95 X160.75 Y-178.18 
046..LXYXY/L19 X160.75 Y-178.18 X159.88 Y-179.38 
047..LXYXY/L20 X159.88 Y-179.38 X158.88 Y-180.52 
048..LXYXY/L21 X158.88 Y-180.52 X157.74 Y-181.6 
049..LXYXY/L22 X157.74 Y-181.6 X156.47 Y-182.62



050..LXYXY/L23 X156.47 Y-182.62 X155.07 Y-183.58 
051..LXYXY7L24 X155.07 Y-183.58 X153.54 Y-184.49 
052..GROUP/GP3 L13 L14 LIS L16 L17 L18 
053..GR0UP/L19 L20 L21 L22 L23 L24 GP4
054..END/
055..CALL/SUB2 FR0 MX0 MY0
056..£££//Job - RFNC50.M03
057..BEGIN/SUB3
058..TRANSL/ANG0 ANG0 ANG0 D0 D0 D-32.5 
059..PXY/P5 X157.23 Y-183.83
060..PXY7P6 X165.21 Y-171.06
061.. . LXYX Y/L25 X 157. 23 Y-183. 83 X 158. 34 Y-183. 06 
062..LXYXY7L26 X158.34 Y-183.06 X159.43 Y-182.17 
063..LXYXY/L27 X159.43 Y-182.17 X160.46 Y-181.17 
064..LXYXY/L28 X160.46 Y-181.17 X161.41 Y-180.07 
065..LXYXY/L29 X161.41 Y-180.07 X162.25 Y-178.91 
066..LXYXY/L30 X162.25 Y-178.91 X162.97 Y-177.7 
067..LXYXY/L31 X162.97 Y-177.7 X163.58 Y-176.46 
068..LXYXY/L32 X163.58 Y-176.46 X164.07 Y-175.23 
069..LXYXY7L33 X164.07 Y-175.23 X164.46 Y-174.05 
070..LXYXY/L34 X164.46 Y-174.05 X164.76 Y-172.93 
071..LXYXY/L35 X164.76 Y-172.93 X165 Y-171.92 
072..LXYXY7L36 X165 Y-171.92 X165.21 Y-171.06 
073..GROUP/GP5 L25 L26 L27 L28 L29 L30 
074..GR0UP/L31 L32 L33 L34 L35 L36 GP6 
075..END/
076..CALL/SUB3 FR0 MX0 MY0
077..£££//Job = RFNC50.M04
078..BEGIN/SUB4
079..TRANSL/ANG0 ANG0 ANG0 D0 D0 D-35.5
080..PXY/P7 X166.52 Y-170.76
081..PXY/P8 X156.17 Y-186.54
082..LXYXY/L37 X166.52 Y-170.76 X166.24 Y-172.32 
083..LXYXY/L38 X166.24 Y-Î72.32 X165.9 Y-173.B1 
084..LXYXY/L39 X165.9 Y-173.81 X165.49 Y-175.22 
085..LXYXY/L40 X165.49 Y-175.22 X164.99 Y-176.57 
086..LXYXY/L41 X164.99 Y-176.57 X164.4 Y-177.87 
087..LXYXY/L42 X164.4 Y-177.87 X163.71 Y-179.11 
088..LXYXY/L43 X163.71 Y-l79.ll X162.94 Y-180.29 
089..LXYXY/L44 X162.94 Y-180.29 X162.09 Y-181.41 
090..LXYXY/L45 X162.09 Y-181.41 X161.18 Y-182.46 
091..LXYXY/L46 X161.18 Y-182.46 X160.24 Y-183.43 
092..LXYXY/L47 X160.24 Y-183.43 X159.29 Y-184.3 
093..LXYXY/L48 X159.29 Y-184.3 X158.36 Y-185.07 
094..LXYXY/L49 X158.36 Y-185.07 X157.5 Y-185.71 
095..LXYXY/L50 X157.5 Y-185.71 X156.75 Y-186.21 
096..LXYXY/L51 X156.75 Y-186.21 Xl56.l7 Y-186.54 
097..GROUP/GP7 L37 L38 L39 L40 L41 L42 
098..GR0UP/L43 L44 L45 L46 L47 L48 L49
099..GROUP/L50 L51 GP8
100. .END/
101. .CALL/SUB4 FR0 MX0 MY0
102. .£££//End M. APROFILE- RFNC50.M04
103. .£££/COMMAND File? - KEY5.TXT



104. .BEGIN/SUBS
105. .TRANSL/ANG0 ANGO ANG0 DO DO D-38.5
106. .PXY/P9 X158.3 Y-186.6
107. .PXY/P10 X167.67 Y-170.51
108. .LXYXY/L52 X158.3 Y-186.6 X159.21 Y-185.72 
109..LXYXY/L53 X159.21 Y-185.72 X160.14 Y-184.88 
110..LXYXY/L54 XI60.14 Y-184.88 XI61.06 Y-184.03 
111..LXYXY/L55 X161.06 Y-184.03 X161.95 Y-183.17 
112..LXYXY/L56 X161.95 Y-183.17 X162.8 Y-182.26 
113..LXYXY/L57 X162.8 Y—182.26 X163.6 Y—181.31 
114..LXYXY/L58 X163.6 Y-181.31 X164.34 Y-180.29 
115..LXYXY/L59 X164.34 Y-180.29 X165.01 Y-179.21 
116..LXYXY/L60 X165.01 Y-179.21 X165.61 Y-178.07 
117..LXYXY/L61 X165.61 Y-179.07 X166.13 Y-176.87 
118..LXYXY/L62 X166.13 Y-176.87 X166.57 Y-175.62 
119..LXYXY7L63 X166.57 Y-175.62 X166.94 Y-174.34 
120..LXYXY/L64 X166.94 Y-174.34 X167.25 Y-173.04 
121..LXYXY/L65 X167.25 Y-173.04 X167.48 Y-171.76 
122..LXYXY/L66 X167.48 Y-171.76 X167.67 Y-170.51 
123..GROUP/GP9 L52 L53 L54 L55 L56 L57
124. .GR0UP/L58 L59 L60 L61 L62 L63 L64 
125..GROUP/L65 L66 GP10
126. .END/
127. .CALL/SUB5 FRO MX0 MYO
128. .EEE//End M. APROFILE- RFNC50.M05
129. .CCE/COMMAND file - KEY6.TXT
130. .BEGIN/SUB6
131. .TRANSL/ANG0 ANG0 ANG0 DO DO D-41.5
132. .PXY/P11 X168.74 Y-170.3 
133..PXY/P12 X159.74 Y-186.9 
134„.LXYXY/L67 X168.74 Y-170.3 X168.49 Y-172 
135..LXYXY/L68 X168.49 Y-172 X168.15 Y-173.64 
136..LXYXY/L69 X168.15 Y-173.64 X167.73 Y-175.19 
137..LXYXY/L70 X167.73 Y-175.19 X167.23 Y-176.67 
138..LXYXY/L71 X167.23 Y-176.67 X166.67 Y-178.06 
139..LXYXY/L72 X166.67 Y-178.06 X166.06 Y-179.37 
140..LXYXY/L73 X166.06 Y-179.37 X165.4 Y-180.59 
141..LXYXY/L74 X165.4 Y-180.59 X164.7 Y-181.72 
142..LXYXY/L75 X164.7 Y-181.72 X163.99 Y-182.75 
143..LXYXY/L76 X163.99 Y-182.75 XI63.25 Y-183.7 
144..LXYXY/L77 X163.25 Y-183.7 X162.52 Y-184.54 
145..LXYXY/L78 X162.52 Y-184.54 XI61.79 Y-185.29 
146..LXYXY/L79 X161.79 Y-185.29 X161.08 Y-185.93 
147..LXYXY/L80 X161.08 Y-185.93 XI60.39 Y-186.47 
148..LXYXY/L81 X160.39 Y-186.47 X159.74 Y-186.9 
149..GROUP/GP11 L67 L68 L69 L70 L71 L72
150. .GR0UP/L73 L74 L75 L76 L77 L78 L79
151. .GROUP/L80 LSI GP12
152. .END/
153. .CALL/SUB6 FRO MXO MYO
154. .£££//End M. APROFILE- RFNC50.M06
155. .£££/COMMAND file - KEY7.TXT
156. .BEGIN/SUB7
157. .TRANSL/ANG0 ANGO ANG0 DO DO D-44.5



158. .PXY/P13 X160.54 Y-187.19
159. .PXY/P14 X169.96 Y-170
160. .LXYXY/L82 X160.54 Y-187.19 X161.22 Y-186.79 
161..LXYXY/L83 X161.22 Y-186.79 X 161.92 Y-186.28 
162..LXYXY/L84 X161.92 Y-186.28 X162.64 Y-185.64 
163..LXYXY/L85 X162.64 Y-185.64 X163.37 Y-184.89 
164..LXYXY/L86 X163.37 Y-184.89 X164.1 Y-184.02 
165..LXYXY/L87 X164.1 Y-184.02 X164.83 Y-183.05 
166..LXYXY/L88 X164.83 Y-183.05 X165.54 Y-181.97 
167..LXYXY/L89 X165.54 Y-181.97 X166.24 Y-180.79 
168..LXYXY7L90 X166.24 Y-180.79 X166.91 Y-179.51 
169..LXYXY7L91 X166.91 Y-179.51 X167.54 Y-178.14 
170..LXYXY/L92 X167.54 Y-178.14 X168.14 Y-176.68 
171..LXYXY/L93 X168.14 Y-176.68 X168.68 Y-175.13 
172..LXYXY7L94 X168.68 Y-175.13 X169.17 Y-173.5 
173..LXYXY/L95 X169.17 Y-173.5 X169.6 Y-171.79 
174..LXYXY/L96 X169.6 Y-171.79 X169.96 Y-170 
175..GR8UP/GP13 L82 L83 L84 L85 L86 L87 
176..GR0UP/L88 L89 L90 L91 L92 L93 L94 
177..GR0UP/L95 L96 GP14 
178..END/ 
179..CALL/SUB7 FR0 MX0 MY0 
180..FEDTO/X169.96 Y-170 Z20
181..£££//End of Entire JOB RFNC50



RFNC60.NCI - A typical Part Program used for the machining
.. of the cab roof model

Machining direction: parallel to the YOZ plane 
(The axes of the machine is shown in Figure 4.6)

prog RFNC60 v4 5/31/1989
001..£££/TOOL NO = 2
002..BEGIN/SUBI
003..TRANSL/AN60 ANG90 ANG0 D147 D0 D0
004..PXY/P1 X-17.52 Y-171.87
005..PXY/P2 X-31.03 Y-188.75
006..LXYXY/L1 X-17.52 Y-171.87 X-18.18 Y-173.57 
007..LXYXY/L2 X-18.18 Y-173.57 X-18.82 Y-175.17 
008..LXYXY/L3 X-18.82 Y-175.17 X-19.47 Y-176.67 
009..LXYXY/L4 X-19.47 Y-176.67 X-20.14 Y-178.09 
010..LXYXY/L5 X-20.14 Y-178.09 X-20.86 Y-179.44 
011..LXYXY/L6 X-20.86 Y-179.44 X-21.64 Y-180.72 
012..LXYXY/L7 X-21.64 Y-180.72 X-22.49 Y-181.93 
013..LXYXY/L8 X-22.49 Y-181.93 X-23.4 Y-183.08 
014..LXYXY/L9 X-23.4 Y-183.08 X-24.38 Y-184.16
015..LXYXY/L10 X-24.38 Y-184.16 X-25.42 Y-185.16 
016..LXYXY/L11 X-25.42 Y-185.16 X-26.51 Y-186.09 
017..LXYXY/L12 X-26.51 Y-186.09 X-27.64 Y-186.93 
018..LXYXY/L13 X-27.64 Y-186.93 X-28.79 Y-187.66 
019..LXYXY/L14 X-28.79 Y-187.66 X-29.93 Y-188.27 
020..LXYXY/L15 X-29.93 Y-188.27 X-31.03 Y-188.75 
021..GROUP/GP1 LI L2 L3 L4 L5 L6 
022..GROUP/L7 L8 L9 L10 Lil L12 L13
023..GR0UP/L14 L15 GP2
024..END/
025..RPLANE/R20
026..TLCHG/X0 Y0 T2 RPM1500 F500
027..TOOL/LR1 DIA0 
028..MOVE/X0 Y0 Z20 
029..MOVE/X147 Y-171.87 Z20 
030..FEDT0/X147 Y-171.87 Z0 
031..CALL/SUBI FR0 MX0 MY0 
032..£££//End M. APROFILE- RFNC60.M01 
033..BEGIN/SUB2 
034..TRANSL/ANG0 ANG90 ANG0 D150 D0 D0 
035..PXY/P3 X-31.62 Y-187.82 
036..PXY/P4 X-18.25 Y-171.94 
037..LXYXY/L16 X-31.62 Y-187.82 X-30.42 Y-187.17 
038..LXYXY/L17 X-30.42 Y-187.17 X-29.3 Y-186.54 
039..LXYXY/L18 X-29.3 Y-186.54 X-28.25 Y-185.89 
040..LXYXY/L19 X-28.25 Y-185.89 X-27.26 Y-185.21 
041..LXYXY/L20 X-27.26 Y-185.21 X-26.3 Y-184.47 
042..LXYXY/L21 X-26.3 Y-184.47 X-25.37 Y-183.66 
043..LXYXY/L22 X-25.37 Y-183.66 X-24.46 Y-182.75 
044..LXYXY/L23 X-24.46 Y-182.75 X-23.57 Y-181.74 
045..LXYXY/L24 X-23.57 Y-181.74 X-22.7 Y-180.62 
046..LXYXY/L25 X-22.7 Y-180.62 X-21.86 Y-179.4 
047..LXYXY/L26 X-21.86 Y-179.4 X-21.04 Y-178.07 
048..LXYXY/L27 X-21.04 Y-178.07 X-20.26 Y-176.65 
049..LXYXY7L28 X-20.26 Y-176.65 X-19.52 Y-175.14



050..LXYXY/L2? X-19.52 
051..LXYXY/L30 X-18.85 
052..GROUP/GP3 L16 L17 
053..GROUP7L22 L23 L24 
054..GROUP/L29 L30 GP4 
055..END/
056..CALL/SUB2 FR0 MX0

Y-175.14 X-18.85 Y-173.56
Y-173.56 X-18.25 Y-171.94
LIB L19 L20 L21
L25 L26 L27 L28

MY0
057..£££//End M. APROFILE- RFNC60.M02 
058..BEGIN/SUB3 
059..TRANSL/ANG0 ANG90 ANG0 D153 D0 D0 
060..PXY/P5 X-19.4 Y-172 
061..PXY/P6 X-33.11 Y-187.22
062..LXYXY/L31 X-19.4 Y-172 X-19.93 Y-173.19
063..LXYXY7L32 X-19.93 Y-173.19 X-20.43 Y-174.34
064..LXYXY/L33 X-20.43 Y-174.34 X-20.91 Y-175.44
065..LXYXY7L34 X-20.91 Y-175.44 X-21.4 Y-176.49 
066..LXYXY/L35 X-21.4 Y-176.49 X-21.92 Y-l77.52 
067..LXYXY7L36 X-21.92 Y-177.52 X-22.48 Y-178.52
068..LXYXY/L37 X-22.48 Y-178.52 X-23.12 Y-179.49
069..LXYXY7L38 X-23.12 Y-179.49 X-23.84 Y-180.45
070..LXYXY/L39 X-23.84 Y-180.45 X-24.67 Y-181.4
071..LXYXY7L40 X-24.67 Y-181.4 X-25.63 Y-182.35 
072..LXYXY/L41 X-25.63 Y-182.35 X-26.74 Y-183.3 
073..LXYXY/L42 X-26.74 Y-183.3 X-28.03 Y-184.25 
074..LXYXY/L43 X-28.03 Y-184.25 X-29.5 Y-185.22 
075..LXYXY/L44 X-29.5 Y-185.22 X-31.19 Y-l86.21 
076..LXYXY/L45 X-31.19 Y-186.21 X-33.11 Y-187.22 
077..GROUP/GP5 L31 L32 L33 L34 L35 L36 
078..GR0UP/L37 L38 L39 L40 L41 L42 L43 
079..GR0UP/L44 L45 GP6 
080..END/ 
081..CALL/SUB3 FR0 MX0 MY0 
082..£££//End M. APROFILE- RFNC60.M03 
083..BEGIN/SUB4 
084..TRANSL/ANG0 ANG90 ANG0 D156 D0 D0 
085..PXY/P7 X-35.3 Y-186.55 
086..PXY/P8 X-21.08 Y-172
087..LXYXY/L46 
088..LXYXY/L47 
089..LXYXY/L48
090..LXYXY/L49
091..LXYXY/L50 
092..LXYXY/L51
093..LXYXY/L52
.094..LXYXY/L53 
095..LXYXY/L54

■ 096..LXYXY7L55 
097..LXYXY/L56 
098..LXYXY7L57

: 099. LXYXY/L58
: 100..LXYXY/L59
'101..LXYXY/L60
i102..GROUP/GP7
: 103. .GROUP/L52

X-35.3 Y-186.55 X-34„61 Y-186.15
X-34.61
X-33.78 
X-32.85 
X—31.82 
X-30.74 
X-29.61 
X-28.47 
X-27.33 
X—2 6.22 
X-25.15 
X—24.14 
X-23.21 
X—22.38 
X-21.67 
L46 L47 
L53 L54

Y-186.15 X-33.78 Y-185.7
Y-185.7 X-32.85 Y-185.19
Y—185.19 X-31.82 Y-l84.6
Y-l84.6 X-30.74 Y-l83.92
Y-l83.92 
Y-l83.13
Y-182.25
Y—181.26
Y-l80.16
Y-l78.97
Y-177.7 X

X-29.61 
X-28.47 
X-27.33 
X—26.22 
X-25.15 
X—24.14

Y-183.13
Y—182.25
Y—181.26
Y-l80.16
Y-l78.97
Y-l77.7

Y-176.34
Y-176.34 X-22.38 Y-174.93 
Y-174.93 X-21.67 Y-l73.47 
Y-173.47 X-21.08 Y-172 
L48 L49 L50 L51 
L55 L56 L57 L58



104..GR0UP/L59 L60 GPS
305..END/
106. .CALL/SUB4 FR0 MX0 MY0
107. .EfE//End M. APROFILE- RFNC60.M04
108..BEGIN/SUB5
109. .TRANSL/ANE0 ANG90 ANG0 D159 D0 D0
110. .PXY/P9 X-23.47 Y-171.9
111..PXY/P10 X-34.13 Y-183.5
112..LXYXY/L61 X-23.47
113. .LXYXY/L62
114. .LXYXY7L63

X—23.92
Y—171.9 X-23.92 Y—172,78

X—24.36
115..LXYXY7L64
116..LXYXY/L65
117..LXYXY7L66
118..LXYXY/L67
119..LXYXY/L68
120..LXYXY/L69

X—24.83
X .CU Ô

89
X-26.51

Y~172,78 
Y-173.67
Y-174.56
Y-175.45
Y-176.34
Y-177.21

X-24.36 Y-173.67 
X-24.83 Y-174.56 
X—25.33 Y-175.45 
X-25.89 Y-176»34 
X-26.51 Y-177.21 
X-27.2 Y-178.08

121..LXYXY/L70
122. LXYXY/L71

X-27.2 Y-178.08 X-27.96 Y-178.92
X-27.96 Y-178.92 X-2B.78 Y-179.73
X-28.78 Y-179.73 X-29.65 Y-180.51
X-29.65 Y-180.51 X-30.57 Y-181.24

123..LXYXY/L72 X-30.57 Y-181.24 X-31.5 Y-181.92
124. .LXYXY/L73 X-31.5 Y-181.92 X-32.42 Y-182.53
125. .LXYXY/L74 X-32.42 Y-182.53 X-33.31 Y-183.06
126. .LXYXY/L75 X-33.31 Y-183.06 X-34.13 Y-183.5'
127. .GROUP/GP9 L61 L62 L63 L64 L65 L66
128. .GROUP/L67 L68 L69 L70 L71 L72 L73
129. .GROUP/L74 L75 GP10
130..END/
131. .CALL/SUB5 FR0 MX0 MY0
132. .FEDTO/X20 Y-183.5 Z0



Appendix Six

THE POST-PROCESSED NC PART PROGRAMS

(.NC2)



BR1.NC2 - The post processed Part Program (BRI.NCI)

N0001G0G90G40G80G21G54
N0002T06M06
N0003G00X0.0Y211.0S3000M03
N0004G43Z10.0H06
N0005Z-5.0
N0006X-2.122Y211.392
N0007G01Y217.4F500.0
N0008X-10.802
N0009X-33.375Y210.465
N0010X-34.463Y193.839
N0011X—34.217Y189.863
N0012X-27.907Y171.685
N0013X-26.718Y164.117
N0014X-27.345Y143.402
N0015X-29.092Y71.741
N0016X-29.611Y45.855
N0017X-31.757Y38.684
N0018X-33.717Y35.494
N0019X-34.575Y32.294
N0020X-34.698Y8.0
N0021X34.698
N0022X34.575Y32.294
N0023X33.717Y35.494
N0024X31.757Y38.684
N0025X29.611Y45.855
N0026X29.092Y71.741
N0027X27.345Y143.402
N0028X26.718Y164.117
N0029X27.907Y171.685
N0030X34.217Y189.863
N0031X34.463Y193.839
N0032X33.375Y210.465
N0033 X10.802Y217.4
N0034X4.775
N0035G00Y211.126
N0036G01Z20.0
N0037X0.0Y211.0
N0038M09
N0039M05
N0040M30



BD1.NC2 - The post processed Part Program (BD1.NC1)

N0001G0G90G40G80G21G54 
N0002T02M06
N0003G00G43Z20.0H02S3000M03
N0004X0.0Y280.0
N0005Y5.0
N0006G01Z0.0F500.0
N0007X-27.409Z2.919
N0008X-37.725
N0009Z-4.638
N0010X-37.657Z-5.216
N0011X-37.519Z-5.742
N0012X-37.271Z-6.234
M0013X-36.874Z-6.711 
N0014X-36.291Z-7.192 
N0015X-34.084Z-8.5 
N0016X-31.787Z-9.736 
N0017X-29.408Z-10.895
N0018X-26.954Z-11.974
N0019X-24.434Z-12.967 
N0020X-21.854Z-13.872 
N0021X-19.223Z-14.6B4
N0022X-16.548Z-15.398 
N0023X-13.836Z-16.012 
N0024X-11.096Z-16.520 
N0025X-8.334Z-16.918 
N0026X-5.559Z-17.203 
N0027X1.455Z-17.624 
N0028X8.334Z-16.918 
N0029X11.0967-16.520 
N0030X13.836Z-16.012 
N0031X16.548Z-15.398 
N0032X19.223Z-14.684 
N0033X21.854Z-13.872 
N0034X24.434Z-12.967 
N0035X26.9547-11.974 
N0036X29.4087-10.895 
N0037X31.7877-9.736 
N0038X34.084Z-8.5 
N0039X36.2917-7.192 
N0040X36.8747-6.711 
N0041X37.2717-6.234 
N0042X37.5197-5.742 
N0043X37.6577-5.216 
N0044X37.7257-4.638 
N0045Z1.955
N0046X27.891
N0047X28.975Y7.071.931
N0048X37.725
N0049Z-4.552



N0050X37.658Z-5.130
N0051X37.520Z-5.655 
N0052X37.272Z-6.147 
N0053X36.B76Z-6.625 
N0054X36.293Z-7.106 
N0055X34.085Z-8.416 
N0056X31«787Z-9.654 
N0057X29.407Z-10.815 
N0058X26.953Z-11.895 
N0059X24.433Z-12.890 
N0060X21-853Z-13.796 
N0061X19.222Z-14.609 
N0062X16.547Z-15.324 
N0063X13.836Z-15.938 
N0064X11.096Z-16.446 
N0065X8.335Z-16.845 
N0066X5.560Z-17.130 
N0067X-1.456Z-17.551 
N0068X-8.335Z-16.845 
N0069X-11.096Z-16.446 
N0070X-13.836Z~15.938 
N0071X-16.547Z-15.324 
N0072X-19.222Z-14.609 
N0073X-21.853Z-13.796 
N0074X-24.433Z-12.890 
N0075X-26.953Z-11.895 
N0076X-29.407Z~10.815 
N0077X-31.787Z-9.654 
N0078X-34.084Z-8.416 
N0079X-36.293Z-7.106 
N0080X-36.876Z-6.625 
N0081X-37.272Z-6. 147 
N0082X-37.520Z-5.655 
N0083X-37.658Z-5.129 
N0084X-37.725Z-4.552 
N0085Z3.196 
N0086X-28.252 
N0087X-28.493Y9.0Z2.449 
N0088X-37.725 
N0089Z-4.467 
N0090X-37.658Z-5.043 
N0091X-37.520Z-5.568 
N0092X-37.273Z-6.060 
N0093X-36.877Z-6.538 
N0094X-36.295Z-7.020 
N0095X-34.085Z-8.333 
N0096X-31„787Z-9.572 
N0097X-29.406Z-10.735 
N0098X-26.952Z-11.817 
N0099X-24.432Z-12.813 
N0100X-21.852Z-13.720 
N0101X-19.221 Z-14.533 
N0102X-16.547Z-15.249 
N0103X-13.835Z-15.864



N0104 X-11.096Z-16.372 
N0105X-8.335Z-16.771 
N0106X-5.560Z-17.056 
N0107X1.454Z-17.478 
N0108X8.335Z-16.771 
N0109X11.096Z-16.372 
N0110 X13.835Z-15.864 
N0111X16.547Z-15.249 
N0112X19.221 Z-14.533 
N0113X21.852Z-13.720 
N0114X24.432 Z-12.813 
N0115X26.952Z-11.817 
N0116X29.406Z-10.735 
N0117X31.787Z-9.572 
N0118X34.085Z-8.333 
N0119X36.295Z-7.020 
N0120X36.877Z-6.538 
N0121X37.273Z-6.060 
N0122X37.520Z-5.568 
N0123X37.658Z-5.043 
N0124X37.725Z-4.467 
N0125Z2.148
N0126X28.794
N0127X28.433Y11.0Z2.305 
N0128X37.725
N0129Z-4.382
N0130X37.659Z-4.956 
N0131X37.521Z-5.480 
N0132X37.274Z-5.973 
N0133X36.879Z--6. 452 
N0134X36.296Z-6.934 
N0135X34.086Z-8.249 
N0136X31.787Z-9.491 
N0137X29.406Z-10.655
N0138X26.951 Z-11.738 
N0139X24.431Z~12.736 
N0140X21.851 Z-13.644 
N0141X19.221Z-14.458 
N0142X16.546Z-15.174 
N0143X13.835Z-15.789 
N0144X11.096Z-16.299 
N0145X8.335Z-16.698

, N0146X5.560Z-16.983
N0147X-1.454Z-17.406

, N0148X-8.335Z-16.698
N0149X~11.096Z~16.299 
N0150X~13.835Z~15.789 
N0151X-16.546Z-15.174 
N0152X-19.221Z-14.458 
N0153X-21.851Z-13.644 
N0154X—24.431Z-12.736 
N0155X-26.951Z-l1.738

, N0156X-29.406Z~10.655



N0157X-31«787Z-9.491 
N0158X-34.086Z-8.249 
N0159X-36.296Z-6.934 
N0160X-36.879Z-6.452 
N0161X-37.274Z-5.973 
N0162X-37.521Z-5.480
N0163X-37.659Z-4.956
N0164X-37.725Z-4.382
N0165Z3.570
N0166X-28.433
N0167X-27.951Y13.0Z1.799
N0168X-37.725
N0169Z-4.297
N0170X-37.659Z-4.869
N0171X-37.522Z-5.393
N0172X-37.275Z-5.886
N0173X-36.880Z-6.365
N0174X-36.298Z-6.847
N0175X-34.087Z-8.165
N0176X-31.786Z-9.409
N0177X-29.405Z-10.575
N0178X-26.951Z-11.659
N0179X-24.430Z-12.658 
N0180X-21.850Z-13.567 
N0181X-19.220Z-14.382 
N0182X-16.545Z-15.1 
N0183X-13.835Z-15.715 
N0184X-11.096Z-16.225 
N0185X-8.335Z-16.624 
N0186X-5,560Z-16.910 
N0187X1.453Z-17.333 
N0188X8.335Z-16.624 
N0189X11.096Z-16.225 
N0190X13.835Z-15.715 
N0191X16.545Z-15.1 
N0192XI9.220Z-14.382 
N0193X21.850Z-13.567 
N0194X24.430Z—12.658 
N0195X26.951Z-11.659 
N0196X29.405Z-10.575 
N0197X31.786Z-9.409 
N0198X34.087Z-8.165 
N0199X36.298Z-6.847

। N0200X36.880Z-6.365
N0201X37.275Z-5.886
N0202X37.522Z-5.393
N0203X37.659Z-4.869

! N0204X37.725Z-4.297
IN0205Z1.679
' N0206X29.156
N0207X28.553Y15.0Z2.318
N0208X37.725
N0209Z-4.212
N0210X37.659Z-4.782



N0211X37.523Z-5.306
N0212X37.276Z-5.799
N0213X36.882Z-6.278
N0214X36.3Z-6.761
N0215X34.061Z-8.096
N0216X31.738Z-9.352
N0217X29.337Z-10.527
N0218X26.867Z-11.616
N0219X24.335Z-12.617
N0220X21.748Z-13.525
N0221X19.1142-14.337
N0222X16.441Z-15.051
N0223X13.736Z-15.661
N0224X11.007Z-16.165
N0225X8.262Z —16.560
N0226X5.507Z-16.841
N0227X-1.442Z-17.257
N0228X—B.262Z™16.560
N0229X-11.007Z-16.165
N0230X-13.736Z-15.661
N0231X-16.441Z-15.051
N0232X-19.114Z-14.337
N0233X-21.748Z-13.525
N0234X-24.335Z-12.617
N0235X-26.867Z-11.616
N0236X-29.337Z-10.527
N0237X-31.738Z-9.352
N0238X-34.061Z-8.096
N0239X-36.3Z-6.761
N0240X-36.882Z-6.278
N0241X-37.276Z-5.799
N0242X-37.523Z-5.306
N0243X-37.659Z-4.782
N0244X-37.725Z~4.212
N0245Z3.402
N0246X-28.252
N0247X-29.637Y17.0Z1.932
N0248X-37.725
N0249Z-4.127
N0250X-37.660Z-4.695
N0251X-37.523Z-5.218
N0252X-37.277Z-5.712
N0253X-36.883Z-6.192
N0254X-36.302Z-6.675
N0255X-34.062Z-8.012
N0256X-31.738Z-9.270
N0257X-29.336Z-10.447
N0258X-26.866Z-11.538
N0259X-24.334Z-12.539
N0260X-21.747Z-13.449
N0261X-19.113Z—14.262
N0262X-16.441 Z-14.976
N0263X—13.736Z-15.587
N0264X-11.007Z-16.092



N0265X-8.262Z-16.487
N0266X-5.507Z-16.768
N0267X1.441 Z-17. 184
N0268X8.262Z-16.487
N0269X11.007Z-16.092
N0270X13.736Z-15. 587
N0271X16.441Z-14.976
N0272X19.113Z-14.262
N0273X21.747Z-Î3.449
N0274X24.334Z-12.539
N0275X26.866Z-11.538
N0276X29.336Z-10.447
N0277X31.738Z-9.270
N0278X34.062Z-8.012
N0279X36.302Z-6.675
N0280X 36.883 Z—6. 192
N0281X37.277Z-5.712
N0282X37.523Z-5.218
N0283X37.660Z-4.695
N0284X37.725Z-4.127
N0285Z1.993
N0286X30.119
N0287X28.372Y19.0Z2.330
N0288X37.725
N0289Z-4.042
N0290X37.660Z-4.608
N0291X37.524Z-5.131
N0292X37.279Z-5.625
N0293X36.885Z-6.105
N0294X36.303Z-6.588
N0295X34.063Z-7.928
N0296X31.738Z-9.189
N0297X29.336Z-10.367
N0298X26.865Z-11.459
N0299X24.333Z-12.462
N0300X21.746Z-13.373
N0301X19.113Z-14.187
N0302X16.440Z-14.901
N0303X13.736Z-15.513
N0304X11.007Z-16.018
N0305X8.262Z-16.413
N0306X5.507Z-16.695
N0307X-1.440Z-17.111
N0308X-8.262Z-16.413
N0309X-11.007Z-16.018
N0310X-13.736Z-15.513
N031IX-16.440Z-14.901
N0312X-19.113 Z-14.187 
N0313X-21.746Z-13.373
N0314X—24.333 Z ~12„462
N0315X-26.865Z-11.459
N0316X-29.336Z-10.367
N0317X-31.738Z-9.189
N0318X-34.063Z-7.928



N0319X-36.303Z-6.588 
N0320X-36.885Z-6.105 
N0321X-37.279Z-5.625 
N0322X-37.524Z-5.131 
N0323X-37.660Z-4.608 
N0324X-37.725Z-4.042 
N0325Z3.354 
N0326X-28.252 
N0327M09
N0328M05
N0329M30



RFNC20.NC2 - The post processed Part Program (RFNC20.NCI)

N0001G0G90G40G80G21G54 
N0002T01M06
N0003G00G43Z20.0H01S1500M03 
N0004X0.0Y0.0
N0005X145.0Y-0.8
N0006G01Z0.0F500.0
N0007X145.042Z-4.510 
N0008X147.477Z-4.608 
N0009X149.887Z-4.947 
N0010X152.249Z-5.503 
N0011X154.544Z-6.254 
N0012X156.755Z-7.176 
N0013X158.866Z-8.251 
N0014X160.866Z-9.459 
N0015X162.743Z-10.782 
N0016X164.490Z-12.201 
N0017X166.101Z-13.702 
N0018X167.573Z-15.268 
N0019X168.904Z-16.886 
N0020X170.095Z-18.542 
N0021X171.151Z—20.226 
N0022X172.077Z-21.925 
N0023X172.881Z-23.630 
N0024X173.574Z-25.332 
N0025X174.169Z—27.023 
N0026X174.680Z-28.698 
N0027X175.127Z-30.350 
N0028X175.526Z-31.972 
N0029X175.903Z-33. 566 
N0030X176.280Z-35.126 
N0031X176.685Z-36.652 
N0032X177.147Z-38.142 
N0033Y-4.8
M0034X176.685Z-36.652 
N0035X176.280Z—35.126 
N0036X175.903Z-33.565 
N0037X175.526Z-31.972 
N0038X175.127Z-30.350 
N0039X174.681Z-28.698 
N0040X174.169Z-27.023 
N0041X173.574Z-25.332 
N0042X172.881Z-23.630 
N0043X172.077Z-21.925 
N0044X171.151Z-20.225 
N0045X170.095Z-18.542 
N0046X168.904Z-16.886 
N0047X167.573Z-15.268 
N0048X166.101Z-13.702 
N0049X164.490Z-12.201



N0050X162.743Z-10.782 
N0051X160.866Z-9.459 
N0052X158.866Z-8.251 
N0053X156.755Z-7.176 
N0054X154.544Z-6.254 
N0055X152.249Z-5„503 
N0056X149.886Z-4.947 
N0057X147.477Z-4.608 
N0058X145.042Z-4.509 
N0059X145.037Y-8.8Z-4.543 
N0060X147.459Z-4.640 
N0061X149.857Z-4.976 
N0062X152.211Z-5.526 
N0063X154.5Z-6.268 
N0064X156.707Z-7.182 
N0065X158.817Z-8.247 
N0066X160.816Z-9.445 
N0067X162.694Z-10.757 
N0068X164.443Z-12.167 
N0069X166.058Z-13.659 
N0070X167.534Z-15.217 
N0071X168.871Z-16.B28 
N0072X170.069Z-18.479 
N0073X171.132Z-20.159 
N0074X172.065Z-21.856 
N0075X172.877Z-23.561 
N0076X173.578Z-25.265 
N0077X174.180Z-26.960 
N0078X174.699Z-28.640 
N0079X175.152Z-30.299 
N0080X175.559Z-31.932 
N0081X175.940Z-33.534 
N0082X176.322Z-35.108 
N0083X176.730Z-36.646 
N0084X177.193Z-38.150 
N0085X177-230Y-12.8Z-38.160 
N0086X176b770Z-36.641 
N0087X176.360Z-35.090 
N0088X175.975Z-33.509 
N0089X175.587Z-31.892 
N0090X175.175Z-30.250 
N0091X174.7152-28.584 
N0092X174.189Z-26.899 
N0093X173.579Z-25. 2 
N0094X172.870Z-23.495 
N0095X172.051Z-21.790 
N0096X171.110Z-20.095 
N0097X170.040Z-18.419 
N0098X168.836Z-16.773 
N0099X167.494Z-15.168 
N0100X166.013Z-13.618 
N0101X164.395Z-12.135 
N0102X162.643Z-10.735 
N0103X160.7642-9.433



N0104X158.766Z-8.246 
N0105X156.659Z-7.190 
N0106X154.457Z-6.285 
N0107X152.174Z-5.551 
N0108X149.828Z-5.007 
N0109X147.440Z-4.675
N0110X145.031Z-4.578
N0111X145.025Y-16.8Z-4.616
N0112X147.421Z-4.712
N0113X149.798Z-5.040 
N0114X152.135Z-5.578 
N0115X154.412Z-6.305 
N0116X156.610Z-7.201.
N0117X158.714Z-8.246
N0118X160.712Z-9.424
N0119X162.592Z-10.716
N0120X164.345Z-12. 106 
N0121X165.967Z-13.580 
N0122X167.452Z-15.122 
N0123X168.799Z-16.720 
N0124X170.010Z-18.361 
N0125X171.086Z-20.033
N0126X172.034Z-21.726
N0127X172.860Z-23.431
N0128X173.576Z-25.138
N0129X174.194Z-26.841
N0130X174.727Z-28.531 
N0131X175.193Z—30.204
N0132 X175.612Z-31.856 
N0133X176.004Z-33.483
N0134X176.393Z-35.074
N0135X176.806Z-36.638
N0136X177.271Z-38.170
N0137X177.303Y-20.8Z-38.182 
N0138X176.837Z-36.637
N0139X176.422Z-35.060
N0140X176.029Z-33.457
N0141X175.632Z-31.820
N0142X175.208Z-30.160
N0143X174.736Z-28.480
N0144X174.196Z-26.784
N0145X173.571Z-25.078
N0146X172.848Z-23.369
N0147XI72.014Z—21.665
N0148X171.059Z-19.974
N0149X169.977Z-18.305
N0150X168.760Z-16.670
N0151X167.408Z-15.079
N0152X165.918Z-13■545
N0153X164.294Z-12.080
N0154X162.538Z-10. 699
N0155X160.658Z-9.417
N0156X158.661 Z-8. 250
N0157X156.560Z-7.214



N0158X154.366Z-6.327 
N0159X152.096Z-5.608 
N0160X149.768Z-5.076 
N0161X147.401Z-4.751 
N0162X145.019Z-4.656 
N0163X145.013Y-24.8Z-4.698 
N0164X147.382Z-4.793 
N0165X149.738Z-5.114 
N0166X152.057Z-5.640 
N0167X154.320Z-6.351 
N0168X156.509Z-7.229 
N0169X158.608Z-8.255 
N0170X160.603Z-9.413 
N0171X162.484Z-10.685 
NB172X164.241Z-12.056 
N0173X165.868Z-13.512 
N0174X167.362Z-15.038 
N0175X168.719Z-16.623 
N0176X169.941 Z—18-253 
N0177X171.030Z-19.917 
N0178X171.992Z-21.606 
N0179X172.833Z-23.310 
N0180X173.563Z-25.021 
N0181X174.194Z-26.730 
N0182X174.741Z-28.430 
N0183X175.219Z-30.118 
N0184X175.649Z-31.785 
N0185X176.420Z-34.948 
N0186X176.864Z-36.636 
N0187X177.331Z-38.194
N0188X177.353Y-28.8Z-38.208 
N0189X176.885Z-36.637
N0190X176.4662-35.037 
N0191X175.651Z-31.716 
N0192X175.226Z-30.078 
N0193X174.742Z-28.384 
N0194X174.189Z-26.678 
N0195X173.551Z-24.966 
N0196X172.814Z-23.254 
N0197X171.966Z-21.550 
N0198X170.999Z-19.863 
N0199X169.903Z—18.202 
N0200X168.676Z-16.578 
N0201X167.314Z-15.0 
N0202X165.816Z-13.482 
N0203X164.186Z-12.035 
N0204X162.428Z-10.673 
N0205X160.547Z-9.411 
N0206X158.553Z-8.264 
N0207X156.457Z-7.247 
N0208X154.274Z-6.378 
N0209X152.017Z-5.674 
N0210X149.707Z-5.154 
N0211X147.363Z-4.837



N0212X145.007Z-4.744
N0213X145.010Z20.0
N0214M09
N0215M05
N0216M30



RFNC50.NC2 The post processed Part Program (RFNC50.NCI)

N0001G0G90G40G80G21G54
N0002T02M06
N0003G00G43Z20.0H02S1500M03
N0004X0.0Y0.0
N0005X149.039Y-1B5.074
N0006G01X149.040Y-185.0F500.0
N0007Z0.0
N0008X149.039Y-185.074Z-26.5
N0009X151.018Y-184.017
N0010X152.749Y-182.995
N0011X154.268Y-181.972
N0012X156.250Y-1G/,
N0013X157.837Y ï7%rC^i 
N0014X158,764V :: 77-471 
N0015X:59i5Z7Y-176.240
N00t6Xi60r2a&Y-175.003 
N&Ü17X160-869Y-173.795, 
N0018X161.336Y-172.664
N0019X161.667Y-171.666
N0020X163.631Y-171.370Z-29.5
N0021X163.382Y-172.261
N0022X163.057Y-173.316
N0023X162.643Y-174.481
N0024X162.128Y-175.706
N0025X161.5Y-176.951
N0026X160.754Y-178.184
N0027X159.881Y-179.379
N0028X15B.879Y-180.521
N0029X157.189Y-182.127
N0030X155.074Y-183.575
N0031X153.544Y-184.493
N0032X157.231Y-183.835Z-32.5
N0033X158.345Y-183.062
N0034X159.432Y-182.167
N0035X160.461Y-181.165
N0036X161.406Y-180.072
N0037X162.246Y-178.908
N0038X162.973Y-177.697
N0039X163.580Y-176.463
N0040X164.072Y-175.235
N0041X164.460Y-174.045
N0042X164.761Y-172.927
N0043X165.001Y-17J.919
N0044X165.231Y-171.063
N0045X166.524Y-170.767Z-35.5
N0046X166.24JY-172.
N0047X165.902Y-173.806
N0048X165.489Y-175.221
N0049X164.990Y-176.575



, N0050X164.398Y-377.872
' N0051X163.713Y-179.il?
. N0052X162,941Y-180r293
' N0053X162,092Y-181./H?
। N0054X161.184Y-1U2,^^^' N0055X160,23VY-3&3.
, N005&X158.84nY-lu^r7/^
' H0057X157r3^"185rT15
N0058X156.754Y-186.210
N&ÜS9X156.173Y-186.536
N0060X158,296Y-186.595Z-38.5 
%0061X159.213Y-185.724 
%0362X160.920Y-184.169
N0063X161.951Y-183.168
N0064X162.804Y-182.262
N0065X163.604Y-181.305
N0066X164.343Y-180.289
N0067X165.013Y-179.209
N0068X165.610Y-178.067
N0069X166.130Y—176.867
N0070X166.574Y-175.620
N0071X166.944Y-174.340
N0072X167.245Y-173.044
N0073X167.484Y-171.758
N0074X167.670Y-170.508
N0075X168.737Y-170.298Z-41.5
N0076X168.491Y-172.005
N0077X168.152Y-173.636
N0078X167.729Y-175.191
N0079X167.232Y—176.665
N0080X166.671Y-178.058
N0081X166.056Y-179.365
N0082X165.396Y-180.586
N0083X164.703Y-181.716
N0084X163.986Y-182.754
N0085X163.254Y-183.697
N0086X162.519Y-184.543
N0087X161.790Y-185.288
N0088X161.076Y-185.931
N0089X160.388Y-186.469
N0090X159.737Y-186.9
N0091X160.542Y-187.188Z-44.5
N0092X161.220Y-186.794
N0093 X161.922Y-186.277
N0094X162.641Y-185.641
N0095X163.370Y-184.888
N0096X164.102Y-184. 024
N0097X164.828Y-183.050
N0098X165.543Y-181.972
N0099X166.239Y-180.792
N0100X166.908Y-179.514
N0101X167.543Y-178.142
N0102X168.137Y-176.680
N0103X168.683Y-175.131



N0104X169. 
N0105X169. 
N0106X169. 
N0107Z-24. 
N0108X169. 
N0109M09 
N0110M05 
N0111M30

173Y-173.499
6Y-171.787
957Y-170.0

960



RFNC60.NC2 - The post processed Part Program (RFNC60.NCI)

N 0 0 01G0G90G -I- 0 G S 0 L? 21G 5 4
N0002T02M06
N0003G00G43Z20.0H02S1500M03
N0004X0.0Y0.0
N0005X147.0Y~171.870
N0006G01Z0.0F500.0
N0007Y~171.873Z~17.522
N0008Y-173.574Z-18.180
N0009Y-175.170Z-1B.819
N0010Y-176.673Z-19.466
N0011Y-17S.093Z-20.141
N0012Y-179.439Z-20.863
N0013Y-180.717Z-21.641
N0014Y-181.929Z-22.486
N0015Y-183.076Z-23.399
N0016Y-184.156Z~24.380
N0017Y-185.162Z-25.421
N0018Y-186.089Z-26.514
N0019Y-186.925Z-27.643
N0020Y-187.658Z-28.788
N0021Y-188.272Z-29.926
N0022Y-188.750Z-31.027
N0023X150.0Y-187.824Z-31.617
N0024Y-187.168Z-30.418
N0025Y-186.536Z~29.304
N0026Y-185.892Z-28.254
N0027Y-185.213Z-27.256
N0028Y-184.474Z-26.296
N0029Y-183.657Z-25.365
N0030Y-182.749Z-24.458
N0031Y-181.739Z-23.570
N0032Y-180.623Z-22.702
N0033Y-179.399Z-21.856
N0034Y-178.071Z-21.037
N0035Y-176.648Z-20.255
N0036Y-175.138Z-19.521
N0037Y-173.562Z-18.848
N0038Y—171.937Z-18.255
N0039X153„0Y-171.995Z-19.4
M0040Y—173.192Z-19.933
N0041Y-174.338Z~20.431
N0042Y-175.435Z-20.913
N0043Y.176.495Z-21.402
N0044Y-177.521Z-21.919
N0045Y-178.51BZ~22.483
N0046Y.179.494Z-23. 115
N0047Y-180.453Z-23.836
N0048Y-181.403Z-24.667
N0049Y-182.348Z-25.629



N0050Y-183.296Z-2&/74]
N0051Y-184.250Z-28r225
N0052Y-185rS19Z-29,502
N0053Y-126.208Z-31.191
N0054Y-187.221Z-33.115
N0055X156.0Y-186.548Z-35.299
N0056Y-186.149Z-34.609
N0057Y-185.702Z-33.782
N0058Y-185.191Z-32.845
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