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UNIT 1

INTRODUCTION TO CAD CAM

1

Production Systems

Production system is the collection of people, Equipment, and procedures  
organized to accomplish the manufacturing operations of a company.
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Production Systems

Production systems can be divided into two levels:

1. Facilities

The facilities of the production system consists of

• the factory

• the equipment in the factory, and

• the way the equipment is organized.

2. Manufacturing support systems

Set of procedures used by the company to:

• manage production
• solve the technical and logistics problems encountered in

• orderingmaterial
• moving work through the factory
• ensuring that products meet quality standards.

3

Production Systems

In modern manufacturing operations, portions of the production  

system are automated and/or computerized.

4
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I. Production System Facilities

Facilities in the production system are:

• The factory
• Production machines and tooling
• Material handling equipment
• Computer systems that control the manufacturing operations

Facilities also include the plant layout, which is the way the  
equipment is physically arranged in the factory.

The equipment is usually organized into logical groupings, and  

we refer to these equipment arrangements and the workers  

who operate them as the manufacturing systems in the factory

5

Various Types of Plant Layouts

1- Fixed – position layout

Workers and processing equipment are brought to the product,  

rather than moving the product to the equipment

6
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Various Types of Plant Layouts

2- Process layout

In which the equipment is arranged according to function or type.

The lathes are in one department, milling machines are in another

department and so on.

7

Various Types of Plant Layouts

3- Cellular layout

Each cell is designed to produce a limited variety of part  

configurations; that is the cell specializes in the production of a  

given set of similar parts or products, according to the principles of  

Group Technology.

8
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Various Types of Plant Layouts

4- Product layout
Multiple workstations arranged in sequence, and the parts or
assemblies are moved through the sequence to complete the
product.

The collection of stations is designed specifically for the product to  
maximize efficiency.

9

Production quantity and product variety

Production quantity: refers to the number of units of a given part  
or product produced annually by the plant.

Production quantity can be classified into three ranges

1 Low Production (Job Shop)
Quantities in the range of 1 to 100 units per year

2 Medium Production (Batch Production)
Quantities in the range of 100 to 10000 units per year

3 High Production (Mass Production)
Quantities are 10000 to millions of units per year

Product Variety: refers to the different product designs or types  
that are produced in a plant. (Different products have different shapes  
and sizes and styles)

10
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Relationship between product variety and production quantity in  
discrete product manufacturing

When product variety is high, production quantity tends to be low; and vice versa.

11

Types of facilities and layouts used for different levels  
of production quantities and product variety

12
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II. Manufacturing Support Systems

To operate the production facilities efficiently, a company must organize itself to

• Design the processes and equipment

• Plan and control the production orders; and

• Satisfy product quality requirements

This accomplished by manufacturing support systems (people and procedures)

Most of manufacturing support systems do not directly  
contact the product, but they plan and control its  

progress through the factory.

13

II- Manufacturing Support Systems

Manufacturing support involves a cycle of information-processing activities

14
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II- Manufacturing Support Systems

1- Business Functions

Included in business functions are

• Sales and marketing

• Sales forecasting

• Order entry

• Cost accounting

• Customer billing

15

II- Manufacturing Support Systems

2- Product Design

Included are

• Research and development

• Design engineering

• Drafting and modeling

16
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II- Manufacturing Support Systems

3- Manufacturing Planning

The information-processing activities included in  
manufacturing planning are:

• Process planning

• Scheduling

• Material requirement planning

17

II- Manufacturing Support Systems

4- Manufacturing Control

Information included in manufacturing control function are

• Shop control

• Inventory control

• Quality control

18
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Automation in Production Systems

Automation can be defined as a technology concerned with the  

application of AERONAUTICAL, electronic and computer-based 

systems  to operate and control production

The automated elements of the production system can be separated into two categories:

• Automation of the manufacturing systems in the factory

• Computerization of the manufacturing support systems

19

Automated Manufacturing Systems

Examples of automated manufacturing system included:

• Automated machine tools that process parts

• Transfer lines that perform a series of machining operations

• Automated assembly systems

• Industrial robots to perform processing or assembly

• Automatic material handling and storage systems

• Automatic inspection systems for quality control

Automated manufacturing systems can be classified into three basic types:

• Fixed automation

• Programmable automation

• Flexible automation

20

11
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Automated Manufacturing Systems

1- Fixed Automation

Fixed automation is a system in which the sequence of processing (or  

assembly) operations is fixed by the equipment configuration. Each of  

the operations in the sequence is usually simple.

Examples:

• machining transfer lines

• automated assembly machines

21

Automated Manufacturing Systems

2- Programmable Automation

In programmable automation, the production equipment is designed with  

the capability to change the sequence of operations to accommodate  

different product configurations. The operation sequence is controlled  

by a program

Examples:

• Numerically controlled machines (NC)

• Industrial robots

22
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Automated Manufacturing Systems

3- Flexible Automation

Flexible automation is an extension of programmable automation.  

A flexible automated system is capable of producing a variety of  

parts with virtually no time lost for changeovers from one part  

style to the next.

Example

• Flexible manufacturing systems

23

Three types of automation relative to production quantity  
and product variety

24
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Computerized manufacturing support systems

Automation of the manufacturing support systems is aimed at  
reducing the amount of manual effort in;

• product design
• manufacturing planning
• manufacturing control; and
• business functions

All modern manufacturing support systems are implemented  
using computer systems

Computer technology is used to implement automation of the  
manufacturing systems in the factory as well

25

Computerized manufacturing support systems

Computer Integrated Manufacturing (CIM) is the use of computer  

systems to design the products, plan the production, control the  

operations, and perform the various business-related functions needed in  

a manufacturing firm

True CIM involves integrating all of these functions in one system that  

operates throughout the enterprise

26
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Reasons for Automating

• To increase labor productivity

• To reduce labor cost

• To reduce or eliminate routine manual tasks

• To improve worker safety

• To improve product quality

• To reduce manufacturing lead time

• To accomplish processes that can not be done manually

• To avoid the high cost of not automating

27

Automation Migration Strategy

15
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Manufacturing Systems

A manufacturing system is a collection of integrated equipment and human  

resources, whose function is to perform one or more processing and/or  

assembly operations on a starting raw material, part, or set of parts.

The integrated equipment includes production machines and tools, material handling  
and work positioning devices, and computer systems 29

Components of a Manufacturing System

A manufacturing system consists of several components usually include:

• Production machines plus tools, fixtures and other related  

hardware

• Material handling system

• Computer systems to coordinate and/or control the above  

components

• Human workers

30
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Production Machines

Manually operated machines are directed or supervised 

by a human worker.
Example : conventional machinetools

Semi-automated machines perform a portion of the  
work style under some form of program control and a  
human worker tends to the machine for the remainder  
of the cycle.

Example: CNC machines

Fully automated machines operate for extended periods  
of time with ni human attention

Example: Injection moldingplants

31

Material Handling System

1- Loading, positioning and unloading
These material handling functions occur at each workstation

Loading involves moving work units into the production  
machine or processing equipment from a source inside the  
station

Positioning provides for the part to be in a known location and  
orientation relative to workhead or tooling that performs the  
operation

Unloading Removes the work unit from the production  
machine and either placed in a container at the workstation of  
prepared for transport to the next workstation in the
processing sequence 32

17
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Material Handling System

2- Work Transport between Stations

• Work transport means moving parts between workstations in a multi-
station system.

• The transport function can be accomplished manually or by the most  
appropriate transport equipment

Variable Routing, work units are  
transported through a variety of  

different station sequences.

Fixed Routing, the work units  
always flow through the  

same sequence of stations

33

Computer Control System

A computer is required to control the automated and semi-
automated equipment and to participate in the overall  
coordination and management of the manufacturing systems

Typical computer system functions include:

• Communicate instructions to workers

• Download part programs to CNC machines

• Control material handling systems

• Schedule production

• Quality control

• Operations management (directly by supervisory computer or  

indirectly by preparing the necessary reports for management personnel)

34

18
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Human Resources

Direct labor

The directly add to the value of the work unit by performing  

manual work on it or by controlling the machines that perform the  

work

Indirect labor

The manage or support the system as computer programmers,  

computer operators, part programmers for CNC, maintenance and  

repair personnel

35

Classification of Manufacturing Systems

Factors that define and distinguish the different types of manufacturing  
systems are:

1. Types of operations performed

2. Number of workstations and system layout

3. Level of automation

4. Part or product variety

19
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Classification of Manufacturing Systems

3

Classification of Manufacturing Systems

38

20
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Classification of Manufacturing Systems

M=The manning level of a workstation is defined as the portion of time a
worker is in attendance at the station 39

Classification of Manufacturing Systems

40

21
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Classification of Manufacturing Systems

41

Classification of Manufacturing Systems

42

22
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Classification of Manufacturing Systems

43

Classification of Manufacturing Systems

44

23
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Classification of Manufacturing Systems

5

Defining CIM

• Technology, tool or method used to improve entirely the design  
and manufacturing process and increaseproductivity

• Using computers to help people and machines to communicate

• Architecture for integration of multiple technologies through  
computers, linking each individual island of automation to a  
closed loop business system

• integration of computer aided design, automatic material  
handling, robotics, process technologies, manufacturing  
planning & control, computer aided quality control, computer  
aided manufacturing

• focuses on the computer as the center of control of the entire  
factory, starting from the computerization of the fabrication and  
assembly processes to the information flow for production  
control, quality, maintenance, material handling, and inventory
control in a totally integrated system 46

24
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Computer Integrated Manufacturing Activities

47

Computer Integrated Manufacturing Activities

CAD (Computer Aided Design)
The activity comprises computer support design, drafting, and engineering

calculations

CAPP (Computer Aided Process Planning)
This activity is concerned with the computer aided generation of a  
technological plan to make the product. The process plan describes the  
manufacturing processes and sequences to make a part.

CAM (Computer Aided Manufacturing)
This activity defines the functions of a computer to control the activities on  
the manufacturing floor, including direct control of production equipment

CAQC (Computer Aided Quality Control)
This activity combines all ongoing quality control work of a manufacturing system.

PP&C (Production, Planning and Control)
This function is the organizational activity of CIM. It is concerned with manufacturing  
resources planning, materials requirement planning, and scheduling

48

25
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CIM Model

49

CIM Model

26
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CIM Model

51

27

UNIT 2
COMPUTER GRAPHICS

52
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Computer Graphics

An Introduction

53

What’s this course all about?

We will cover…

Graphics programming and algorithms

Graphics data  

structures Colour

Applied geometry, modelling and rendering

54
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Computer Graphics is about  

animation (films)

55

Games are very important in Computer  

Graphics

56

29
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Medical Imaging is another driving force

57

Computer Aided Design too

58

30
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Scientific Visualisation

59

First Lecture

The graphics processes

What we will cover on this course

Some definitions

Fundamental units we use in these

processes

First Practical

60

31
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Overview of the Course

Graphics Pipeline (Today)

Modelling

Surface / Curve modelling

(Local lighting effects) Illumination, lighting, shading,

mirroring, shadowing

Rasterization (creating the image using the 3D

scene)

Ray tracing 

Global illumination 

Curves and 

Surfaces

61

Graphics/Rendering Pipeline

Graphics processes generally execute

sequentially

Pipelining the process means dividing it
into stages

Especially when rendering in real-time,  
different hardware resources  
are

assigned for each stage

62
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Graphics / Rendering Pipeline

There are three  

stages  

Application Stage  

Geometry Stage

Rasterization Stage

63

Application stage
Entirely done in software by the CPU

Read Data

the world geometry  

database, User’s input by mice, trackballs,  

trackers, or

sensing gloves

In response to the user’s input, the application

stage change the view or scene

64

33
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Geometry Stage

65

Modeling: shapes

Shading: reflection and lighting

Model Transformation

Transformation: viewing

Hidden Surface Elimination

Rasterization  

Stage

Rasterization Stage

66

Geometry Stage
Rasterization and Sampling

Texture Mapping  

Image Composition

Intensity and Colour Quantization  

Framebuffer/Display

34
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An example thro’  

the pipeline…

The scene we are trying to represent:

67

Geometry Pipeline

68

Shading: reflection and lighting

Loaded 3D Models

Model Transformation  

Transformation: viewing

Hidden Surface Elimination

Imaging

35
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Preparing Shape Models
Designed by polygons, parametric  

curves/surfaces, implicit surfaces and etc.

Defined in its own coordinate system

69

70

Model Transformation

Objects put into the scene by applying translation, scaling and  

rotation

Linear transformation called homogeneous transformation is  

used

The location of all the vertices are updated by this 

t ansformat on

36
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71

Perspective Projection
We want to create a picture of the scene viewed from the camera

We apply a perspective transformation to convert the 3D  

coordinates to 2D coordinates of the screen

Objects far away appear smaller, closer objects appear bigger

Hidden Surface Removal

Objects occluded by other objects must not be drawn

72

37
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Shading

Now we need to decide the colour of each pixels taking into  

account the object’s colour, lighting condition and the camera  

position

point light source

Object

73

Shading : Constant Shading  

- Ambient
Objects colours by its own colour

74

38
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Shading – Flat Shading

Objects coloured based on its own colour and the lighting  

condition

One colour for one face

75

76

Gouraud shading, no  

specular highlights
Lighting calculation per vertex 

39
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Shapes by Polynomial Surfaces

77

Specular highlights added

Light perfectly reflected in a mirror-like way

78

40
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Phong shading

79

Next, the Imaging Pipeline

80

Geometry
Rasterization and Sampling

Texture Mapping  

Image Composition

Intensity and Colour Quantization  

Framebuffer/Display

41
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aliasing

Rasterization
Converts the vertex information output  

by the geometry pipeline into pixel  
information needed by the video 

display

Aliasing: distortion artifacts produced  
when representing a  high-
resolution signal at a lower 

resolution.

Anti-aliasing : technique to remove

81

Anti-aliasing

82

Aliased polygons  

(jagged edges)
Anti-aliased polygons

42
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How is anti-aliasing done? Each pixel is subdivided 

(sub-sampled) in n regions, and each sub-pixel has a color;  

Compute the average color value 

83

Texture mapping

84

43
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Other covered topics:  

Reflections, shadows &  

Bump mapping

85

Other covered  

topics: Global  

Illumination

86

44
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Polynomial Curves, Surfaces

87

45

Graphics Definitions

Point 

a location in space, 2D  or 3D 

sometimes denotes one  pixel

Line

straight path connecting two points  

infinitesimal width, consistent density  

beginning and end on points

88
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Graphics Definitions
Vertex

point in 3D

Edge

line in 3D connecting two vertices

Polygon/Face/Facet
arbitrary shape formed by connected vertices 

fundamental unit of 3D computer graphics

Mesh
set of connected polygons forming a surface (or

object)

:

89

Graphics Definitions

Rendering : process of generating an
image from the model

Framebuffer : a video output device 
that drives a video display from a  

memory containing the color for  every
pixel

90
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Course support resources

Graphics course 

website 

http://www.inf.ed.ac.uk/teaching/courses

/cg

lecture 

material, lecture log with general 

summary and

recommended reading,

Links to support material for lectures and

projects,

91 Practical description and resources

See the c bsite for the det

First Practical
Write a program that renders an image of a  

teapot and outputs it into an image  

file

I prepared a demo program to load a 3D model

and draw the edges

You update it so that the surface appears

shaded

ourse we ails

92
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Some notifications

16 lectures in total •  

I need to visit Japan in the beginning of •

October so no lecture on 5th October

Need to attend conferences on 16th and •  

26th of November so no lectures there

93

Summary

The course is about algorithms, not

applications

Lots of mathematics

Graphics execution is a pipelined

approach

Basic definitions 

presented Some support  

resources indicated

94
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Unit 3

View Port Transformation
 Perspective Depth

 Clipping

95

View Port Transformation

96

49
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View Port Transformation

97

Perspective Depth

98

50
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Clipping (3-D)

99

51

Hidden Surface Removal

100
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Visibility

 Assumption: All polygons are opaque

 What polygons are visible with respect to your view frustum?

 Outside: View Frustum Clipping

 Remove polygons outside of the view volume

 For example, Liang-Barsky 3D Clipping

 Inside: Hidden Surface Removal

 Backface culling

 Polygons facing away from the viewer

 Occlusion

 Polygons farther away are obscured by closer polygons

 Full or partially occluded portions

 Why should we remove these polygons?

 Avoid unnecessary expensive operations on these polygons later

101

Rendering: 1960s (visibility)

 Roberts (1963), Appel (1967) - hidden-line algorithms

 Warnock (1969),Watkins (1970) - hidden-surface

 Sutherland (1974) - visibility= sorting

Images from FvDFH, Pixar’s Shutterbug

Slide ideas for history of Rendering courtesy Marc Levoy

52
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Rendering: 1970s (lighting)

1970s - raster graphics

 Gouraud (1971) - diffuse lighting, Phong (1974) - specular lighting

 Blinn (1974)- curved surfaces, texture

 Catmull (1974) - Z-buffer hidden-surface algorithm

Rendering (1980s, 90s: Global Illumination)

early 1980s - global illumination
 Whitted (1980) - ray tracing

 Goral, Torrance et al. (1984) radiosity

 Kajiya (1986) - the rendering equation

53
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No Lines Removed

105

Hidden Lines Removed

106

54
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Hidden Surfaces Removed

107

Occlusion at various levels

55
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Occlusion: Full, Partial, None

Full Partial None

• The rectangle is closer than the triangle

• Should appear in front of the triangle

109

Backface Culling

 Avoid drawing polygons facing away from the viewer

 Front-facing polygons occlude these polygons in a closed polyhedron

 Test if a polygon is front- or back-facing?

back-facing

Ideas?

front-facing

110
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HIDDEN SURFACE REMOVAL

Goal: Determine which surfaces are visible and which are not.  

Other names:

 Visible-surface detection

 Hidden-surface elimination

 Display all visible surfaces, do not display any  

occluded surfaces.

We can categorize into

 – Object-space methods

 – Image-space methods

111

Visible surface algorithms.

Definitions:

•Object space techniques: applied before vertices are mapped to pixels

•Back face culling, Painter’s algorithm, BSP trees

•Image space techniques: applied while the vertices are rasterized

•Z-buffering

57
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Z-Buffer Algorithm

 Test visibility of surfaces one point at a time

 The surface with the z-coordinate closest to VRP is visible 

(largest z in RH coordinate sytem; smallest z in LH  

coordinate system)

Two storage areas required:

 depth buffer - z value for each pixel at (x,y)

 display buffer – pixel value (colour) for each pixel at (x,y)

113

Z-Buffer Algorithm

The z-Buffer algorithm is one of the most commonly used routines.

It is simple, easy to implement, and is often found in hardware. The

idea behind it is uncomplicated: Assign a z-value to each polygon

and then display the one (pixel by pixel) that has the smallest value.

Advantages

 Easy to implement

 Fits well with the rendering pipeline

 Can be implemented in hardware

 Always correct results

 Simple to use

 Can be executed quickly, even with many polygons

Disadvantages:

 Takes up a lot of memory

 Can't do transparent surfaces without additional code Some  

inefficiency as pixels in polygons nearer the

 viewer will be drawn over polygons at greater depth

It is a standard in many graphics packages (e.g.Open GL)

Given

List of polygons {P1, P2, ..., Pn }

An array z-buffer[x,y] initialized to −∞  

An array Intensity[x,y]

begin

for each polygon P in the polygon list do

{

for each pixel (x,y) that intersects P do

{

calculate z-depth of P at (x,y)  

if z-depth < z-buffer[x,y] then

{

Intensity[x,y] = intensity of P at (x,y)  

z-buffer[x,y] = z-depth

}

}

}

Display Intensity array  

end

114
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SCANLINE ALGORITHM

 Scanline rendering is an algorithm  

for visible surface determination, in  
3D computer graphics, that works on 
a row-by-row basis rather than a  
polygon-by-polygon or pixel-by-pixel  
basis.

 All of the polygons to be rendered  
are first sorted by the top y  
coordinate at which they first appear,  
then each row or scanline of the  
image is computed using the  
intersection of a scanline with the  
polygons on the front of the sorted  
list, while the sorted list is updated to  
discard no-longer-visible polygons as  
the active scan line is advanced  
down the picture.

115

Scan Line Algorithm

 Advantages:

 Simple

 Potentially fewer quantization errors (more bits available for depth)

 Don’t over-render (each pixel only drawn once)

 Filter anti-aliasing can be made to work (have information about all  

polygons at each pixel)

 Disadvantages:

 Invisible polygons clog AEL, ET

 Non-intersection criteria may be hard to meet

116
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SCANLINE ALGORITHM

Advantages

 The main advantage of this method  
is that sorting vertices along the  
normal of the scanning plane  
reduces the number of comparisons  
between edges.

 Another advantage is that it is not  
necessary to translate the  
coordinates of all vertices from the  
main memory into the working  
memory—only vertices defining  
edges that intersect the current scan  
line need to be in active memory,  
and each vertex is read in only once.

 The main memory is often very slow  
compared to the link between the  
central processing unit and cache  
memory, and thus avoiding re-
accessing vertices in main memory  
can provide a substantial speedup.

Comparison with Z-bufferalgorithm
 The main advantage of scanline rendering over Z-buffering is that the  

number of times visible pixels are processed is kept to the absolute  
minimum which is always one time if no transparency effects are  
used—a benefit for the case of high resolution or expensive shading  
computations.

 In modern Z-buffer systems, similar benefits can be gained through  
rough front-to-back sorting (approaching the 'reverse painters  
algorithm'), early Z-reject (in conjunction with hierarchical Z), and less  
common deferred rendering techniques possible on programmable  
GPUs.

 Scanline techniques working on the raster have the drawback that  
overload is not handledgracefully.

 The technique is not considered to scale well as the number of  
primitives increases. This is because of the size of the intermediate  
datastructures required during rendering—which can exceed the size  
of a Z-buffer for a complexscene.

 Consequently, in contemporary interactive graphics applications, the Z-
buffer has become ubiquitous. The Z-buffer allows larger volumes of  
primitives to be traversed linearly, in parallel, in a manner friendly to  
modern hardware. Transformed coordinates, attribute gradients, etc.,  
need never leave the graphics chip; only the visible pixels and depth  
values are stored.

117

PAINTER’S ALGORITHM

The painter's algorithm, also known as a priority fill, is one of the simplest solutions to the visibility problem in 3D computer graphics. When  

projecting a 3D scene onto a 2D plane, it is necessary at some point to decide which polygons are visible, and which are hidden.

Advantages:

•Very good if a valid order is easy to establish; not so good

•for more complex surface topolgies (e.g. presence ofholes)

• For simple cases very easy to implement

•Fits well with the rendering pipeline  

Disadvantages:

• Not very efficient – all polygons are rendered, even whenthey become invisible

• Complex processing (sorting + tests) for complex objects

• There could be no solution for sorting order

• Possibility of an infinite loop as surface order is swapped

118
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Warnock’s Area Subdivision
(Image Precision)

 Locate view areas (normally squares or rectangles) which 

represent a part of a single surface

 This is done by successively dividing the total view area into  

smaller rectangles

 Stop dividing a given rectangle when it contains a single  

surface or visibility precedence can be easily determined

119

Warnock’s Area Subdivision
(Image Precision)

 Start with whole image

 If one of the easy cases is satisfied (previous slide), draw what’s in front

 Otherwise, subdivide the region and recurse

 If region is single pixel, choose surface with smallest depth

 Advantages:

 No over-rendering

 Anti-aliases well - just recurse deeper to get sub-pixel information

 Disadvantage:

 Tests are quite complex and slow

120
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Warnock’s Algorithm

 Regions labeled with

case used to classify

them:

1) One polygon in front

2) Empty

3) One polygon inside,  

surrounding or  

intersecting

 Small regions not  

labeled

2 3 2 2

3

3 3 3 2
3

3 1 3
1

3

3
1 1 1 3

33

2 3 3 3

2 2 2 2

121

Warnock’s Algorithm

122
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Warnock’s Algorithm

123

Warnock’s Algorithm

124
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Warnock’s Algorithm

125

BSP (Binary Space Partitioning) Tree.

•One of class of “list-priority” algorithms – returns  

ordered list of polygon fragments for specified view  

point (static pre-processing stage).

•Choose polygon arbitrarily

•Divide scene into front (relative to normal) and  

back half-spaces.

•Split any polygon lying on both sides.

•Choose a polygon from each side – split scene  

again.

•Recursively divide each side until each node  

contains only 1polygon.

3

4
1

2

5

View of scene from above

126
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BSP-Tree Example

A
C

B

2

4

1

3

A

B C

3 2 4 1

-

- -

+

++
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Building BSP-Trees

 Choose polygon (arbitrary)

 Split its cell using plane on which polygon lies

 May have to chop polygons in two (Clipping!)

 Continue until each cell contains only one polygon fragment

 Splitting planes could be chosen in other ways, but there is no efficient optimal algorithm for  

building BSP trees

 Optimal means minimum number of polygon fragments in a balanced tree
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Building Example

 We will build a BSP tree, in 2D, for a3  

room building

 Ignoring doors

 Splitting edge order is shown

 ―Back‖ side of edge is side with the number

1

2

3 4

5

6
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Building Example (1)

1

23b 4b

5

6

1

3a, 4a, 6 2, 3b, 4b, 5

- +

4a3a
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Building Example (2)

1

23b 4b

5a

6

1

3a, 4a, 6

- +

4a3a

3b, 5b

2

4b, 5a

- +

5b
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Building Example (3)

1

23b 4b

5a

6

1
- +

4a3a

2

4b, 5a

-

5b

3a
+  

4a, 6

+

3b

+

5b
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Building Example (Done)

1

23b 4b

5a

6

1
- +

4a3a

2

-

5b

3a

+

3b

+

+

4a

6

+

5b

4b

+

5a
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Binary Space Partitioning, Ray cast &Painter’s

Algorithms
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Comparisons of Algorithms

135
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137

70

Geometrical Modelling
Chapter 3
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Geometrical Modelling

Lesson Objectives:

• To Learn advanced concepts of feature based modelling and  
parametric modelling

• To understand the mathematical basis for geometric modelling of  
curves and surfaces and their relationship with computer graphics.

• To understand the methods of representation of wireframe, surface,  
and solid modelling systems.

• To Consider data associativity concepts of CAD/CAE integration; Be
familiar with interoperability and data transfer techniques between
design and analysis software systems.

139

Geometrical Modelling

Lesson Outcomes:

Upon completing this course, the students will be able to:

• Represent curves and surfaces using parametricequations

• Define and relate the basic concepts, tools, and algorithms in  
geometric modelling and digital surface processing

• Critically analyse and assess current research on surface  
representations and geometric modelling with the intent to apply the  
proposed methods in your own work

• Define the methods of representation of wireframe, surface, and  
solid modelling systems.
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Geometric Modeling

The basic geometric modeling approaches available to  designers 

on CAD systems are:

 Wireframe modeling.

 Surface modeling.

 Solid modeling.

1 Wireframe modeling entities

• Analytic curves (lines, circles, ellipses, …….)

• Synthesis curves (parametric cubic curves, Bezier curves, 

B-spline curves, …….)

141

Geometric Modeling
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Geometric Modeling

2 Surface modeling entities

• Analytic surfaces (plane surfaces, ruled surfaces, surface of 

revolution, tabulated surfaces)

• Synthesis surfaces (parametric cubic surfaces, Bezier 

surfaces, B-spline surfaces, ….)

3 Solid modeling entities

• Construction Solid Geometry (CSG)

 Solid primitives (cubes, spheres, cylinders, ………)

 Boolean operations (Union, Subtraction, intersection)

• Boundary Representation (B-Rep)

 Geometric entities (points, lines, surfaces, …….)

 Topological entities (vertices, edges, faces, ……..)

• Sweep Representation

 Transitional sweep (Extrusion)

 Rotational sweep (Revolution)

143

Parametric Modeling

• Methodology utilizes dimension-driven capability.

• By dimension-driven capability we mean that an object defined by 

a set of dimensions can vary in size according to the dimensions  

associated with it at any time during the design process
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Feature-based Modeling

A feature represents the engineering meaning or significance of 
the geometry of a part.

 Feature modeling techniques

• Interactive feature definition

• Design by features

 Destructive by features

 Synthesis by features

• Automatic feature recognition

 Machining region recognition

 Pre-defined feature recognition

145

Wireframe Modeling

A wireframe representation is a 3-D line drawing of an object showing only the  

edges without any side surface in between.

The image of the object, as the name applies has the appearance of a frame  

constructed from thin wires representing the edges and projected lines and  

curves.

146
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Wireframe Modeling

A computer representation of a wire-frame structure consists essentially  

of two types of information:

• The first is termed metric or geometric data which relate to the 3D  

coordinate positions of the wire-frame node’ points in space.

• The second is concerned with the connectivity or topological data,  

which relate pairs of points together as edges.

 Basic wire-frame entities can be divided into analytic and synthetic  

entities.

Analytic entities :
Points   Lines Arc Circles

Synthetic entities:
Cubic curves Bezier curves B-spline curves

147

Wireframe Modeling

Limitations

• From the point of view of engineering Applications, it is not  

possible to calculate volume and mass properties of a design

• In the wireframe representation, the virtual edges (profile)  

are not usually provided.

 (for example, a cylinder is represented by three edges, that is,  

two circles and one straight line)

• The creation of wireframe models usually involves more user  

effort to input necessary information than that of solid  

models, especially for large and complex parts.
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a 2 b 2

Y 2  4 aX

 1
X 2 


Y 2

Y  mX  c

X 2  Y 2  R 2

Analytical Curves

1- Non-parametric representation analytical curves

Line

Circle

Ellipse

Parabola

• Although non-parametric representations of curve equations are used in some  
cases, they are not in general suitable for CAD because:

• The equation is dependent on the choice of the coordinate system

• Implicit equations must be solved simultaneously to determine points on  
the curve, inconvenient process.

• If the curve is to be displayed as a series of points or straight line  
segments, the computations involved could be extensive.
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P(u)  [x y y]T  [x(u) y(u) z(u)]T

umin  u  umax

Analytical Curves

2- Parametric representation of analytical curves

In parametric representation, each point on a curve is expressed as a  

function of a parameter u. The parameter acts as a local coordinate  

for points on the curve.

For 3D Curve

• The parametric curve is bounded by two parametric values Umin  and

Umax

• It is convenient to normalize the parametric variable u to have the 

limits 0 and 1.
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z  z1  u(z2  z1)

x  x1  u(x2  x1)

y  y1   u( y2  y1) 0 u 1

P  P1       u(P2  P1) 0 u 1

Scalar form

Analytical Curves

2- Parametric representation of analytical curves

1- Lines

• A line connecting two points P1 and P2.

• Define a parameter u such that it has the values 0 and 1 at P1 and  

P2 respectively

Vector form

The above equation defines a line bounded by the endpoints P1 and P2 

whose associated parametric value are 0 and 1
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Analytical Curves

2- Parametric representation of analytical curves

2- Circles

• The basic parametric equation of a circle can be written as

x  xc  R cosu

y  yc   R sin u 0  u 2

z  zc

For circle in XY plane, the parameter u is the angle measured  from 
the X-axis to any point P on the circle.
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us  u ue

x  xc R cos u

y  yc R sin u

z  zc

Analytical Curves

2- Parametric representation of analytical curves

3- Circular Arcs

• Circular arcs are considered a special case of circles. A circular arc 

parametric equation is given as

Where us and ue are the starting and ending angles of the arc 
respectively
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Synthesis Curves
Curves that are constructed by many curve segments are called SynthesisCurves

• Analytic curves are not sufficient to meet geometric  design 

requirements of AERONAUTICAL parts

• Products such as car bodies, airplanes, propeller blades, etc. are a  

few examples that require free-form or synthetic curves and  

surfaces

• Mathematical approaches to the representation of curves in CAD 

can be based on either

• Interpolation

• Approximation

 If the problem of curve design is a problem of data fitting, the  

classic interpolation solutions are used.

 If the problem is dealing with free form design with smooth 

shapes, approximation methods are used.
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Synthesis Curves

1 Interpolation

Finding an arbitrary curve that fits (passes through) a set of given  

points. This problem is encountered, for example, when trying to fit  

a curve to a set of experimental values.

Types of interpolation techniques:

• Lagrange polynomial

• Parametric cubic (Hermite)

Parametric cubic

155

Synthesis Curves

2 Approximation

Approximation approaches to the representation of curves provide a 

smooth shape that approximates the original points, without  

exactly passing through all of them.

Two approximation methods are used:

• Bezier Curves

• B-spline Curves

Bezier Curves

B-spline curves

156
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Synthesis Curves
1- Lagrange Interpolation  

Polynomial

• Consider a sequence of planar points defined by (x0, y0), (x1, y1),
…….(xn, yn) where xi < xj for i < j.

The interpolating polynomial of nth degree can be calculated as

n

n

i0

 i i ,nf  ( x)  y L (x)

i ,n
( x   x  ).........  ( x  x )( x   x ).....( x  x )

L ( x )
( x  x0 )........( x  xi  1 )( x  xi  1 ).....( x  xn )

where

n

i  0,1,2....n
 x  x 

n  x  x j 
f n(x)  yi 

ji
i0 j 0  i j 

i 0 i i1 i i1 i n

A short notation for this formula is

where

∏ denotes multiplication of the n-factors obtained by varying  

j from 0 to n excluding j=i
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Synthesis Curves

2- Bezier Curves

Given n+1 control points, P0, P1, P2, ….., Pn, the Bezier curve is defined  

by the following polynomial of degree n

0  u 1
n

P(u) Bi,n(u)Pi

i0
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i ,n

n!  

i!(n i)!
C(n, i) 

B (u) C(n, i)ui (1u)ni

Synthesis Curves
2- Bezier Curves

where

P(u) is any point on the curve

Pi is a control point, Pi = [xi yi zi]T

Bi,n are polynomials (serves as basis function for the Bezier Curve)

where

In evulating these  

expressions 00 =1

0! =1

C(n,0) = C(n,n)=1 when u and i are 0
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P C(n,n1)un1(1u) Pun

n1 n

P(u) P (1u)n P C(n,1)u(1u)n1 P C(n,2)u2(1u)n2........
1 20

Synthesis Curves

2- Bezier Curves

The above equation can be expanded to give

0 ≤ u ≤ 1

160

81



IARE

161
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n

0  u  umaxP(u )  N i ,k (u)Pi

i0

Synthesis Curves

2- B-spline Curves

Given n+1 control points P0, P1, ……., Pn, the B-spline curve of degree  

(k-1) defined by these control points is given as

Where

• P(u) is any point on the curve

• Pi is a control point

• Ni,k(u) are the B-spline basis functions of degree k

• The parameter k controls the degree (k-1) of the resulting B-spline  

curve and usually independent of the number of control points

• It should be noted that the range of u is not 0 to 1, but it varies 

with the number of control points and the degree of the curve

0 ≤ u ≤ ( (n+1) – (k-1) )

0 ≤ u ≤ n – k + 2

163

N
i,1

i,k i

N (u)
ik

ik1 i ik i1

i,k1

ui u  ui1

0 otherwise

1

u u
u)

Ni1,k 1(u)
 (u

u u
N (u)  (u u )

Synthesis Curves

2- B-spline Curves

If k = 2, we get a linear curve  

If k = 3, we get quadratic  

curve If k = 4, we get cubic  

curve

• The B-spline basis functions are given as

164

83



IARE





 j  k

k  j  n  

j  n

j

n k  2

u 


j  k 1

0

Synthesis Curves

2- B-spline Curves

The ui are called parametric knots or knot values. These values form a  

sequence of non-decreasing integers called knot vector. The point on  

the curve corresponding to a knot ui is referred to as a knot point. The  

knot points divide a B-spline curve into curve segments.

Where 0 ≤ j ≤ n+k

• The number of knots (n + k + 1) are needed to create a (k-1)  

degree curve defined by (n+1) control points
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Surface Modeling

• Surface modeling is a widely used modeling technique in  which 

objects are defined by their bounding faces.

• Surface modeling systems contain definitions of surfaces, edges, 

and vertices

• Complex objects such as car or airplane body can not be  achieved 

utilizing wireframe modeling.

• Surface modeling are used in

 calculating mass properties

 checking for interference

 between mating parts

 generating cross-section views

 generating finite elements meshes

 generating NC tool paths for

 continuous path machining
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Surface Modeling

Parametric representation of surface

P(u, v) [x y z]T

P(u, v)  [x(u,v) y(u,v) z(u, v)]

umin  u umax  

vmin  v  vmax

167

Surface Modeling

Surfaces Entities

1- Analytical surface entities

2- Synthesis surface entities

- Bezier surface - B-spline surface

Surface of revolution

Plane surface

Ruled (lofted) surface

Tabulated cylinder
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Surface Modeling
Parametric Representation of Analytical Surfaces

1- Plane Surface

The parametric equation of a plane defined by three points, P0, P1, and P2

P(u,v)  P0u(P1  P0)  v(P2 P0)

0  u1 0  v 1

169

P(u,v)  (1 v)G(u) vQ(u)  

0  u1 0  v 1

Surface Modeling
Parametric Representation of Analytical Surfaces

2 Ruled Surface

A ruled surface is generated by joining corresponding points on two space  

curves (rails) G(u) and Q(u) by straight lines

• The parametric equation of a ruled surface defined by two rails is given as

Holding the u value constant in  

the above equation produces  

the rulings in the v direction of  

the surface, while holding the  

v value constant yields curves  

in the u direction.
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0  u  umax

0  v  vmax

P(u, v) G(u)  vn

Surface Modeling
Parametric Representation of Analytical Surfaces

3 Tabulated Cylinder

A tabulated cylinder has been defined as a surface that results from  

translating a space planar curve along a given direction.

• The parametric equation of a tabulated cylinder is given as

Where

G(u) can be any  
wireframe entities to form  
the cylinder

v is the cylinderlength

n is the cylinder axis  
(defined by two  
points)

171

Surface Modeling

Parametric Representation of Analytical Surfaces

4- Surface of Revolution

Surface of revolution is generated by rotating a planar curve in space 

about an axis at a certain angle.
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Surface Modeling

Mesh Generation

• Whenever the user requests the display of the surface with a mesh 

size m x n

 The u range is divided equally into (m-1) divisions and m 

values of u are obtained.

 The v range is divided equally into (n-1) divisions and n values  

of v are obtained.
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0  u  1

0  v  1

m n

p(u, v)  Bm ,i (u )Bn , j (v)Pi, j  

i 0 j 0

Surface Modeling

Parametric Representation of Synthesis Surfaces

1- Bezier Surface

A Bezier surface is defined by a two-dimensional set of control points Pi,j  
where i is in the range of 0 to m and j is in the range of 0 to n. Thus, in this  

case, we have m+1 rows and n+1 columns of control points
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v j (1 v)n j

j!(n  j)!
B (v) 

u i (1u)mi
m!  

i!(m  i)!

n!

B (u) 

n, j

m,i

Surface Modeling

Parametric Representation of Synthesis Surfaces

Where

P(u, v) is any point on the  

surface Pi, j are the control points

Bm,i(u) and Bn,j are the i-th and j-th Bezier basis functions in the u-

and v-directions
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max
m n

ij i,k j,L
0vv

0uu
p(u,v)P N  (u)N (v)

i0 j0 max

Surface Modeling

Parametric Representation of Synthesis Surfaces

1- B-spline Surface

B-spline surface defined by (m+1) x (n+1) array of control points is given  

by

Where

P(u, v) is any point on the  

surface K is the degree in  u-

direction

L is the degree in v-direction

Ni,k (u) and Nj,L (v) are B-spline basis functions of degree K and L  

respectively
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Solid Modeling

Solid modeling techniques provide the user with the  
means to create, store, and manipulate complete  
representations of solid objects with the potential for  
integration and improved automation.

Solid
RSeepverreaslerneptaretsioenntation schemes are available for the creation of  
solid models. Some of the most popular are given:

• Constructive Solid Geometry (CSG).

• Boundary Representation (B-Rep).

• Sweeping.

177

1- Constructive Solid Geometry

A CSG model is based on the topological notation that aphysical  

object can be divided into a set of primitives (basic elements or  

shapes) that can be combined in a certain order following a set  

of rules (Boolean operations) to form the object.
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1- Constructive Solid Geometry

1.1 CSG Primitives
Primitives are usually translated and/or rotated to position and orient

them properly applying Boolean operations.

Following are the most commonly used primitives:

179

1 Constructive Solid Geometry

1.2 Boolean Operations

Boolean operations are used to combine solid primitives toform  

the desired solid. The available operators are Union ( U or +),  

intersection (∏ or I) and difference ( - ).

• The Union operator (U or +): is used to combine  
or add together two objects or primitives

• The Intersection operator (∏ or I): intersecting  
two primitives gives a shape equal to their  
common volume.

• The Difference operator (-): is used to subtract  
one object from the other and results in a shape  
equal to the difference in their volumes.
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1- Constructive Solid Geometry

1.2 Boolean Operations

Figure below shows Boolean operations of a clock A andCylinder  

B

181

1- Constructive Solid Geometry

1.2 Boolean Operations

Figure below shows Boolean operations of a clock P and Solid Q

182
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1- Constructive Solid Geometry

1.3 CSG Data Structure
Data structures for the CSG representation are based on the binary tree
structure. The CSG tree is a binary tree with leaf nodes as primitives and  

interior nodes as Boolean operations

183

1- Constructive Solid Geometry

1.4 CSG Creation Process

The creation of a model in CSG can be simplified by the use of a

table summarizing the operations to be performed. Thefollowing  

example illustrates the process of model creation used in the  

CSG representation.
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185

1- Constructive Solid Geometry

Limitations

• Inconvenient for the designer to determine simultaneously a  

sequence of feature creation for all design iterations

• The use of machining volume may be too restrictive

• Problem of non-unique trees. A feature can be constructed in  

multiple ways

• Tree complexity

• Surface finish and tolerance may be a problem
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2- Boundary Representation (B-Rep)

• A B-Rep model or boundary model is based on the topological  

notation that a physical object is bounded by a set of Faces.

• These faces are regions or subsets of closed and orientable  

surfaces.

 A closed surface is one that is continuous without breaks.

 An orientable surface is one in which it is possible to distinguish

two sides by using the direction of the surface normal to a point

inside or outside of the solid model.

• Each face is bounded by edges and each edge is boundedby  
vertices.

187

2- Boundary Representation (B-Rep)
2.1 B-Rep Data Structure

A general data structure for

a boundary model should
have both topological and

geometrical information

• Geometry relates to the
information containing

shape defining parameters,

such as the coordinates of
the vertices

• Topology describes the 

connectivity among the
various geometric 

components, that is, the
relational information

between the different parts
of an object

Topology Geometry

Object

Body

Genus

Face

Loop

Edge

Vertex

Surface

Curve

Point
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2- Boundary Representation (B-Rep)
Same geometry but different topology

Same topology but different geometry

189

2 Boundary Representation (B-Rep)

Two important questions in B-Rep

1. What is a face, edge or a vertex?

2. How can we know that when we combine  

these entities we would create valid objects?

190
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2- Boundary Representation (B-Rep)

B-Rep Entities Definition

• Vertex is a unique point in space

• An Edge is a finite, non-self-intersecting, directed space  
curve bounded by two vertices

• A Face is defined as a finite connected, non-self-intersecting,  

region of a closed oriented surface bounded by one or more  
loops

191

2- Boundary Representation (B-Rep)

B-Rep Entities Definition

• A Loop is an ordered alternating sequence of vertices and edges. A

loop defines a non-self-intersecting, piecewise, closed space curve

which, in turn, may be a boundary of a face.

• A Handle (Genus or Through hole) is defined as apassageway  
that passes through the object completely.

• A Body (Shell) is a set of  
faces that bound a single  

connected closed volume.  
Thus a body is an entity that  

has faces, edges, and vertices
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2 Boundary Representation (B-Rep)

Validity of B-Rep

• To ensure topological validation of the boundary model,
special operators are used to create and manipulate the

topological entities. These are called Euler Operators

• The Euler’s Law gives a quantitative relationship among  

faces, edges, vertices, loops, bodies or genus in solids

F  E V  L  2(B G)
F = number of faces 

E = number of edges

V = number of vertices

L = Faces inner loops 

B = number of bodies

G = number of genus (handles)

Euler Law

Where
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2- Boundary Representation (B-Rep)
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3 Sweep Representation

Solids that have a uniform thickness in a particular direction and  
axisymmetric solids can be created by what is called

Transitional (Extrusion) and Rotational (Revolution)Sweeping

• Sweeping requires two elements – a surface to be moved  

and a trajectory, analytically defined, along which the  

movement should occur.

Extrusion Revolution

195

3- Sweep Representation

Extrusion (Transitional Sweeping)

Revolution (Rotational Sweeping)
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197

UNIT 4

COMPUTER AIDED DRAFTINGAND  

SOLID MODELLING
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and drafting.

What is AutoCAD?

AutoCAD is a CAD (ComputerAided 

• Design or Computer Aided Drafting)

software application for 2D and 3D design

199

Commands

Tool Bar 

• Pull Down 

•

KEY COMMANDS •

From the Key board –
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Key Sequences

Always look at the command line •

At the bottom of the page –

Always be as specific as possible –

201

Layers

In Auto CAD, we make individual layers… •
For things like  

– Hidden lines •  

Center lines •  

Section lines •

Break lines •

202
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Layers

Layers are a –

way 

of managing, 

tidying and 

also controlling 

the visual 

layout of a 

drawing.

203

Layers

A whole section  

– of a  

drawing

can be 

turned on or  

off, or simply  

one aspect can 

be controlled -

text for 

example.

204



IARE

Layers
This is all done  –

by using layers  

within Autocad.

205

What is a Layer

A layer can be thought of as a large piece of –

clear plastic, as infinitely large as the

drawing area in Autocad.
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What is a Layer

When drawing in Autocad, everything is –

drawn on the default layer which is set

current. Only the objects you are drawing 

are visible on the layer, the layer itself can  

never be seen - it is invisible.

207

What is a Layer

Layers are controlled by the layer properties manager button which is located on  

th object properties toolbar:

Each new layer is created by you, the user. –

Normally, it is acceptable to have a layer for  

each different part of a drawing.
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Layer property manger

209

In Layer Property manger

Add a New Layer - Press the New button to create a new •
layer.

Delete a Layer - Press the delete button to delete the
selected layer.

Set Current layer - Press the current button to set the  
selected layer current. All objects drawn will then be drawn on

this current layer.

Show Details - Press the show details button to see more  
detailed information about the selected layer.

Each layer also has the following options against it:
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Layer property Manger

Name - Displays the layer name. •
On - Controls if the layer is on or off. Select the light bulb to turn the layer off •

on the drawing.

Freeze in all VP - Pressing this will freeze the layer in all viewports as well •  
as the current model view (see lesson 10 to learn aboutviewports)

Lock - This handy feature locks a layer preventing any content of the layer •
from being modified.

Colour - Change this to whichever colour you like. All objects drawn on the •  
layer will display the chosen colour provided that the objects coloursetting

in the object properties toolbar (shown above) is set to 'ByLayer'.
Linetype - Set the default linetype for all objects drawn on the layer. i.e •

continuous, dashed, dottedetc.

Lineweight - Set the thickness a line appears .Default is no thickness. This •  
option can be toggled on/off on the display by the LWTbutton above the

commandconsole.

Plot - Select if the layer will be shown when the drawing is plotted (printed). •
The current layer, layer colour, linetype and lineweight can all be controlled •  

outside of the layer properties manager via the object propertiestoolbar.
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Drafting Settings

Command DS  • 

Changes Grid –

Object Snaps –

Polar Tracking –
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Object Snaps

Midpoint 

• End point •  

Intersection •  

Extension •  

Center •  

Quadrant •  

Tangent •  

Perpendicular 

•

Parallel 

• Insert 

•

Node •

213

Object Snaps

The Object Snaps (Osnaps for short) are 

• drawing aids which are used in

conjunction with other commands to help

you draw accurately.

214
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Object Snaps

Osnaps allow you to snap onto a specific 

• object location when you are picking a

point

215

When you are drawing, take a few 

• moments to consider how you will

construct each part of the drawing 

and which Osnaps you will use before  

starting work. There is always more than  

one way to draw anything in AutoCAD 

but the quickest, most accurate and the  

most efficient way always requires the  

use of one or more of the Osnap tools
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Dock the Object Snap toolbar to your 

• drawing window for quick access to the  

Osnaps. You will be using them all the  

time, one-click access is essential. See

Object Snaps to find out how to display 

the Object Snap toolbar. To dock the  

toolbar, click on the toolbar title and drag  

it to the edge of the drawing window.
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You will begin to work on

Handed out exercises •

218
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AutoCAD
Day 2

219

Modify Commands

The modify tools (from left to right): •
Erase, Copy, Mirror, Offset, Array, 

Move, Rotate, Scale, Stretch,  
Lengthen, Trim, Extend, Break at  

point, Break, Chamfer, Fillet, 
Explode

220
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Erase

Select this button then a drawing element 

• to erase it permanently from the drawing.

221

Copy

Copy - The copy command will copy any 

• selected drawing elements and reposition

where specified by the user,  

without affecting the original  

elements.

222
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Mirror

Mirror - The mirror command will  
create a mirror image of any selected  
drawing elements along any line of  
symmetry specified by the user.

223

Mirror

224
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Mirror

225

Offset

Offset will make a copy of a line or series 

• of selected lines by a specified distance in

the direction specified.
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Offset

227

Array

The array command quickly creates 

• copies of a selected object(s) to a

specified spacing..

228
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RectangularArray

229

RectangularArray

230
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Polar Array

231

Polar Array

232
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Move

The move command works exactly the 

• same as the copy command described

above, except instead of creating a  

copy of the selected objects, the second 

objects

are moved.

233

Rotate

The rotate command rotates any selected 

• objects about a defined point by the angle

specified. By defaultAutocad will 

rotate objects anticlockwise when an  

angle is

entered.
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Scale

The scale command scales the size of a 

• selected object(s) by a defined scale factor

from a selected base point. The  

selected objects can be scaled up to  

increase size

or down to reduce the size.

235

Lengthen

The lengthen command 
• will lengthen a selected

line.
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Lengthen

DE - Delta: Autocad asks for a distance to 
• lengthen the line by, when the line is selected

it will then be lengthened by the 
specified distance ONLY to the side of the 

line where the line was selected. i.e If 
when you selected the line, you selected it 

just to the left of centre, then the left side of 
the line

would be lengthened.

•

237

Lengthen

P - Percent: Autocad asks for apercent to 
• lengthen by, then asks you to select the line.

Specifying 50% would reduce the size of the line  
by half (The same effect as scaling by a factor of

0.5). Specifying 100% would result in no change in  
length. 200% would double the length of the line.
When specifying the percentage to Autocad  

only the numerical figure has to be entered and  
not the

percent (%) symbol.

•
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Lengthen

T - Total: Autocad asks for the distance 

• you want the entire line to be, when you

select the line it will adjust the lines length

to the distance specified.

•

239

Lengthen

DY - Dynamic: Autocad adjusts the length 

• of the line as the mouse is moved in the  

direction the line is to be lengthened. This

is not an accurate technique, although  

is useful for quickly lengthening  

construction

lines for example.

•
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Trim

The trim command is an extremely useful 

• tool which will erase all parts of an object

beyond or within its intersection with

another object.
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Trim

243

Extend

The extend command is 

• similar to the trim command  

in how it functions, except it  

extends a selected line to a

point of intersection  

of another selected  

object.
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Break at Point

The break at point command enables the 

• user to break an object at a specific point,

creating two separate objects.

245

Break

The break command is identical to the 

• break at point command, except the break

line isn't as neat as break at point.
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Break

247

Chamfer

The chamfer command will chamfer the 

• intersection of two lines to a specified

distance.
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Chamfer

249

Fillet

The fillet command is very similar to the 

• chamfer command above, except instead

of creating a straight line chamfer,  

Autocad creates a radius between the  

two points.
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Fillet

251

Explode

The explode command is very straight 

• forward. It simply breaks down an object

down to its basic line entities.
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ZOOM

AutoCAD's zoom command toolbar: •

253

Zoom real time and Pan

Pan Button •
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Zoom real time and Pan

While holding the left mouse button, pull 

• the mouse to the left, right, up or down.

Notice how the pan tool reflects 

these mouse movements on screen so 

we can move around the screen  

effortlessly.

255

Day 4

Auto CAD

256
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257

Deficiencies of Geometric Models

Geometric models have a number of deficiencies that seriously limit their usefulness to 
the extent that they are really attractive only for recording the detail design of the

product.

1. Microscopic data The data available in geometric models is at low,  
microscopic level. For instance;

• Boundary representation models are expressed in terms of geometry
(points, lines, surfaces, etc) and topology (vertices, edges, faces,
etc.),

• CSG in terms of solid primitives and set operations

 Unfortunately, the decision-making and reasoning processes
258of most engineering tasks require macroscopic entities
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Deficiencies of Geometric Models

2. Lack of design intent A related problem to microscopic data is that geometric
models cannot make the distinction between the geometry which is there to
satisfy interface constraints, or to satisfy functional requirements, or for other
reasons, such as manufacturability.

3. Single-level structure Geometric models record the geometry at a single
level of abstraction in terms of precisely dimensioned geometric entities. In
other words, when ordinary geometric modeling methods are used, the exact
geometry of the part being designed must be known in advance and defined
using exact coordinates, orientations, geometric locations, and so on.

259

Deficiencies of Geometric Models

4. Tedious construction The geometry construction methods typically supported

in geometric modelers are not in line with how designers view the part.

• The primitives are very low level; locating and orienting entities with

respect to each other must be done tediously by means of arbitrary points,

lines, and planes.

 All problems of geometric modeling discussed in the previous slides point in  
the same direction:

some macroscopic entities should be available in explicit form in the model.
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Feature-based Design (FBD)

Feature modeling, in brief, is an approach where high-level modeling entities  
termed "features" are utilized to provide all the above improvements to ordinary

geometric modeling techniques.

261

Definition of Feature

• Features are generic shapes with which engineers associate certain attributes
and knowledge useful in reasoning about the product.

• Features encapsulate the engineering significance of portions of the geometry
and, as such, are important in product design, product definition, and
reasoning for a variety of applications

• A specific geometric configuration formed on the surface, edge, or corner of a
workpiece intended to modify outward appearance or to achieve a given
function.
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Feature Model

A feature model is a data structure that represents a part or an assembly mainly
in terms of its features.

• Each feature in the feature model is an identifiable entity that has
some explicit representation.

• The shape of a feature may be expressed in terms of dimension
parameters and enumeration of geometric and topological entities
and relations, or in terms of construction steps needed to produce the
geometry corresponding to the feature.

• The engineering significance may involve formalizing the function the
feature serves, or how it can be produced, or what actions must be
taken when performing engineering analysis or evaluation, or how
the feature "behaves" in various situations.

The collection of features chosen to represent a part depends on the part  

ty2p63e and the applications that the feature model is intended to support.

Types of Features

1. Form features Portions of nominal geometry; recurring, stereotypical shapes.

2. Tolerance features Deviations from nominal form/size/location.

3. Assembly features Grouping of various features types to define assembly

relations, such as mating conditions, part relative position and orientation,

various kinds of fits, and kinematic relations.

4. Functional features Sets of features related to specific function; may include  

design intent, non-geometric parameters related to function, performance, etc.

5. Material features Material composition, treatment, condition, etc.

Form features, tolerance features, and assembly features are all  
closely related to the geometry of parts, and are hence called  

collectively Geometric Features.
264



IARE

Types of Features

Features can also be broadly classified into two main categories, as
follows:

Explicit features All the details of the feature are fully defined. 
Implicit features Sufficient information is supplied to define the feature 

but the full details have to be calculated when required.

265

Feature Modeling Techniques

1- Interactive feature recognition

A geometric model is created first, then features are

created by human users, such as by picking entities in an

image of the part
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Feature Modeling Techniques

2- Automatic feature recognition

A geometric model is created first, and then a computer program  
processes the resulting model to automatically find features

267

Feature Modeling Techniques

3- Design by features

The  part geometry is  created  directly in terms  of features;geometric

models are created from thefeatures
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Classification of AERONAUTICALParts

• Rotational - cylindrical or disk-like shape

• Nonrotational (also called prismatic) - block-like or  
plate-like

AERONAUTICAL parts are classified as: (a) rotational, 

or (b)  nonrotational, shown here by block and flat

parts

269

Design by feature

1- Destructive by machining features

In the destructive by machining features approach, one starts with a model

of the raw stock from which a part is to be machined; the part model is

created by subtracting from the stock, features corresponding to material

removed by machining operations.

This facilitates a manufacturing plan to be concurrently  

developed.
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271

Design by feature

2- Synthesis by design features

The synthesis by design features approach differs from the above in 

that models can be built both by adding and subtracting features; it is 

not necessary to start with the model of the base stock.
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Features Library

273

Features Library
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Features Library

275

Features Library
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Feature Creation

Feature creation usually consists of two main stages.

• The first stage deals with the building of a two-dimensional feature region.

• The second stage deals with the generation of three-dimensional feature  
volume.
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Feature Creation
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Feature Creation

279

Feature Creation
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Features Attachment

• Feature attachment is the process by which the user includes a new  
feature in the part under design

• Feature attachment consists of a number of steps.

• First, the feature to be attached is selected visually by its name and then the user
provides interactively the minimal and sufficient information needed to define the
feature

281

Features Attachment

• Second, after generating the feature, the feature position is fixed by placing the  
feature in the specified insertion point in the part
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Features Attachment

• Third, the feature orientation is adjusted by specifying the part face upon which  
is to be attached.

• Finally, feature Boolean operation is performed by subtracting, intersection or  
adding the feature to the part under design
283

Features Technological AttributesAttachment

1. Tolerances Attributes

• Feature tolerances can be attached right after placing the feature on the part

• Generally, two types of tolerances can

be attached: dimensional and
geometric tolerances.

• Each tolerance is a self-standing
entity which may be applied to
more than one feature, and several
tolerances may apply to the same
feature.
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Features Technological AttributesAttachment

2. Surface Attributes

• Surface attributes specify the characteristics of a surface that are elements  
of the shape of a feature or a part (for example: Surface Finish).

3. Process Attributes

• A process attributes can be attached as series of actions or operations directed  
toward changing the feature or part properties

285

CAD Data Exchange

 Every CAD package stores information internally in a format that it best
suited for that package. When the user is done this information is
written to files on the hard drive.

 For most modern engineering applications it is necessary to be able to  
transfer CAD models between dissimilar computer programs.

• Standard file formats are the best method for storing and transferring  
CAD geometries (and other information) between dissimilar programs.
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CAD Data Exchange Standards

Some types are

• DXF - Primarily developed by Autodesk (for AutoCAD) to
transfer geometry using ASCII definitions

• IGES - Initial Graphics Exchange Specification for product data
exchange began in 1979

• SET - Standard d'Echange et de Transfert - Made to be more
compact than IGES

• STEP and PDES (Standard for the Exchange of Product model
data and Product Data Exchange Specification) An attempt to
model other attributes of a product, in addition to geometry,
such as tolerancing. This is the emerging standard, but it is not
widely available yet.

• VDA-FS (DIN 66301) A German approach for modelling surfaces

• VDA-IS - A German subset of IGES for the auto industry
287
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UNIT 5
COMPUTER AIDED MANUFACTURING

289

Introduction to Computer Aided Manufacturing - CAM

Computer Aided Manufacturing involves the use of computer programs
specifically designed to create the geometry and tool paths needed for
parts to be machined. These tool paths can then be automatically
processed into a program specific for the CNC machine to be used.

29
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Definition of Numerical Control (NC)

• Numerical Control (NC) is a form of programmable automation

in which the AERONAUTICAL actions of a machine tool or other

equipment are controlled by a program containing coded

instructions (alphanumeric data)

• The collection of all instructions (or program of instruction)

necessary to machine a part is called an NC program, CNC

program,or a part program.

• The person who prepares this program is called a part
programmer.

291

Basic Components of NC System

• An NC system consists of three basic components:

1. A program of instructions,

2. A machine control unit, and

3. Processing equipment.
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Basic Components of NC System

1 Program of instruction

The program of instructions is the detailed step-by-step
commands which refer to positions of a cutting tool relative to
the worktable on which the workpart is fixed.

2 Machine Control Unit

It consists of a microcomputer and related control hardware
that stores the program of instructions and executes it by
converting each command into AERONAUTICAL actions of the
processing equipment, one command at a time.

3 Processing Equipment

It accomplishes the processing steps to transform the starting
workpiece into a completed part. Its operation is directed by the
control unit, which in turn is driven by instructions
contained in the part program.

293

NC and CNC Technology

• The NC stands for the older and original Numerical Control  

technology.

• The CNC stands for the newer Computerized Numerical Control  

technology.

• Both systems perform the same task, namely manipulation of  

data for the purpose of machining a part.

• In both cases, the internal design of the control system  

contains the logical instructions that process the data.
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NC Technology

• The NC system uses a fixed logical functions, those that are  

built-in and permanently wired within the control unit.

• These functions can not be changed by the programmer or the  

machine tool operator.

• The system can interpret a part program, but it does not allow  

any changes to the program.

• NC system requires the use of punched tapes for input of the  

program instructions.

295

CNC Technology

• The modern CNC system uses an internal micro processor  

(computer).

• This computer contains memory registers storing a variety of  

routines that are capable of manipulating logical functions.

• The part program or the machine operator can change the  

program on the control itself (at the machine).
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Advantages and Disadvantages of NC

• The advantages generally attributed to NC, with emphasis on machine  

tool applications, are the following:

1. Non-productive time is reduced (fewer setups, less setup time,  

reduced workpiece handling time, and automatic tool changes).

2. Greater accuracy and repeatability.

3. More-complex part geometries are possible.

4. Simplified tooling and work holding.

5. Operator skill-level requirements are reduced.

6. Inspection requirements are reduced.

• The disadvantages of NC include the following:

1. Higher investmentcost.

2. Higher maintenance effort.

3. Part programming.
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Motion Control Systems for NC

• Motion control systems for NC can be divided into two types:

1. Point-to-point systems.

2. Continuous systems.

(1) Point-to-point systems (positioning systems)

• These systems move the worktable to a programmed location
without regard for the path taken to get to that location.

• Once the move has been completed, some processing action is
accomplished by the workhead at the location, such as drilling or
punching a hole.

2 8
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Motion Control Systems for NC

(2) Continuous Path Systems

• Generally refer to systems that are capable of continuous
simultaneous control of two or more axes.

• This provides control of the tool trajectory relative to the
workpart.

• The tool performs the process while the worktable is moving,
thus enabling the system to generate angular surfaces, 2D
curves, and 3D contours.

299

Types of Continuous paths

• Straight-Cut

When continuous path control is utilized to move the tool

parallel to only one of the major axes of the machine tool

worktable.

• Contouring

When continuous path control is used for simultaneous control

of two or more axes in machining operations.
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Interpolation Methods

• A number of interpolation methods are available to deal with the

various problems encountered in generating a smooth continuous

path in contouring.

1. Linear interpolation.

2. Circular interpolation.

3. Helical interpolation.

4. Parabolic interpolation

5. Cubic interpolation

• Linear and Circular interpolations are almost always included in

modern CNC systems.

• Helical interpolation is a common option.

• Parabolic and Cubic interpolation are less common, they are only

needed by machine shops that must produce complex surface

contours.
301

Linear Interpolation

This is the most basic and is used when a straight line path is  
to be generated in continuous path NC.
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Circular Interpolation

• This method permits programming of a circular arc byspecifying:

1. The coordinates of the starting point.

2. The coordinates of the end point.

3. Either the center or radius of the arc.

4. The direction of the cutter along the arc.

3

Helical Interpolation

• This method combines the circular interpolation scheme  
for two axes with linear movement of a third axis.

Parabolic and Cubic Interpolations

• These routines provide approximations of free form curves  
using higher order equations
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Approximation of a Curved Path in NC

• To cut along a circular path, the circle must be divided into a series of  
straight line segments that approximate the curve.

• The tool is commanded to machine each line segment so that the  
machined surface closely matches the desiredshape.

(a)The tolerance is defined on only 
the inside of the nominal curve.

(b)The tolerance is defined on only 
the outside of the desired curve.

(c)The tolerance is defined on  both 
the inside and outside of the  
desired curve.

NC Coordinate Systems

• To program the NC processing equipment, a standard axis
system must be defined by which the position of the workhead
relative to the workpart can be specified.

• There are two axis systems used in NC, one for flat and
prismatic parts and the other for rotational parts.

• Both axis systems are based on the Cartesian Coordinate
System.
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NC Coordinate Systems

• The axis system for flat and prismatic parts consists of:

1. Three linear axes (X, Y, Z) in Cartesian coordinate system.

2. Three rotational axes (A, B, C)

• In most machine tool applications, the x-axes and y-axes are used to
move and position the worktable to which the part is attached, and
the z-axis is used to control the vertical position of the cutting tool307

NC Coordinate Systems

• The axis system for rotational parts is shown below

• The path of the cutting tool relative to the rotating workpiece  
is defined in the x-z plane.

• The x-axis is the radial location of the tool.

• The z-axis is parallel to the axis of rotation of the part.
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The Right-hand rule of Coordinates

• The machine coordinate system is described by the right-hand  
rectangular coordinate system.

• Based on this system, the right-hand rule governs how the  
primary axis of a machine tool should be designated.

• Hold your right hand with the
thumb, forefinger, middle
finger perpendicular to each
other.

• The thumb represents the X-axis

• The forefinger represents the Y-axis

• The middle finger represents the 
Z-axis

• The other two fingers are  kept
closed

309

The Right-hand rule of Coordinates

• To determine the positive
direction, clockwise, about an
axis, close your hand with
the thumb pointing out in the
positive direction.

• The thumb may represent the
X, Y, or Z axis direction.

• The curl of the fingers may
represent the clockwise, or
positive, rotation about each
axis.
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CNC Milling Machines

• In the area of milling systems, three most common machine tools are  
available:

 CNC Vertical Machining Center – VMC

 CNC Horizontal Machining Center – HMC

 CNC Horizontal Boring Mill

Vertical

Horizontal
311

CNC Turning Machines

• In the area of turning systems, two basic types are available:

 Vertical CNC Lathe

 Horizontal CNC Lathe
Horizontal

Vertical
312
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Absolute Coordinates for Milling

• Absolute coordinates use the origin point as the reference point.

• This means that any point on the Cartesian graph can be plotted
accurately by measuring the distance from the origin to the point, first in
the X direction and then in the Y direction – then, (if applicable), in the Z
direction.

• Point A: this point is 1.5 units along
the X axis from the origin and 4.5
units along the Y axis from the origin.
It is as (X1.5, Y4.5)

• Point B: this point is 2 units along the
X axis from the origin and 3 units
along the Y axis from the origin. It is
as (X2.0, Y3.0)

• Point C: this point is 4 units along the
X axis from the origin and 1 units
along the Y axis from the origin. It is
as (X4.0, Y1.0)

313

Incremental Coordinates for Milling

• Incremental coordinates use the present position as the reference point  
for the next movement.

• This means that any point in the Cartesian graph can be plotted
accurately by measuring the distance between points, generally starting
at the origin.

• Point 3 is (X-2.75, Y-1.5)  units 
from the previous point  (point 2)

• Point 4 is (X0.75, Y-1.5) units  from 
the previous point (point 3)

• Point 5 is (X-1.0, Y-1.0) units  from 
the previous point (point 4)

• Point 6 is (X5.0, Y-0.5) units  from 
the previous point (point 5)

• Point 7 is (X2.0, Y0.5) units  from 
the previous point (point 6)
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Diameter versus Radius Programming

• Diameter programming relates the X axis to the diameter of the
workpiece. Therefore, if the workpiece has a 10 mm diameter and you
want to command an absolute move to the outside, you would program
X10

• Radius programming relates the X axis to the radius of the workpiece.
Therefore, with the same size workpiece of 10 mm, you would program
X5.0 to move the tool to the outside.

• Although many controllers can work in either mode, diameter
programming is the most common and is the default withCNCez.

315

Absolute Coordinates for Turning

1. When plotting points using absolute coordinates, always start at the  
origin (X0, Z0).

2. The travel along the Z axis until you reach a point directly below the  point 
that you are trying to plot.

3. Write down the Z value, then go up until you reach your point. Write  
down the X value.

Remember, travel left or right first along the Z axis and then up or down the X axis.

316
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Absolute Coordinates for Turning

• Example A: Find point A

1. Start at (X0, Z0).

2. Travel right until you are below point A.

3. Move up to point A.

• The radial XZ coordinates for point A are (X4.0, Z2.0)

• The diametrical XZ coordinates for point A are (X8.0, Z2.0)

Example B: Find point B

1. Start at (X0, Z0).

2. Travel along the Z axis  to 
a point below point B.

3. Move up to point B.

• The radial XZ coordinates  for 
point B are (X3.0, Z-7.0)

• The diametrical
XZ coordinates for point B are
(X6.0, Z-7.0)

Incremental Coordinates for Turning
• Incremental coordinates use each successive point to measure the next  

coordinate.

• Starting with the origin, each point in turn is the reference point to the  
next coordinate.

• Example A: Find point A

1. Start at (X0, Z0), travel along the Z axis until you are below point A.

2. Move up the X axis until you reach point A.

• The radial XZ coordinates for point A are (X4.0, Z2.0)

• The diametrical XZ coordinates for point A are (X8.0, Z2.0)

• Example B: Find point B

1. Start at point A.

2. Travel along the Z axis until
you are below (or above)
point B

3. Move up ( or down) the X  
axis until you are at point B

• The radial XZ coordinates for  
point B are (X-1.0, Z-9.0)

• The diametrical XZ coordinates  
for point B are (X-2.0, Z-9.0)
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Flow of CNC Processing

• Before you can fully understand CNC, you must first understand how a
manufacturing company processes a job that will be produced on a CNC
machine.

• The following is an example of how a company may break down
the CNC process:

1. Obtain or develop the part drawing.

2. Decide what machine will produce the part.

3. Decide on the machining sequence.

4. Choose the tooling required.

5. Do the required calculations for the program coordinates.

6. Calculate the speeds and feeds required.

7. Write the NC program.

8. Prepare setup sheets and tool lists.

9.Send the program to the machine.  

10.Verify the program.

11.Run the program if no changes are required.
319

Preparing a Program

• A program is a sequential list of machining instructions for the CNC  
machine to execute.

• These instructions are CNC code that contains all the information  
required to machine a part, as specified by the programmer.

• CNC code consists of blocks (also called lines), each of which contains an  
individual command for a movement or specificaction.

• CNC codes are listed sequentially in numbered blocks. Each movement is  
made before the next one.

• A program is written as a set of instructions given in the order they are to be  
performed. The instructions, if given in English, might look like this:

LINE #1 = SELECT CUTTING TOOL.

LINE #2 = TURN SPINDLE ON AND SELECT THE RPM.

LINE #3 = RAPID TO THE STARTING POSITION OF THE PART.  

LINE #4 = TURN COOLANT ON.

LINE #5 = CHOOSE PROPER FEED RATE AND MAKE THE CUT(S).  

LINE #6 = TURN THE SPINDLE AND COOLANT OFF.

LINE #7 = RETURN TO CLEARANCE POSITION TO SELECT ANOTHER TOOL. 320
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CNC Codes
• There are two major types of CNC codes, or letter addresses, in any  

program. The major codes are called G-codes and M-codes.

 G-codes are preparatory functions, which involve actual tool moves.
These include:

 Rapid moves.

 Feed moves.

 Radial feed moves.

 Dwells.

 Roughing.

 Profilingcycles.

 M-codes are miscellaneous functions, which include actions
necessary for machining but not those that are actual tool
movement. These include:

 Spindle on/off

 Tool changes

 Coolant on/off

 Programsstops
321

CNC Codes

 Letter Addresses are variables used in G- and M-codes to make words. Most
G-codes contain a variable, defined by the programmer, for each specific
function. Each designation used in CNC programming is called a letter
address.

The letters used for programming are as follows:

 N

 G

 X

 Y

 Z

 I

 J

 K

 S

 F

 T

 M

 U

 V

 W

Block number  

Preparatory function  

X axis coordinate

Y axis coordinate  

Z axis coordinate

X axis location of arc center  

Y axis location of arc center  

Z axis location of arc center  

sets the spindle speed  

assigns a feed rate  

specifies tool to be used  

Miscellaneous function

Incremental coordinate for X axis

Incremental coordinate for Y axis

Incremental coordinate for Z axis 322
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Three Major Phases of A CNC Program

• The following shows the three major phases of a CNC program.

%

: 1001

N5 G90 G20  

N10 M06 T2  

N15 M03 S1200

N20 G00 X1.00 Y1.00  

N25 Z0.125

N30 G01 Z-0.125 F5.0  

N35 G01 X2.0 Y2.0  

N40 G00 Z1.0

N45 X0 Y0  

N50 M05  

N55 M30

Program set up

Material removal

System shutdown
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Three Major Phases of A CNC Program

1. ProgramSetup

The program setup contains all the instructions that prepare the machine  
for operation.

%

: 1001

N5 G90 G20  

N10 M06 T2  

N15 M03 S1200

Program start flag

Four-digit program number

Use absolute units and inch programming  

Stop for tool change, use tool #2

Turn the spindle on CW to 1200 rpm
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Three Major Phases of A CNC Program

2. Material Removal

The material removal phase deals exclusively with the actual cutting feed  
moves.

N20 G00 X1.0 Y1.0  
N25 Z0.1

N30 G01 Z-0.125 F5.0  

N35 X2.0 Y2.0

N40 G00 Z1.0  

N45 X0 Y0

Rapid move to (X1, Y1) from origin  

Rapid down to Z1.0 just above the part

Feed down to Z-0.125 at 5 ipm  

Feed diagonally to X2 and Y2  

Rapid up to Z1 (clear the part)  

Rapid back home X0 Y0

3. System shutdown

The system shutdown phase contains the G- and M-codes that turn off all  
the options that were turned on in the setup phase.

N50 M05  

N55 M30

Turn the spindle off

End of program 325

Using a Programming sheet

• You use the CNC program sheet to prepare the CNC program. Each row  
contains all the data required to write one CNC block

3



IARE

Some restrictions to CNC blocks

Sample block of CNC code

N135  G01  X1.0 Y1.0 Z0.125 F5.0

1. Each block may contain only one tool move.

2. Each block may contain any number of nontool move G-codes,  
provided they do not conflict with each other.

3. Each block may contain only one feed rate.

4. Each block may contain only one specified tool or spindle speed.

5. The block numbers should be sequential

6. Both the program start flag and the program number must be  
independent of all other commands.

7. Each block may contain only one M-code

8. The data within a block should follow the sequence shown in the  
above sample block

• N-block number, G-code, any coordinates, and other required  
functions 
327

Milling program zero location

• Program zero allows you to specify a position from which to start or to
work. Once program zero has been defined, all coordinates that go into a
program will be referenced from it.

• Program Zero for milling
is always the lower left-
hand corner and top
surface of the workpiece.
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Lathe program zero location
• Program Zero for lathe is always the center of the part in X and the  

right-hand end of the finished workpiece in Z.

329

MFGE 404

Computer Integrated Manufacturing

CIM

A T I L I M U N I V E R S I T Y

Manufacturing EngineeringDepartment

Lecture 5– Computer Aided Manufacturing - CAM  

Fall 2005/2006

Dr. Saleh AMAITIK
330



IARE

CNC Milling Programming

331

• The G00 command is a rapid tool move. A rapid tool move is
used to move the toll linearly from position to position without
cutting any material.

• This command is not
to be used for cutting
any material

• On most CNC machine
tools, it is standard to
program a G00 rapid
for XY move only and
the Z moves separately

N_X_ G00

Positioning in Rapid G00

Z_ Y_

332
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Y4.75 X2.5 G00 N25
Z0.1 N30

Example
Rapid to X2.5 Y4.75  

Rapid down to Z0.1

Positioning in Rapid G00

• Depending on where the tool is located, there are two basic  
rules to follow for safety

1. If the Z value represents a cutting  
move in the negative direction, the X  
and Y axes should be executed first

2. If the Z value represents a move in  
the positive direction, the X and Y  
should be executed last.
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Linear Interpolation G01

F_ Z_ Y_ X_ G01 N_

• G01 command is specifically for the linear removal of
material from a workpiece, in any combination of the X, Y, or
Z axes.

• This G code provides for straight line (linear) motion from
point to point. Motion can occur in 1, 2 or 3 axes. All axis
specified will start at the same time and proceed to their
destination and arrive simultaneously at the specified feed
rate.

• Because there is contact between the cutting tool and the
workpiece, it is imperative that the proper spindle speeds and
feed rates be used.
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Linear Interpolation G01

F5
Example

feed Down to Z-0.125 at ipm G01 N30
Y2 X3 N35

Z-0.125 
F10feed diagonally to X3, Y2 at 10 ipm

3 5

N_

N_X_ G02Y_

R specifies the radius

F_ R_ Z_

• The G02 command is used specifically for all clockwise
radial moves, whether they are quadratic arcs, partial arcs,
or complete circles, as long as long they lie in any one plane

Y2 X2 G02 N35 
X3 G02 N45

I1 
Y0.5

Example

F20 J0 
R2F20

Circular Interpolation (CW) G02

The G02 command requires an endpoint and a radius

I, J, K specify the radius

F_ K_ J_ I_ Z_ Y_ X_ G02
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Circular Interpolation (CW) G02

• Circular interpolation commands are
used to move a tool along a circular arc
to the commanded end position. Five
pieces of information are required for
executing a circular interpolation
command:

Circular Interpolation (CW) G02

• An easy way to determine the radius values (I and J values) is  
by making a small chart:

CenterPoint

Start Point

X1

X1

Y1

Y2

Radius I0 J-1

Result

J-1 F5 I0 Y1 X2 G02

338
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Circular Interpolation (CW) G02

Example

G02 CW CIRCULAR INTERPOLATION USING "I", &"J" FOR THE X & Y AXIS
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G02 CW CIRCULAR INTERPOLATION USING “R”

N_X_ G03Y_Z_I_

N_X_ G03Y_

I, J, K specify the radius

F_ K_ J_

R specifies the radius

F_ R_ Z_

• The G03 command is specifically for all
counterclockwise radial feed moves,
whether they are quadratic arcs, partial
arcs, or complete circles, as long as they
lie in any plane.

X3 G03 N40 
G03 N60

Y3.5 
X3.5

Example

F20 J0 I-0.5 
F20 R0.5 Y1

Circular Interpolation (CCW) G03

The G03 command requires an endpoint and a radius

3 2
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CenterPoint

Start Point

X2

X2

Y1

Y2

Radius I0 J-1

Result

J-1 F5 I0 Y1 X1 G03

Circular Interpolation (CCW) G03

• An easy way to determine the radius values (I and J values) is  
by making a small chart:

343

Circular Interpolation (CCW) G03

Example
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G03 CCW CIRCULAR INTERPOLATION USING "I", &"J" FOR THE X & Y AXIS

G03 CCW CIRCULAR INTERPOLATION USING “R”
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Dwell G04

P_ G04 N_

• The G04 command is a Dwell command that halts all axis

movement for a specified time, while the spindle continuous

revolving at the specified rpm.

• A Dwell is used largely in drilling operations, which allows for  

the clearance of chips

• This command requires a specified duration, denoted by the  

letter P, and followed by the time in seconds.

Example
P2 G04 N30
(Dwell for 2 seconds)

Machine Tool Planes

• A typical CNC machining center has three axes. Any two axes
form a plane. A machine plane may be defined by looking at the
machine from standard operating position.

• For a vertical machining center, there are three standard views

 The top view (XY Plane)  
is selected by G17.

 The front view (XZ plane)  
is selected by G18.

 The right side vide (YZ  
plane) is selected byG19.
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Machine Tool Planes

• For machining applications using the circular interpolation mode,
with G02 or G03 commands, cutter radius offset with G41 or
G42 commands and fixed cycles mode with G81 to G89
commands. The plane selection is very critical.

• For all rapid motions (programmed with G00) and all linear
motions (programmed with G01), the plane selection
command is not needed.

• Any plane selection change is programmed as desired, prior to
actual tool path change. Plane can be changed as often as
necessary in a program, but only one plane can be active at any
time.

• Selection of one plane cancels any other plane, so the
G17/G18/G19 commands cancel each other.

349

G17 XY Plane
G17 N_

• G17 commands sets the system to default to the XY plane as the
main machining plane for specifying circular interpolation moves
and/or cutter compensation.

• Here the Z-axis is secondary and works perpendicular to the XY
plane

350
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G18 XZ Plane

• G18 command sets the system to the XZ plane as the main
machining plane for specifying circular interpolation moves
and/or cutter compensation.

• This command changes the default machining plane to the XZ
plane, where the Y axis is secondary, and works perpendicular
to the XZ plane.

• In this plane, it is possible to cut convex and concave arcs using
G02 and G03 circular interpolation commands.

G18 N_

351

G19 YZ Plane

• G19 command sets the system to the YZ plane as the main
machining plane for specifying circular interpolation moves
and/or cutter compensation.

• This command changes the default machining plane to the YZ
plane, where the X axis is secondary, and works perpendicular
to the YZ plane.

• In this plane, it is possible to cut convex and concave arcs using
G02 and G03 circular interpolation commands.

G19 N_

352



IARE

G20 English Units (Inch Units)

N_G20

• G20 command defaults the system to inch data units. When you
are running a program and encounter the G20 command, all
coordinates are stated in inch units

G21 SI Units (Metric Units)

G21 N_

• G21 command defaults the system to metric data units
(Millimeters). When you are running a program and encounter
the G21 command, all coordinates are stated in metric (mm)
units

353

G90 Absolute Positioning

N_G90

• The G90 command defaults the system to accept all coordinates
as absolute coordinates. Remember that absolute coordinates
are those measured from a fixed origin (X0, Y0, Z0) and are
expressed in terms of X, Y, and Z distances.

• This command is found at the beginning of most programs to
default the system to absolute coordinates.

• On some machines it is possible to change between absolute
and incremental coordinates within a program

N5G21 G90

Example

Set to absolute mode and metric units

354



IARE

G91 IncrementalPositioning

N_G91

• The G91 command defaults the system to accept all coordinates
as incremental coordinates. Remember that incremental
coordinates are those measured from the previous point and are
expressed in terms of X, Y, and Z distances.

• This command is found at the beginning of some programs to
default the system to incremental coordinates.

• On some machines it is possible to change between incremental
and absolute coordinates within a program

N5G21 G91

Example

Set to incremental mode and metric units
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Cutter Compensation

• Cutter compensation is used to offset the center of the cutter,
and shift it the distance of the radius, to the specified side of the
programmed path.

• Complex part geometries having angled lines, lines tangent to arcs,
and lines intersecting arcs involve substantial trigonometric
computations to determine the center of the cutter.

• Cutter compensation involves
programming the part geometry
directly instead of the tool center.

• The cutter compensation commands are:

 Cutter Compensation Left (G41),

 Cutter Compensation Right (G42), and

 Cutter Compensation Cancel (G40).
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Cutter Compensation Left G41

D_ G41 N_

• G41 will select cutter compensation left; that is the tool is
moved to the left of the programmed path to compensate for the
radius of the tool.

• A Dnn must also be programmed to select the correct tool size
from the DIAMETER/RADIUS offset display register.

357

Cutter Compensation Right G42

D_ G42 N_

• G42 will select cutter compensation right; that is the tool is
moved to the right of the programmed path to compensate for
the radius of the tool.

• A Dnn must also be programmed to select the correct tool size
from the DIAMETER/RADIUS offset display register.

8
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Cutter Compensation Cancel G40

G40 N_

• G40 will cancel the G41 or G42 cutter 
compensationcommands.

• A tool using cutter compensation will change from 
a compensated position to an uncompensated position.

• Be sure to cancel cutter compensation, when you're done with  
each milling cut series that's using compensation.
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Cutter Compensation

• Understanding cutter compensation can be simplified if one has a basic
understanding of manual machining. There are two common types of cutting
conditions associated with milling machines. They are CLIMB and
CONVENTIONAL cutting.

Two common rules for these types of cuts are:

• If the programmed cutter path
needs to mill CLIMB cutting,
and if it's a standard right
handed tool, it will then be
programmed with G41 cutter
LEFT of the programmedpath.

• If the programmed cutter path
needs to mill with CONVENTIONAL
cutting, and it's a standard right
handed tool, it will then be
programmed with G42 cutter
RIGHT of the programmed path.

360



IARE

Cutter Compensation Example

Some Restrictions with Cutter Compensation

• A cutter compensation command (G41, G42 or G40) must be on the
same block with an X and/or Y linear command when moving onto or
off of the part using cutter compensation

• You cannot turn on or off cutter compensation with a Z axis move.

• You cannot turn ON or OFF cutter compensation in a G02 or G03  
circular move, it must be in a linear G00 or G01 straight line move.
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Tool Length Compensation

• During the setup process, each tool point was touched-off to
the part zero surface. From this position a TOOL LENGTH
DISTANCE offset was recorded for that tool with the TOOL
OFSET MESUR key. This TOOL LENGTH is referred to as the
"Z" axis origin move to the part zero surface.

• It is important to realize that different tools will have varying
lengths, and when tools are changed in a program, any
variation in tool length will through the origin out of zero.

• To prevent this, the tools can now be compensated for the
difference in length for either shorter or longer tools

6

Tool Length Compensation (Plus) G43

H_ G43 N_

• This code selects tool length compensation in a positive
direction. That is; the tool length offsets are added to the
commanded axis positions.

• An Hnn must be programmed to select the correct offset
register from the offset display for that tool being used.
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Tool Length Compensation (Minus) G44

H_ G44 N_

• This code selects tool length compensation in a negative
direction. That is; the tool length offsets are subtracted from
the commanded axis positions.

• A Hnn must be programmed to select the correct entry from
offsets memory.

Tool Length Compensation Cancels G49

G49 N_

• This G code cancels tool length compensation.
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M-Codes

• M-codes are miscellaneous functions that include actions
necessary for machining but not those that are actual tool
movements. That is, they are auxiliary functions

• Only one M code may be programmed per block of a program.
All M codes are effective or cause an action to occur at the end
of the block.

Program Stop M00

M00 N_

• The M00 code is used to stop a program. It also stops the
spindle and turns off the coolant and stops interpretation
lookahead processing. The program pointer will advance to the
next block and stop.

• A cycle start will continue program operation from the next
block.
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N_

Optional Program Stop M01

M01

• The M01 code is identical to M00 except that it only stops if  
OPTIONAL STOP is turned on from the front panel.

• A cycle start will continue program operation from the next  
block.

Program End M02

M02 N_

• The M01 code is identical to M00 except that it only stops if
OPTIONAL STOP is turned on from the front panel. A cycle
start will continue program operation from the next block.

• This command appears on the last line of the program.

367

Spindle On Clockwise M03

M03 N_

• The M03 code will start the spindle
moving is a clockwise direction at
whatever speed was previously set.

Spindle On Counterclockwise M04

M04 N_

• The M04 code will start the spindle
moving is a counterclockwise direction at
whatever speed was previously set.

3 8
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Spindle Stop M05

M05 N_

• The M05 command turns the spindle off. Although other M-
cods turn off all functions (for example, M00 and M01), this
command is dedicated to shutting the spindle off directly.

• The M05 command appears at the end of a program.

N5

Example
%
:1010
G20 G90
T12 M06 N10
……………………………………………….

(Spindle stop) M05 N65

369

Tool Change M06
T_ M06 N_

• The M06 code is used to initiate a tool change. The previously
selected tool (T_) is put into the spindle. If the spindle was
running, it will be stopped.

• The Z-axis will automatically move up to the machine zero
position and the selected tool will be put into the spindle. The Z-
axis is left at machine zero.

• The T_ must be in the same block or in a previous block. The
coolant pump will be turned off during a tool change.

Example
%
:1010
G20 G90 N5

(Tool change to tool #12) T12 M06 N10
……………………………………………….

M05 N65

370
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CoolantOn M07/M08

M07 N_ OR M08 N_

• The M07 and M08 commands switch on the coolant flow.

Coolant Off M09

M09 N_

• The M09 command shuts off the coolant flow. The coolant
should be shut off prior to tool changes or when you are
rapiding the tool over long distances.

371

Clamps On M10
M10 N_

• The M10 command turns on the automatic clamps to secure the
workpiece.

• Not all CNC machines have automatic clamps, but the option
exists and the actual code will vary by the machine tool make
and model.

• This command is normally in the program setup section of a
CNC Program.

N5

Example
%
:1010
G20 G90

M10 N15

T12 M06 N10

(clampworkpiece)
S1000 M03 N20
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Clamps Off M11

N_M11

• The M11 command releases the automatic clamps so that the  
workpiece may be removed and the next blank inserted.

• This command is normally in the system shutdown section of a  
CNC Program.

N5

Example
%
:1010
G20 G90
…………………………. 
M05 N80

M11 N85(Unclampworkpiece)
M30 N90
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Program End, Reset to Start M30

N_M30

• The M30 code is used to stop a program. It also stops the spindle and
turns off the coolant. The program pointer will be reset to the first block
of the program and stop.

N5

Example
%
:1012
G20 G90
…………………………. 
Y0 X0 N65

M30 N90

M05 N85

(program end; reset to start)
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Call Subprogram M98

N_P_ M98

• The M98 function is used to call a subroutine or subprogram.
Execution is halted in the main program and started on the
program referenced by The letter P_ address value.

• For example,

N15 M98 P1003 would call program:1003

Return from Subprogram M99

M99 N_

• The M99 function is used to end or terminate the subprogram  
and return to the main calling program.

• Execution is continued at the line immediately following the  
subprogram call. It is used only at the end of the subprogram3.75

BlockSkip

/N_

• If turned on, upon execution of a CNC program and
encountering a block skip “/”, the program will ignore and CNC
code on that block.

Example
%
:1012
G20 G90 N5 
T03 M06 /N10
Y0 X0 G00 /N20
…………………………………….. 
M05 N85

M30 N90
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Comments

N_(Comment statement)

• Comments help the CNC machine operator to set up and run a
job.

• Comments are defined by the use of round brackets. Anything
between them is ignored by the controller.

• Remember that comments are just aids to help in reading and
understanding a program. Their text is totally ignored even it
contains valid CNC code.

G00 N 10Z0.5
Example  
(Rapid to Z0.5)

377

Example
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%
1087:

N5 G90 G20 G40
N10 M06 T04

N15 M03 S2000

(program start flag)  

(program number)

(Absolute, Inches, and compensation canceled)  

(Tool change to toll #4)

(Spindle on clockwise at 2000 rpm)

(Rapid to X2, Y-0.375), coolant 2 on) N20 G00 X2 Y-0.375 M08
(Rapid down to Z-0.25) N25 Z-0.25
(Feed move to point #1 at 15 ipm) N30 G01 Y0 F15
(Feed move to point #2) N35  X0.5 Y0.5
(Feed move to point #3) N40 Y3.0
(Circular feed move to point #4) N45 G02 X2 I0.75 J0
(Feed move to point #5) N50  G01 X3.5
(Feed move to point #6) N55 G01 Y0.5  
(Circular feed move to point #7) N60 G02 X3 Y0 I-0.5 J0  
(Feed move to point #1) N65 G01 X2
(Rapid to Z1) N70 G00 Z1
(Rapid to X0, coolant off) N75 X0 M09
(Spindle off) N80 M05
(End of program) N85 M30
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UNIT 6

GROUP TECHNOLOGY AND CAPP
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Introduction to Group Technology (GT)

• Group Technology (GT) is a manufacturing philosophy in which
similar parts are identified and grouped together to make
advantage of their similarities in design and production.

• Similar parts bare arranged into part families, where each part
family possesses similar design and/or manufacturing
characteristics.

• Grouping the production equipment into machine cells, where
each cell specializes in the production of a part family, is called
cellular manufacturing.

381

Implementing Group Technology (GT)

• There are two major tasks that a company must undertake
when it implements Group Technology.

1. Identifying the part families. If the plant makes 10,000
different parts, reviewing all of the part drawings and
grouping the parts into families is a substantial task that
consumes a significant amount of time.

2. Rearranging production machines into cells. It is time
consuming and costly to plan and accomplish this
rearrangement, and the machines are not producing during
the changeover.
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Benefits of Group Technology (GT)

• GT promotes standardiztion of tooling, fixturing, and setups.

• Material handling is reduced because parts are moved within a  
machine cell rather than within the entire factory.

• Process planning and production scheduling are simplified.

• Setup times are reduced, resulting in lower manufacturing  
lead times
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Part Families

• A part family is a collection of parts that are similar either
because of geometric shape and size or because similar
processing steps are required in their manufacture.

• The parts within a family are different, but their similarities
are close enough to merit their inclusion as members of the
part family.

Rotational part family requiring similar turning operations

384
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Part Families

Similar prismatic parts requiring similar millingoperations

Dissimilar parts requiring similar machining operations (hole drilling, surface milling

Identical designed parts requiring completely different manufacturing processes
385

• One of the important manufacturing advantages of grouping
workparts into families can be explained with reference to
figures below
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Grouping Part Families

• There are three general methods for solving part families
grouping. All the three are time consuming and involve the
analysis of much of data by properly trained personnel.

• The three methods are:

1. Visual inspection.

2. Parts classification and coding.

3. Production flow analysis.
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1- Visual InspectionMethod

• The visual inspection method is the least sophisticated and
least expensive method.

• It involves the classification of parts into families by looking at
either the physical parts or their photographs and arranging
them into groups having similar features.

389

2- Parts classification and Coding

• In parts classification and coding, similarities among parts are
identified, and these similarities are related in a coding
system.

• Two categories of part similarities can be distinguished:

1. Design attributes, which concerned with part

characteristics such as geometry, size and material.

2. Manufacturing attributes, which consider the sequence  
of processing steps required to make a part.
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2- Parts classification and Coding

• Reasons for using a classification and coding system:

1. Design retrieval. A designer faced with the task of
developing a new part can use a design retrieval system to
determine if a similar part already exist. A simple change in
an existing part would take much less time than designing
a whole new part from scratch.

2. Automated process planning. The part code for a new part
can be used to search for process plans for existing parts
with identical or similar codes.

3. Machine cell design. The part codes can be used to design
machine cells capable of producing all members of a
particular part family, using the composite part concept.
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2- Parts classification and Coding

• A part coding system consists of a sequence of symbols that identify  
the part’s design and/or manufacturing attributes.

• The symbols are usually alphanumeric, although most systems use  
only numbers.

• The three basic coding structures are:

1. Chain-type structure, also known as a polycode, in which the
interpretation of each symbol in the sequence is always the
same, it does not depend on the value of the preceding symbols.
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2 Parts classification and Coding

2. Hierarchical structure, also known as a monocode, in which the
interpretation of each successive symbol depends on the value of the
preceding symbols.

3. Hybrid structure, a combination of hierarchical and chain-typestructures.
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Opitz Classification and Coding System

• It is intended for machined parts and uses the following digits sequence

• Form Code 1 2 3 4 5 for design attributes

• SupplementaryCode 6 7 8 9 for manufacturing attributes

• Secondary Code A B C D for production operation type &  
sequence

4
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Digits (1-5) for Rotational parts in the Opitz System

Example: Optiz part coding System

• Given the rotational part design below, determine the form code in the  
Optiz parts classification and coding system.

Solution

• Length-to-diameter ratio: L/D = 1.5

• External shape: both ends stepped with screw thread on one end

• Internal shape: part contains a through hole

• Plane surface machining: none

• Auxiliary holes, gear teeth, etc.: none

Digit 1 = 1

Digit 2 = 5

Digit 3 = 1

Digit 4 = 0

Digit 5 = 0

The form code in the Optiz system is 15100 396
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3- Production Flow Analysis (PFA)

• Production flow analysis (PFA) is a method for identifying part
families and associated machine groupings that uses the
information contained on process plans rather than on part
drawings.

• Workparts with identical or similar process plans are classified
into part families. These families can then be used to form logical
machine cells in a group technology layout.

• The procedure in production flow analysis must begin by defining
the scope of the study, which means deciding on the population
of parts to be analyzed.
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3- Production Flow Analysis (PFA)

• The procedure of Production flow analysis (PFA) consists of the  
following steps:

1. Data Collection. The minimum data needed in the analysis are the
part number and operation sequence, which is obtained from
process plans.

2. Sortation of process plans. A sortation procedure is used to group
parts with identical process plans.

3. PFA Chart. The processes used for each group are then displayed in
a PFA chart as shown below.
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3- Production Flow Analysis (PFA)

4. Clustering Analysis. From the pattern of data in the PFA chart,
related groupings are identified and rearranged into a new pattern
that brings together groups with similar machine sequences.

MFGE 404

Computer Integrated Manufacturing
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Initial FormFinalForm

Defining Process planning

• Process planning can be defined as the systematic determination of

the detailed methods by which workpieces or parts can be

manufactured economically and competitively from initial stages (raw

material form) to finished stages (desiredform).

• Geometrical features, dimensional sizes, tolerances, materials, and
surface finishes are analyzed and evaluated to determine an
appropriate sequence of processing operations.
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Defining Process planning

• In general, the inputs to process planning are

 design data,

 raw material data,

 facilities data (machining data, tooling data, fixture data, etc.),

 quality requirements data, and

 production type data.

• The output of process planning is the process plan.

 The process plan is often documented into a specific format and called
 process plan sheet,
 process sheet,
 operation sheet,
 planning sheet,
 route sheet,
 route plan, or
 part program.
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Defining Process planning

• A process plan is an important document for production  

management. The process plan can be used for

 Management of production,

 Assurance of product quality,

 Optimization of production sequencing, and

 Determination of equipment layout on the shop floor.
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Defining Process planning

• Recent research results have also demonstrated that process planning plays an  
important role in Computer Integrated Manufacturing – CIM

Process planning is the key link for integrating design and manufacturing

• the process plan provides necessary information for technical and  
equipment preparation, such as:
 tools,
 jigs and fixtures,
 machines,
 inspection devices,
 raw material stocks,
 inventory plans,
 purchasing plans,
 personal requirements,
 etc.
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Defining Computer Aided Process planning - CAPP

• Computer Aided Process Planning (CAPP) can be defined as the functions which  
use computers to assist the work of process planners.

• The levels of assistance depend on the different strategies employed to  
implement the system.

 Lower level strategies only use computers for storage and retrieval
of the data for the process plans which will be constructed manually by
process planners, as well as for supplying the data which will be used in
the planner's new work.

 Higher level strategies use computers to automatically generate
process plans for some workpieces of simple geometrical shapes.
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Defining Computer Aided Process planning - CAPP

CAPP a key factor in CAD/CAM integration because it is the link between CAD and  
CAM.

407

Defining Computer Aided Process planning - CAPP
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Benefits of CAPP

1. Reduction in process planning time.

2. Reduction in the required skill of the process planner.

3. Reduction in costs due to efficient use of resources.

4. Increased productivity.

5. Production of accurate and consistentplans.
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Approaches of CAPP

In general, three approaches to CAPP are traditionally recognized:

• the variant approach,

• the generative approach, and

• the hybrid (semi-generative) approach
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The Variant approach of CAPP

• The variant approach, which is also called retrieval approach,

uses a group technology (GT) code to select a generic process

plan from the existing master process plans developed for each

part family and then edits to suit the requirement of the part.

• Variant approach is commonly implemented with GT coding
system. Here, the parts are segmented into groups based on
similarity and each group has a master plan.

Advantages of Variant approach of CAPP

1. Once a standard plan has been written, a variety of components  
can be planned.

2. Programming and installation are comparativelysimple.

3. The system is understandable, and the planner has control of the  
final plan.

4. It is easy to learn and easy to use.
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Disadvantages of Variant approach of CAPP

1. The components to be planned are limited to previously planned  
similar components.

2. Experienced process planners are still required to modify the  
standard plan for the specific component.

3. Details of the plan cannot be generated.

4. Variant planning cannot be used in an entirely automated  
manufacturing system, without additional processplanning.

413

The Generative approach of CAPP

• In a generative approach, a process plan for each component is created from
scratch without human intervention. These systems are designed to
automatically synthesize process information to develop a process plan for a
part
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The Generative approach of CAPP

• Generative CAPP systems contain the logic to use manufacturing
data bases, knowledge bases and suitable part description schemes
to generate a process plan for a particular part.

415

Advantages of Generative approach of CAPP

1. Consistent process plans can be generatedrapidly.

2. New components can be planned as easily as existing components.

3. It has potential for integrating with an automated manufacturing  
facility to provide detailed control information.
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The Hybrid (Semi-Generative) approach of CAPP

• A hybrid planner, for example, might use a variant, GT-based approach

to retrieve an existing process plan, and generative techniques for

modifying this plan to suit the new part

417

Main Steps of CAPP Systems

• Identification of part specifications.

• Selection of blanks or stock.

• Selection of machiningoperations.

• Selection of machine tools.

• Selection of cutting tools.

• Calculation of cutting parameters.

• Generation of setup plans.

• Selection of work holding devices (fixtures).

• Calculation of times and costs.

• Generation of process plans
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Main Steps of CAPP Systems

• Identification of part specifications.

• Selection of blanks or stock.

• Selection of machiningoperations.

• Selection of machine tools.

• Selection of cutting tools.

• Calculation of cutting parameters.

• Generation of setup plans (OperationsSequence).

• Selection of work holding devices (fixtures).

• Generation of process plans
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Identification of Part Specifications

 There are many methods followed for part identification to  
CAPP systems.

These can be categorized as

• Non-CAD Models.

• CAD Models, and

• Feature based models.
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Identification of Part Specifications

Non-CAD Models

 These modeling methods are characterized by the absence of  
CAD systems

• Group Technology (GT) Coding: is based on GT coding
for the retrieval of existing process plans

• Interactive/menu driven models: which pose a series
of questions (or menu) and interactively gather the
part data from the user.

• Keywords/description language: which can provide  
detailed information for CAPP system.
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Identification of Part Specifications

CAD Models

 This approach is to freely design parts and then extract the
features from the part based on B-rep. or CSG data.

 A combination of complex algorithms in computational
geometry and artificial intelligence is used.

 This approach is very difficult to implement and solutions in
feature extraction (recognition) have only worked for limited
domains for geometry.
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Identification of Part Specifications

Feature-based Models

 Feature-based design facilitates the designing of 
AERONAUTICAL parts in terms of their features.

 These models can provide automated interfaces to CAPP by  
modeling the part in terms of features.

Selection of blanks or stock

 This activity investigates

 The dimensions of the part.

 Processing requirements (e.g. heat treatment), and

 The number of parts to be made.

 The rules can be categorized as follows:

 Selection of material.

 Determination of the type of blanks or stock (rod, block,..)

 Calculations of machining allowances.
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Lb  Lf   2a

Db  dL  a

a  ad  ae  at  aop

Determination of blank size or rotationalparts

 The blank size is expressed as

Where

a = total allowances [mm]
ad = thickness od defective layer [mm]  
ae = error of geometric form[mm]
at = tolerance of blank [mm]
aop = allowances of the next operation [mm]  
Lf = final part length [mm]
dL = largest machined diameter [mm]
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Selection of machiningoperations

• In machining, the selection of operations is accomplished by two sets of
operations namely; roughing operations and finishing operations.

• The roughing is to remove all material from the original raw piece surface

down to the bottom or side of the feature minus the finishing allowance in
multiple passes.

• The finishing will then remove the finish allowance to yield the final surface
of the feature.

• For machining feature parameters, certain machining operations from each set
will be selected.
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Selection of machiningoperations

 The operation selection can be divided into three categories:

1. Operations used to produce cylindrical surfaces (externaland  
internal) [Turning operations].

2. Operations used to produce plane surfaces [Milling operations]

3. Hole making operations [Drilling operations]

427

Planning for Cylindrical surfaces
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Planning for Hole Making Operations

429

(m-6) based on ISO 286 IT Grades 1 to 14 ISO Tolerance Band "T "micrometres =

430
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Manufacturing Processes associated with ISO IT Tolerance Grade

431

Surface Roughness Produced by common Manufacturing Processes
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Selection of machining operations Knowledge base

433

Selection of Machine Tools

 This step involves the selection of machine tools on which  
manufacturing operations can be performed.

 A large number of factors influence the selection of machine  
tools:

1. Workpiece-related attributes

• Kinds of features desired.

• The dimensions of the workpiece.

• Dimensional tolerances.

• The raw material form.
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Selection of Machine Tools

2. Machine tool – related attributes

• Process capability.

• Machine size.

• Mode of operation (e.g. manual, semiautomatic,  
automatic, numerically controlled)

• Tooling capabilities (e.g. size and type of the tool  
magazine) and automatic tool-changing capabilities.

3. Production volume – related information

• Production quantity.

• Order frequency.

An expert system that embodies some of the qualitative and quantitative  
knowledge of machine tools can be useful in process planning

435

Selection of  
Machine  
Tools
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Selection of Cutting Tools

 Tool selection is perhaps one of the most important functions in a process  
planning system because the selection of a cutting tool affects

• the selection of machining parameters,
• production rate,
• cost of product, and
• the resulting accuracy
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Selection of Cutting Tools

 Three main steps are followed in cutting tools selection:

1. selection a proper cutting tool for each machining feature. The
selection is based upon machining feature and its associated
machining operation.

For example,
• for square slot to be machined with an end milling operation, a flat end mill

might be selected,

• for round slot to be machined with the same machining operation, a ball end
mill might be used.
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Selection of Cutting Tools

2. searching the cutting tools database to find standard tool dimensions  
that fit the machining setup.

 The search criteria implemented depends on the application of the
cutting tool in machining the selected feature. The following are some
guidelines used for this purpose:

• Searching for the tool by a key parameter. The search
succeeds if the key parameter matches with a field in the data
base. This type of search is used for the hole-making tools and
form tools

(for example, the diameter of drills and the feature code of  
form grooves).
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Selection of Cutting Tools

• Searching for the tool which has a key parameter greater  
than or equal to the specified parameter.

This type of search is used while matching the cutting edge length.

• Searching for the tool which has a key parameter less than or
equal to the specified parameter. For example, this search call is
applied for grooving tools (whose width should be less than the width
of the groove).
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Selection of Cutting Tools

3. Selecting cutting tools geometry

 Tool geometry values are based on the recommendations collected  
from different machining handbooks and research outputs.

 These values can be treated as values obtained from a process  
planner expert on the shop floor.
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Generation of Setup Planning (operationssequence)

 The setup planning activity in CAPP is composed of three steps;

• setup generation,
• operation sequence, and
• setup sequence.

 The setup generation is a procedure to group the machining
operations into setups such that the manufacturing features which
have common approach directions are grouped into the same setup.

 The operation sequence arranges the machining operations in each
generated setup into order, so that the constraint of the feature
precedence relationships in each setup is satisfied. In addition, the
cutting tool changes among the operations are reduced to a minimum.

 The setup sequence is to arrange the generated setups in order so
that setups with less number of machining features are machined first
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Setup Planning and Operations Sequence for Rotational Parts

1. Prepare for the internal profile, if any, by removing as much  
internal stock as possible by a drilling operation.

2. Apply roughing operation to the external stepped profile by a  
turning/facing.

3. Apply finishing/semi-finishing operation to the external  
stepped profile.

4. Apply grooving operation to all the external grooves.

5. Thread the external threads.

6. Apply rough boring to internal stepped profile.

7. Apply finishing/semi-finishing to internal stepped profile.

8. Apply grooving operations to all internal grooves.

9. Thread all internal threads.

10.Apply part-off operation if workpiece has a free end.
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Setup Planning and Operations Sequence for Rotational Parts
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Setup Planning and Operations Sequence for Prismatic Parts

Step 1 Generation of setupplans

1. Define the part coordinate system and assign Tool Access Direction (TAD) for a  
block shaped part machined on 3-axis milling center

2. Assign a definite TAD to every feature so that it can be assigned to a definite 
setup. 
445

Setup Planning and Operations Sequence for Prismatic Parts

Step 2 Sequence of machining operation in each setup.

For every setup plan contains features

3. Sequence machining operations according to the machining features  
precedence.

4. Arrange machining operations according to the natural operation  
sequence (roughing operations prior to finishing operations).

5. Rearrange the drilling type operations according to the following  
sequence; center drilling + drilling + counterboring or countersinking
+ tapping + boring or reaming or milling.

6. Minimize the number of tool change by rearranging same type  
machining operations.

Step 3 Sequence of setups

7. Sequence the setup plans so that setups with less  
features are machined first.

machining
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Selection of workholdingdevices

 Workholding devices are used to locate and hold the workpieces to  help 
generate machining features.

• For rotational components, the following methods of holding are possible:

1. Holding between centers and using face plate and dog as  
driver (between centers method, BC)

2. Holding between centers and using chuck as driver (chuck  
and center method, CC)

3. Holding in chuck (chuck only method, CO)

4. Clamping in special fixtures and collets.

Selection of workholdingdevices

 The following rules are employed to classify a component as  
short or shaft for determining the workholding method:

(a) If LD ≤ 2 then the part is a short component

(b) If (LD ≥ 4) and (maximum dia. > 100) then it is a shaft

(c) If (LD ≥ 4) and (maximum dia. ≤ 100) then it is short

(d) If (2 < L/D < 4) and (minimum dia. ≤ 15) then it is short

(e)If (2 < L/D < 4) and (minimum dia. > 15) then stiffness is to be 
compared. If its stiffness when

• held between centers is greater than that when held in a chuck,
then the part is considered a shaft; otherwise, it is a short
component.
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Selection of workholdingdevices

 After classifying the part, the following guidelines are  
applied to determine the work-holding method:

• Short components are usually held in chuck (CO method).

• A component classified as a shaft is preferably machined between  
centers using a dog driver (BC method).

• If the shaft is a heavy component, e.g., more than 350 kg, a chuck  
is used to drive the shaft (CC method).

• If internal features are present on the shaft, then use of steady rest  
is necessary.

• The shafts with LD ratios greater than 12 are considered as non  
rigid and two steady rests are employed.
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Calculations of Cutting Parameters

 Having specified the workpiece material, machine tool, and
cutting tool, the question is what can be controlled to reduce
cost and increase production rate (Economics Criteria)

 The controllable variables are

 Cutting speed (V)

 Feed rate (f)

 Depth of Cut (d)

 In the field of machining economics the following three basic criteria are used for  
the selection of machining parameters:

 The minimum production cost criterion
 The minimum production time or the maximum production rate  

criterion
 The maximum profit rate criterion
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Calculations of Cutting Parameters

Machining Economics Criteria

1. The minimum production cost criterion: this criterion refers to
producing a piece of product at the least cost, and coincides with the
maximum-profit criterion. It is the criterion to be used when there is
ample time available for production.

2. The minimum production time or the maximum production
rate criterion: this maximizes the number of products produced in a
unit time interval; hence it minimizes the production time per unit
piece. It is the criterion to be used when an increase in physical
productivity or productive efficiency is designed, neglecting the
production cost needed and/or profit obtained.

3. The maximum profit rate criterion: this maximizes the profit in a

given time interval. It is the criterion to be recommended when there
is insufficient capacity for a specific time interval.
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Calculations of Cutting Parameters

Mathematical Modeling for Optimization of Machining Economics

Formulation of the objective functions

• Mathematical modeling of the machining economics can be formulated as a  
constrained optimization model. Three objective functions are considered;

• production cost,

• production time, and

• profit rate.

• The constraints set includes bounds on the parameters constraints (speed,
feed and depth of cut), tool-life constraint and operation constraints (surface
finish, cutting force and power)
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Calculations of Cutting Parameters

1. The productioncost

• The production cost per component for a machining operation is comprised of
the sum of the costs of non-production cost, machining cost and tooling costs.
It can be written as;

Cpr = C1+C2+C3+C4

where

C1  = non-productive cost. C2  = machining cost. C3 = tooling cost.  

C4 = tool changing cost.

• It can be written as

tl = non=productivetime.
t = tool life.

Where
M = total machine and operator rate.  
tm = machining time.
tct = tool changingtime.
Ct = tooling cost of a cuttingedge.
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Calculations of Cutting Parameters

Machining time, tm

• For turning, boring and drilling operations;

Where
dm = diameter of machined surface.
lw = length of surface or hole to be machined.
F = feed rate. V = cuttingspeed

• For shaping and planing;

Where
bw = width of surface to be machined.  
ls = stroke length=2lw
CR = cutting ratio
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Calculations of Cutting Parameters

Machining time, tm

• For milling Operations

• slab milling

• face milling

• side milling

Where
ae = depth of cut in  milling. 
dt = diameter of  tool.
vf = feed speed
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Calculations of Cutting Parameters

Tool life, t

• The tool life t can be written according to expanded Taylor's tool-life equation as;

Where
α, β, γ, and C are empirical constants depend on tool material.
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Calculations of Cutting Parameters

Non-productive time, tl

The non-productive time is the time taken to load and unload each component and  
to return the tool to the beginning of the cut.

Where
tl = non-productive time per  component. 
tlw = component loading  time.
tat = tool advancing  time. 
trl = tool return  time.
taw = component unloading  time. 
ts = setup time.
Np = number of pieces per lot.

457

Calculations of Cutting Parameters

• the production cost now can be written as

Where

K0 is constant defined as follows;

• For turning, boring and drilling operations;

• For milling operations

for slab milling for face milling

for side milling

• For shaping and planing operations
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Calculations of Cutting Parameters

2 The productiontime

• the total production time for one component is given by;

Where
tl  = non-productive time. tpr = total production time.  
t = tool life. tm = machining time.
tct = tool changing time.

OR
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Calculations of Cutting Parameters

3- The profit rate

• The profit rate is defined as profit generated per unit time i.e.

where
Pr = profit rate.
S = the revenue per component.
Cpr = production cost per component.  
tpr = production time per component.

OR
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Calculations of Cutting Parameters

Summary of the mathematical Model

Minimize

Minimize

Maximize

OR

OR
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Calculations of Cutting Parameters

Summary of the mathematical Model

• Subjected to the following constraints

Cutting speed constraint

Feed rate constraint

Tool life constraint

Surface finish constraint

Cutting force constraint  

Machining power constraint

Depth of cut constraint
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Generation of Process Plans

463

UNIT 7

COMPUTER AIDED  
QUALITY CONTROL

464



IARE

466



IARE

Automated Inspection

• Automated inspection can be defined as the automation of one  
or more of the steps involved in the inspection procedure.

• There are a number of alternative ways in which automated or  
semiautomated inspection can be implemented:

1. Automated presentation of parts by an automatic handling
system with a human operator still performing the
examinationand decision steps.

2. Automated examination and decision by an automatic
inspection machine, with manual loading (presentation) of
parts into the machine.

3. Completely automated inspection system in which parts
presentation, examination, and decision are all performed
automatically. 467

Where and When to Inspect

• Inspection can be performed at any of several places in  
production:

1. Receiving inspection, when raw materials and parts are  
received from suppliers.

2. At various stages of manufacture, and

3. Before shipment to the customer.

• Our principal focus is on case (2) , that is, when and where to  
inspect during production.
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Off-Line and On-Line Inspection

• The timing of the inspection procedure in relation to the
manufacturing process is an important consideration in quality
control.

• Two alternative situations can be distinguished:

1. Off-line inspection.

2. On-line inspection.

469

Off-Line Inspection

• Off-line inspection is performed away from the manufacturing
process, and there is generally a time delay between processing
and inspection.

• Manual inspection is common.
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On-Line Inspection

• The alternative to off-line inspection is on-line inspection, in
which the procedure is performed when the parts are made,
either as

 An integral step in the processing or assembly operation, or

 Immediately afterward.

• Two on-line inspection procedures can be distinguished:

 On-line/in-process.

 On-line/post-process.
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On-Line/ in-process Inspection

• The is achieved by performing the inspection procedure during
the manufacturing operation.

• As the parts are being made, the inspection procedure is
measuring or gaging the parts simultaneously.

• Technologically, automated on-line/in-process insection of the
product is usually difficult and expensive to implement, As an
alternative, on-line/ post-process procedures are often used4.72
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On-Line/ post-processInspection

• The measurement or gaging procedure is accomplished
immediately following the production process.

• Even though it follows the process, it is still considered an on-
line method because it is integrated with the manufacturing
workstation, and the results of the inspection can immediately
influence the production operation of the next part.
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Contact vs. Non-contact Inspection Techniques

• Inspection techniques can be divided into two broad categories:

1. Contact Inspection.

2. Non-contact Inspection.

• In contact inspection, physical contact is made between the  
object and the measuring or gaging instrument.

• In non-contact inspection no physical contact is made.
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Contact Inspection Techniques

• Contact inspection involves the use of a AERONAUTICAL probe or  
other device that makes contact with the object being inspected.

• The purpose of the probe is to measure or gage the object in  
some way.

• Contact inspection is usually concerned with some physical  
dimension of the part.

• These techniques are widely used in the manufacturing industries,
in particular the production of metal parts (metal working
processes)

• The principal contact technologies are:

 Conventional measuring and gaging instruments, manual and  
automated.

 Coordinate Measuring Machines (CMMs)

 Stylus type surface texture measuring machines.
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Contact Inspection Techniques

• Conventional measuring and gaging techniques and coordinate
measuring machines measure dimensions and relatedspecifications.

• Conventional techniques and CMMs compete with each other in the
measurement and inspection of part dimensions. The general application
ranges for the different types are presented in the PQ chart below
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Contact Inspection Techniques

• Reasons why contact inspection methods are technologically and  
commercially important include the following:

1. They are the most widely used inspection technologies today.

2. They are accurate and reliable.

3. In many cases, they represent the only methods available to  
accomplish the inspection.
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Non-Contact Inspection Techniques

• Non-contact inspection methods utilize a sensor located at a
certain distance from the object to measure or gage the desired
features.

• The non-contact inspection technologies can be classified into
two categories:

1. Optical inspection

2. Non-optical inspection

• Optical inspection technologies make use of light to accomplish
the measurement or gaging cycle. The most important optical
technology is machine vision.

• Non-optical inspection technologies utilize energy forms other

than light to perform the inspection: these other energies include
various electrical fields, radiation, and ultrasonics.
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Coordinate Measuring Machines

• Coordinate metrology is concerned with the measurement of the
actual shape and dimensions of an object and comparing these
with the desired shape and dimensions.

• In this connection, coordinate metrology consists of the
evaluation of the location, orientation, dimensions, and geometry
of the part or object.

• A Coordinate Measuring Machine (CMM) is an electromechanical

system designed to perform coordinate metrology.
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Coordinate Measuring Machines

• A CMM consists of a constant probe that can be positioned in 3D space
relative to the surface of a workpart, and the x, y, and z coordinates of
the probe can be accurately and precisely recorded to obtain dimensional
data concerning the part geometry
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Coordinate Measuring Machines

• To accomplish measurements in 3D, a basic CMM is composed of  
the following components:

 Probe head and probe to contact the workpart surafec.

 AERONAUTICAL structure that provides motion of the probe in
three Cartesian axes and displacement transducers to
measure the coordinate values of each axis.

• In addition, many CMM have the following components:

 Drive system and control unit to move each of the three axes

 Digital computer system with application software.
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CMM AERONAUTICAL Structure

(a) Cantilever (b) Moving bridge (c) Fixed bridge
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CMM AERONAUTICAL Structure

(d) HorizontalArm (e) Gantry (f) Column
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CMM Operation and Programming

• Positioning the probe relative to the part can be accomplished in
several ways, ranging from manual operation to direct computer
control.

• Computer-controlled CMMs operate much like CNC machine  tools, 
and these machines must be programmed.

CMM Controls

• The methods of operating and controlling a CMM can be classified  
into four main categories:

1. Manual drive,

2. Manual drive with computer-assisted data processing,

3. Motor drive with computer-assisted data processing, and

4. Direct Computer Control with computer-assisted data processing.
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CMM Controls

• In manual drive CMM, the human operator physically move the
probe along the machine’s axes to make contact with the part
and record the measurements.

• The measurements are provided by a digital readout, which the
operator can record either manually or with paper print out.

• Any calculations on the data must be made by the operator.

• A CMM with manual drive and computer-assisted data processing
provides some data processing and computational capability for
performing the calculations required to evaluate a give part
feature.

• The types of data processing and computations range from simple
conversioons between units to more complicated geometry
calculations, such as determining the angle between two planes.
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CMM Controls

• A motor-driven CMM with computer-assisted data processing
uses electric motors to drive the probe along the machine axes
under operator control.

• A joystick or similar device is used as the means of controlling the
motion.

• Motor-driven CMMs are generally equipped with data processing
to accomplish the geometric computations required in feature
assessment.

• A CMM with direct computer control (DCC) operates like a CNC
machine tool. It is motorized and the movements of the
coordinate axes are controlled by a dedicated computer under
program control.

• The computer also performs the various data processing and
calculation functions.

• As with a CNC machine tool, the DCC CMM requires part
programming.

487

DCC CMM Programming

• There are twp principle methods of programming a DCC
measuring machine:

1. Manual leadthrough method.

2. Off-line programming.

• In the Manual Leadthrough method, the operator leads the CMM
probe through the various motions required in the inspection
sequence, indicating the points and surfaces that are to be
measured and recording these into the control memory.

• During regular operation, the CMM controller plays back the
program to execute the inspection procedure.

• Off-line Programming is accomplished in the manner of
computer-assisted NC part programming, The program is
prepared off-line based on the part drawing and then downloaded
to the CMM controller for execution.
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COMPUTER INTEGRATED  MANUFACTURING

(CIM)

UNIT 8

495

WHAT IS CIM?

Basically Computer Integrated

Manufacturing (CIM) is the

manufacturing approach of using

computers to control the entire

production process.
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• In a CIM system functional areas such as design, analysis, planning, purchasing, cost  

accounting, inventory control, and distribution are linked through the computer with  

factory floor functions such as materials handling and management, providing direct  

control and monitoring of all the operations.
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WHAT ARE THE BENEFITS OF CIM?
• CIM allows individual processes to exchange information with each other and initiate  

actions.

• Through the integration of computers, manufacturing can be faster and less error-prone,  

although the main advantage is the ability to create automated manufacturing processes.
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As a method of manufacturing, three components distinguish CIM from  

other manufacturing methodologies:

• Means for data storage, retrieval, manipulation and presentation;

• Mechanisms for sensing state and modifying processes;

• Algorithms for uniting the data processing component with the sensor/modification  

component.
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• CIM is an example of the implementation of information and communication  

technologies (ICTs) in manufacturing.

• CIM implies that there are at least two computers exchanging information, e.g. the  

controller of an arm robot and a micro-controller of a CNC machine.
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Some factors involved when considering a CIM implementation are;

• The production volume,

• The experience of the company or personnel to make the integration,

• The level of the integration into the product itself and the integration of the production  

processes.

CIM is most useful where a high level of ICT is used in the company or facility, such as  

CAD/CAM systems, the availability of process planning and its data.
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COMPUTER-INTEGRATED MANUFACTURING TOPICS:

• Key challenges;

-Integration of components from different suppliers:

-Data integrity:

-Process control:

• Subsystems in computer-integrated manufacturing;

-Computer-aided techniques:

-Devices and equipment required:

-Technologies:
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KEY CHALLENGES:

INTEGRATION OF COMPONENTS FROM DIFFERENT SUPPLIERS:

• When different machines, such as CNC, conveyors and robots, are using

different communications protocols. In the case of AGVs, even differing

lengths of time for charging the batteries may cause problems.
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DATA INTEGRITY:

• The higher the degree of automation, the more critical is the integrity of the

data used to control the machines.

• While the CIM system saves on labor of operating the machines, it requires

extra human labor in ensuring that there are proper safeguards for the data

signals that are used to control the machines.
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PROCESS CONTROL:

• Computers may be used to assist the human operators of the

manufacturing facility, but there must always be a competent engineer on

hand to handle circumstances which could not be foreseen by the

designers of the control software.
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SUBSYSTEMS IN  COMPUTER-

INTEGRATED  MANUFACTURING:

• A computer-integrated manufacturing system is not the same  

as a "lights-out" factory, which would run completely  

independent of human intervention, although it is a big step in  

that direction.

• Part of the system involves flexible manufacturing, where the

factory can be quickly modified to produce different products,

or where the volume of products can be changed quickly with

the aid of computers.
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Some or all of the following subsystems may be found in a CIM operation:

COMPUTER-AIDED TECHNIQUES:

• CAD (computer-aided design)

• CAE (computer-aided engineering)

• CAM (computer-aided manufacturing)

• CAPP (computer-aided process planning)

• CAQ (computer-aided quality assurance)

• PPC (production planning and control)

• ERP (enterprise resource planning)

• A business system integrated by a common database.
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DEVICES AND EQUIPMENT REQUIRED:

• CNC, Computer numerical controlled machine tools

• DNC, Direct numerical control machine tools

• PLCs, Programmable logic controllers

• Robotics

• Computers

• Software

• Controllers

• Networks

• Interfacing

• Monitoring equipment
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TECHNOLOGIES:

• FMS, (flexible manufacturing system)

• ASRS, (automated storage and retrieval system)

• AGV, (automated guided vehicle)

• Robotics

• Automated conveyance systems
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Thank you all for listening ..
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Conveyor Systems

• Conveyors are used when material must be moved in relatively
large quantities between specific locations over a fixed path.

• Conveyors divided into two basic categories:

1. Powered conveyors

2. Non-powered conveyors.

• In powered conveyors, the power mechanism is contained in
the fixed path, using belts, rotating rolls, or other devices to
propel loads along the path. They are commonly used in
automated material transfer systems.

• In non-powered conveyors, materials are moved either
manually or by human workers who push the loads along the
fixed path.
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Types of Conveyors

• A variety of conveyor equipment is commercially available. The  
following are the major types of powered conveyors:

• In roller conveyor, the pathway consists of a series of tubes (rollers)  
that are perpendicular to the direction of travel.

• The rollers are contained in a fixed frame that elevates the  
pathway above floor level from several inches to severalfeet.

• Flat pallets carrying unit loads are moved forward as the roller  
rotate.

• Roller conveyors are used in a wide variety of applications,  
including manufacturing, assembly, andpackaging.
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Types of Conveyors

2. Belt Conveyors consist of a continuous loop: Half its length is  
used for delivering materials , and other half is the return run.
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Conveyor Analysis

• Two types of conveyor operation are discussed in this course:

1. Single direction conveyors.

2. Continuous loop conveyors.

Single Direction Conveyors

• Consider the case of a single direction powered conveyor with
one load station at the upstream end and one unload station at
the downstream end
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Single Direction Conveyors

• Assuming the conveyor operates at a constant speed, the time
required to move materials from load station to unload station
is given by:

• Where

Td = delivery time (min),

Ld = length of conveyor between load and unload stations (m),

vc = conveyor velocity (m/min)
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Single Direction Conveyors

• The flow rate of materials on the conveyor is determined by the
rate of loading at the load station. The loading rate is limited by
the reciprocal of the time required to load the materials

• Rf = material flow rate (parts/min).

• RL = loading rate (parts/min).

• sc = center-to-center spacing of materials on the conveyor  
(m/part).

• TL = loading time (min/part).
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Single Direction Conveyors

• An additional requirement for loading and unloading is that the
time required to unload the conveyor must be equal or less than
the loading time> That is,

TU TL

Where TU = Unloading time (min/part).

• If unloading requires more time than loading, then unremoved  
loads may accumulate at the downstream end of the conveyor

• For transporting several parts in a carrier rather than a single  
part.

f
sc TL

R 
npvc 

1

Where np = number of parts percarrier

sc = center-to-center spacing of carriers on the conveyor(m/carrier) 518
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Continuous Conveyors

• In continuous conveyor, the parts are moved in the carries  
between a load station and unload station.

• The complete loop is divided into two sections:

• A delivery (forward) loop in which the carriers are loaded, and

• A return loop in which the carriers travel empty.

• The length of the delivery loop is Ld, and the length of the return
loop is Le. Total length of the conveyor is therefore L=Ld+Le.
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Continuous Conveyors

• The total time required to travel the complete loop is

• The time a load spends in the forward loop is

521

Continuous Conveyors

• Where Rf = parts per minute. Again, this rate must be consistent with 
limitations on the time it takes to load and unload the conveyor. 522
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Automated Storage/Retrieval Systems

• An automated storage/retrieval system (AS/RS) can be defined
as a storage system that performs storage and retrieval
operations with speed and accuracy under a defined degree of
automation.

• A wide range of automation is found in commercially available
AS/RS systems. At the most sophisticated level, the operations
are totally automated, computer controlled, and fully integrated
with a factory.

• Automated storage/retrieval systems are custom designed for
each application, although the designs are based on standard
modular components available from each respective AS/RS
supplier.
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Automated Storage/Retrieval Systems

• An AS/RS consists of one or more storage aisles that are each  
serviced by a storage/retrieval (S/R) machine.

• The aisles have storage racks for holding the stored materials.

• The S/R machines are used to deliver material to the storage  
racks and to retrieve materials from the racks
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Automated Storage/Retrieval Systems

• Each AS/RS aisle has one or more input/output stations where
materials are delivered into the storage system or moved out of
the system.

• The input/output stations are called pickup-and-deposit (P&D)
stations in AS/RS terminology.

• P&D stations can be manually operated or interfaced to some
form of automated system.
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capacity per aisle  2nynz

Analysis of Automated Storage/Retrieval Systems

• The total storage capacity of one storage aisle depends on how
many storage compartments are arranged horizontally and
vertically in the aisle. This can be expressed as follows:

• Where ny = number of load compartments along the length of
the aisle, and nz = number of load compartments that make up
the height of the aisle. The constant 2 accounts for the fact that
loads are contained on both sides of the aisle
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7

Analysis of Automated Storage/Retrieval Systems

• If we assume a standard size compartment (to accept a
standard size unit load), then the compartment dimensions
facing the aisle must be larger than the unit load dimensions.

• Let x and y = the depth and width dimensions of a unit load,
and z = the height of the unit load.

• The width, length, and height of the rack structure of the AS/RS
aisle are related to the unit load dimensions and number of
compartments as follows:

Where

W, L, and H are the width, length and
height of one aisle of the AS/RS rack
structure (mm).

x, y, and z are the dimensions of the unit
load (mm).

a, b, and c are allowances designed into
each storage compartment to provide
clearance for the unit load (mm)

W  3(x  a) 

L  ny (y b)

H nz (z c)
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Introduction to Flexible Manufacturing System (FMS)

• A flexible manufacturing system (FMS) is a highly automated
GT machine cell, consisting of a group or processing
workstations (usually CNC machine tools), interconnected by
an automated material handling and storage system, and
controlled by a distributed computer system.

• The reason the FMS is called flexible is that it is capable of
processing a variety of different part styles simultaneously at
the various workstations, and the mix of part styles and
quantities of production can be adjusted in response to
changing demand patterns.

• The FMS is most suited for the
mid-variety, mid-
volume production range
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What Make It Flexible?

• Three capabilities that a manufacturing system must possess  
to be a flexible.

1. The ability to identify and distinguish among the different  
part styles processed by the system.

2. Quick changeover of operating instructions, and

3. Quick changeover of physical setup.
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Tests of Flexibility

• To qualify as being flexible, a manufacturing system should
satisfy several criteria. The following are four reasonable tests
of flexibility in an automated manufacturing system:

 Part variety test. Can the system process different part
styles in a nonbatch mode?.

 Schedule change test. Can the system readily accept
changes in production schedule, and changes in either part
mix or production quantity.

 Error recovery test. Can the system recover quickly from
equipment breakdowns, so that the production is not
completely disrupted.

 New part test. Can new part designs be introduced into the
existing product mix with relative ease.

• If the answer to all of these questions is “YES” for a given
manufacturing system, then the system can be consideredflexible.
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Types of Flexibility in Manufacturing

533

Comparison of Four Criteria of Flexibility in a Manufacturing System and the  
Seven Types of Flexibility
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Number of Machines

• Flexible manufacturing systems can be distingished according
to the number of machines in the system. The following are
typical categories:

 Single machine cell (Type I A)

 Flexible manufacturing cell (usually type II A, sometimes  
type III A)

 Flexible manufacturing system (usually Type II 

A, sometimes type III A)
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Single Machine Cell (SMC)

• A single machine cell consists of one CNC machining center
combined with a parts storage system for unattended
operation.

• Completed parts are periodically unloaded from the parts
storage unit, and raw workparts are loaded into it
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Flexible Manufacturing Cell (FMC)

• A flexible manufacturing cell consists of two or three processing
workstations (typically CNC machining centers) plus a part
handling system.

• The part handling system is connected to a load/unload station.

Flexible Manufacturing System(FMS)

• A flexible manufacturing system has four or more processing
workstations connected mechanically by a common part
handling system and electronically by a distributed computer
system.
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Some of the distinguishing characteristics of the three categories of  
flexible manufacturing cells and systems are summarized in figure  
below

Flexibility Criteria Applied to the Three Types of Manufacturing  
Cells and Systems
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Level of Flexibility

• Another classification of FMS is according to the level of
flexibility designed into the system. Two categories are
distinguished here:

 Dedicated FMS

 Random-order FMS

• A dedicated FMS is designed to produce a limited variety of part
styles, and the complete universe of parts to be made on the
system is known in advance.

• A random-order FMS is more appropriate when

1. the part family is large,

2. there are substantial variations in part configurations,

3. there will be new part designs introduced into the system and  
engineering changes in parts currently produced,and

4. the production schedule is subjected to change from day-to-day.
541

A comparison of dedicated and random-order FMS types
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Flexibility Criteria Applied to Dedicated FMS and Random-orderFMS
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Components of FMS

• There are several basic components of an FMS:

1. Workstations.

2. Material handling and storage systems.

3. Computer control system.

4. People are required to manage and operate the system
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Workstations

• Following are the types of workstations typically found in an  FMS:

1. Load/Unload Stations.

2. Machining Stations.

3. Other processing Stations. (punching, shearing, welding, etc.)

4. Assembly Station.

5. Other Stations and Equipment. (Inspection, Vision, etc)
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Material Handling and Storage System

• Functions of the Handling System

1. Independent movement of workparts between stations.

2. Handle a variety of workpart configurations.

3. Temporary storage.

4. Convenient access for loading and unloading workparts.

5. Compatible with computer control.

• Material Handling Equipment

The material handling function in an FMS is often shared  
between two systems:

• Primary handling system establishes the basic layout of the
FMS and is responsible for moving workparts between
stations in the system. (Conveyor)
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Material Handling and Storage System

2. Secondary handling system consists of transfer devices,
automatic pallet changing, and similar mechanisms located at
the workstations in the FMS.

• The function of the secondary handling system is to transfer
work from the primary system to the machine tool or other
processing station and to position the parts with sufficient
accuracy and repeatability to perform the process or assembly
operation.

• FMS Layout Configurations

 The material handling system establishes the FMS layout.  
Most layout configurations found in today’s FMS are:

1. In-line layout

2. Loop layout

3. Rectangular layout
547

Computer Control System

• The FMS includes a distributed computer system that is  interfaced
to

 the workstations,

 Material handling system, and

 Other hardware components.

• A typical FMS computer system consists of a central computer  
and microcomputers.

 Microcomputers controlling the individual machines and other  
components.

 The central computer coordinates the activities of the
components to achieve smooth overall operation of the
system
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Human Resources

• Human are needed to manage the operations of the FMS.  
Functions typically performed by human includes:

 Loading raw workparts into the system,

 Unloading finished parts (or assemblies) from the system,

 Changing and setting tools,

 Equipment maintenance and repair,

 NC part programming in a machining system, and

 Programming and operation the computer system.
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