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Abstract

In machining simulation, there is always a trade-off between high-level
accuracy and an abstraction of reliance and a truthful simulation environment.
Most research work has been devoted to developing precise models and
algorithms, yet these still lack the ability to portray the true machining
environment. They are based on ideal machine conditions resulting in an
‘isolated’ simulation environment. This is due to the difficulty of providing a
simulation model with data at the shop-floor level. Adding to the challenge is
the dynamic nature of many shop-floor activities. Machining parameters,
cutting tools, workpieces and fixture orientations are not usually captured and
considered in simulation. This is further compounded by the use of low-level
Numerical Control data (G-code or CL data) that has inherent drawbacks such
as being vendor-specific, possessing incomplete data, irreversible data
conversions and a lack of accuracy. Hence, there is a need for higher-level input
data to assist accurate machining process simulation; there is also a need to take
into account the actual behaviour and real-time data of a machine setup.
To address the above issues, this researcher developed a High-Fidelity
Machining Simulation (HFMS) solution to cater for a high-fidelity machining
simulation environment with the capacity to provide more realistic simulation
for machining processes. The main goal is to bring simulation closer to CNC
level and generate reliable and truthful simulation output with minimum
modifications needed upon machining. To achieve this, STEP (STandard for
Exchange of Product data) and STEP-NC (STandard for Exchange of Product
data for Numerical Control) data models were enhanced in order to provide a
comprehensive data structure that enables the integration between modelling
design and control data. The status quo of the machine tool was captured by
i
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means of sensors and network protocols (e.g. MTConnect), to provide true data
values of the Actual Machine Status, which was then utilised to assist the
machining simulation tasks. The HFMS system has three operational phases;
Pre-Machining, Machining Simulation and Post-Machining. The Pre-Machining
phase aims to provide assistance to process planners or machinists for
preparatory activities prior to machining simulation operations. Machining
Simulation is the main interface where visualisation and simulation activities
are performed, based on the information from the Pre-Machining and PostMachining phase. The Post-Machining phase deals with knowledge-based data,
with the help of the Machining History Database.
The outcome of the research provides a universal, truthful, smart and better
informed simulation environment. Up-to-date information obtained by the
simulation supports the inter-working concept in a virtual-real systems
relationship in which reduces the total setup operation time. The system has
been validated with capabilities such as: (i) tool-path simulation can be adapted
to a real machining setup; (ii) reliable NC codes that represent on-field machine
status can be generated; (iii) non-proprietary machine control codes are utilised;
(iv) physical testing trials can be eliminated; and (v) future simulation is
improved. The system architecture guarantees that the information from a real
machining environment can be used to increase the fidelity behaviour of a
simulation system; this leads to the scenario of ‘Smart Simulation for Smart
Machining’.
The research work presented in this thesis is based on eight published research
articles, i.e. three journal papers and five conference papers.

Keywords: Virtual machining, machining simulation, tool-path simulation,
machine tool, STEP-NC, monitoring, Numerical Control
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Nomenclature and
Abbreviations

Nomenclature
a

Depth of cut

α and β

Exponents for feed and depth of cut

C

Exponent or constant depending on tool

[mm]

material, workpiece material, cutting
conditions, and environment
d

Cutting depth

[mm]

dmax

Maximum cutting depth

[mm]

D

Tool diameter

[mm]

FR

Fraction remaining

[%]

δx, δy, δz

Translation vector in X, Y, and Z
directions

∂x (Tp), ∂y (Tp),

Deviation of points in X, Y and Z

∂z (Tp)

coordinate axes

f

Feed per tooth

[mm/rev]

h

Cutting edge length

[mm]

L

Feature length

[mm]

Lt

Tool trajectory length

[mm]

n

Spindle speed

[rpm]

η

Exponent or constant depending on tool
material, workpiece material, cutting
conditions, and environment

P

Homogeneous Transformation Matrix
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Nomenclature and Abbreviations

k

Pi

Rx, Ry, Rz

Linear transformation matrix
Rotation of the coordinate system around
the X, Y, and Z axis

θ x, θ y,θ z

Rotation angle around X, Y, and Z axis

[rad]

Tp (xi, yi, zi)

X, Y, Z coordinates point of the initial

[mm]

tool-path
Tpa (xai, yai, zai)

X, Y, Z coordinates point of the adapted

[mm]

tool-path
T

Tool life based on new tool

[min]

Tc (i)

Cutting time at time (i)

[min]

Tc (i-1)

Cutting time at time (i-1)

[min]

Tm

Tool life from manufacturer’s catalogue

[min] or [hours]

TR

Remaining tool life

[min] or [hours]

Ttotal

Total cutting time

[min]

Vc

Cutting speed

[m/min]

Vf

Feed-rate

[mm/min]

z

Number of effective cutting teeth
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Nomenclature and Abbreviations

Abbreviations
AAM

Application Activity Model

AI

Artificial Intelligence

AIC

Application Interpreted Construct

AIM

Application Interpreted Model

AMS

Actual Machine Status

AP(s)

Application Protocol(s)

AR

Augmented Reality

ARM

Application Reference Model

B-Rep

Boundary Representation

CAD

Computer Aided Design

CAM

Computer Aided Manufacturing

CAPP

Computer Aided Process Planning

CIS/2

CIMSteel Integrated Standard

CL

Cutter Location

CMC(s)

Canonical Machine Command(s)

CNC

Computer Numerical Control

CORBA

Common Object Request Broker Architecture

CSG

Constructive Solid Geometry

CTD

Cutting Tool Database

CTL

Cutting Tool Library

DAQ

Data Acquisition

DES

Discrete Event Simulation

EAI

External Authoring Interface

ECI

External Client Interface

EDM

Electrical Discharge Machining

EDVAC

Electric Discrete Variable Automatic Computer

ERP

Enterprise Resource Planning

FCS

Feature Coordinate System

FEA

Finite Element Analysis

FTP

File Transfer Protocol
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Nomenclature and Abbreviations

GPSS

General Purpose Simulation System

GSP

General Simulation Programme

GUI

Graphical User Interface

HFMS

High-Fidelity Machining Simulation

HI

Hardware Interaction

HiL

Hardware-in-the-Loop

HSS

High Speed Steel

HTM

Homogeneous Transformation Matrix

HTML

Hypertext Mark-up Language

IBRM

Image-Based Rendering Method

ID

Identification

IDE

Integrated Development Environment

IDEF0

Integration Definition for Function Modelling

IFC

Industry Foundation Classes

IGES

Initial Graphics Exchange Standard

IIMS

Intelligent & Interoperable Manufacturing System

IL

Intermediate Language

IPIM

Integrated Product Information Model

IS

International Standards

ISW

Institute for Control Engineering of Machine Tools and
Manufacturing Units

IT

Information Technology

IRED

Infrared Emitting Diode

ISO

International Organisation for Standardisation

JIT

Just-In-Time

MBRM

Model-based Rendering Method

MCS

Machine Coordinate System

MHD

Machining History Database

MIT

Massachusetts Institute of Technology

ML

Machining Library

MM

Mathematical Modelling

MRP

Materials Requirement Planning
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Nomenclature and Abbreviations

MTConnect

Machine Tool Connect

MTL

Machine Tool Library

NC

Numerical Control

NIST

National Institute of Standard Technology

PDES

Product Design Exchange Standard

PLC

Programmable Logic Controller

PosTECH

Pohang University of Science and Technology

PSD

Position Sensitive Detector

RFID

Radio Frequency Identification

SC4

Sub-Committee 4

SCS

Setup Coordinate System

SET

Standard d'Échange et de Transfert

SFP

Shop-Floor Programming

SiL

Software-in-the-Loop

ST

STEP-NC based

STEP

STandard for the Exchange of Product model data

STEP-NC

STEP-compliant Numerical Control

VA

Virtual Assembly

VDA

Verband der Deutschen Automobilindustrie

VEM

Virtual Environment in Manufacturing

VI

Virtual Instrument

VMach

Virtual Machining

VMfg

Virtual Manufacturing

VMT

Virtual Machine Tool

VP

Virtual Prototyping

VR

Virtual Reality

VRML

Virtual Reality Modelling Language

VT

Virtual Tooling

WB

Web-Based

WCS

Workpiece Coordinate System

XML

eXtensible Markup Language

WZL, RWTH

Laboratory for Machine Tools and Production Engineering
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Chapter 1 ~ Introduction

Chapter 1
Introduction
CHAPTER SUMMARY: Simulation has evolved over the years and its
technological expansion has aided manufacturing in many ways with a wide
number of applications. Development is still expanding parallel with other
technological advancements this century, to meet the needs of modern
manufacturing practice. In this chapter, the development of simulation from its
early days to the present is described. Drawbacks and capabilities over the
years are explained. A prospective view of what simulation systems should
prevail in future manufacturing is also discussed. They represent the rationale
of this research in formulating its research objectives. The scope of the
research is also highlighted. The outline of the thesis and several published
papers are presented at the end of this chapter.

1.1 Simulation: a retrospective view
The need for simulation modelling in the early days (1900s) was mainly driven
by the demands of a world at war. Simulations were developed to model the
progress of nuclear denotation. The Monte Carlo technique was utilised and
performed on one of the first computers, called the EDVAC (Electric Discrete
Variable Automatic Computer). The work was led by two mathematicians, Jon
Von Neumann and Stanislaw Ulam, in solving puzzling problems in looking at
the behaviour of neutrons [1]. Without the help of high computing power in that
period, a lot of time and effort were needed to complete the test and theoretical
predictions, as their calculations were extremely complex and tedious and had
1
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to be done manually. Simulation was regarded as “an applied methodology that
can describe the behaviour of that system using either a mathematical model or
a symbolic model” [2]. In more simple terms, simulation can be defined as “the
imitation of the operation of a real world process or system over a period of
time” [3].
The technology of simulation throughout the ensuing decades always developed
in tandem with the development of computer technology, both expanding in
terms of their hardware and software computing capacities. A summary of the
simulation progress over the years is illustrated in Figure 1.1.
The period from the mid-1940s through to the early 1970s contained several
early simulation projects all over the world. It was applied in various kinds of
disciplines such as business, education, healthcare, engineering and the media
entertainment industry. The manufacturing sector was no exception.
"Manufacturing" refers broadly to all the activities required to conceive a
product that will meet the needs of a customer, convert those needs into a
producible design, deliver products to the customer, support products in the
field, upgrade or repair them as needed, and eventually retire and recycle them.
This broad definition provides the opportunity to fully exploit emerging
simulation technologies to their full potential.
In the 1950s, the availability of general purpose electronic computers allowed
the development of the General Simulation Programme (GSP). It was the first
general purpose simulator in the manufacturing domain, and was developed to
simulate the state of a set of machines in a plant, as either busy, idle,
unavailable or failed [4]. In the period 1960 to 1961, the Advanced Systems
Development Division of IBM, led by Geoffrey Gordon, introduced the General
Purpose Simulation System (GPSS) to facilitate simulation modelling of
complex teleprocessing systems [5]. The success of these projects started to
initiate interest in foreseeing the potential of computer simulation, mainly in
government, corporate sectors and research institutes.
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1940s

Complex mathematical problem solving
Manual calculation
Longer time to interpret results

1950s

Use of computer technology for simulation
Discrete Event Simulation

1960s

General Purpose Simulation System (GPSS)

1970s

Simulation Programming Language (SPL) – too
complex for general user
SIMSCRIPT and SIMULA – object-oriented
programming language
CAD/CAM era

1980s

More efficient programming language such as
SLAM and SIMAN
Wider CAD/CAPP/CAM applications in
manufacturing industries
Feature-based modelling

1990s

Rise of Information Technology (IT)
Virtual Manufacturing technology
Virtual Reality

th

20 century

Web-based environment
STEP as a data exchange of product model data
Collaborative and distributed environment

Figure 1.1 Summary of simulation development progress
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Up until the 1970s, computer simulation was still battling with the limited
capabilities of software resources, especially the ability to utilise the Simulation
Programming Language (SPL). The block diagram interface was far too
challenging for general users. During this period, simulation processing time
was still extremely costly, requiring highly skilled personnel, yet often
produced ambiguous results. These simulation outputs were very difficult to
analyse and interpret. Gradual development of computer technology during this
time produced several new specialised software tools such as SIMCRIPT and
an object-oriented programming language called SIMULA, that caused the
simulation modelling approach to be increasingly used in the manufacturing
industry [6].
The limitations of one generation of modelling software have often been the
basis for the invention of the next generation’s tools, as capability evolves to
address those issues. A more user-friendly programming language, graphic
displays, larger computer memory and effective management of files that
contain simulation entities were very much needed in order to make simulation
technology feasible at various manufacturing levels.
All of these aspects, requirements and problems were addressed and discussed,
mainly by an international group that gathered in one of the earliest simulation
conference on Application of Simulation. Later the conference was called the
Winter Simulation Conference. A noteworthy development during this period
was the expansion of simulation knowledge through published journals,
textbooks, lecture notes and research departments [7]. In response to all the
simulation needs, more efficient and easy-to-use programming languages such
as SLAM and SIMAN were established in the early 1980s, and drove
simulation potential as a powerful approach to problem-solving.
The decade of the 1970s also marked the beginning of a new era in Computer
Aided Design and Computer Aided Manufacturing (CAD/CAM) – the
invention of 3D solid modelling and interactive computer graphics. This
technology originated from the development of the concept of Numerical
4
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Control (NC) and Sketchpad during the Semi-Automatic Ground Environment
(SAGE) Project conducted at the Massachusetts Institute of Technology (MIT)
[8].
It must be noted that it was not until that decade that various simulation
programmes offering the possibility of graphic representation of the modelled
system started to appear on the market [9]. Turnkey systems supplied designers
with three-dimensional centralised databases that run on 16-bit machines, which
only supported wireframe modelling and some basic surface modelling such as
lines, circular arcs or combination of the two. Their software, however, did not
advance beyond this stage to take advantage of the 16-bit microprocessor. Due
to limitations and restrictions of modelling at that time, only basic
manufacturing design and analysis applications were available. Most of these
applications were manually done and far from being able to handle real
industrial problems. As CAD/CAM technology grew in many areas of product
development, Computer Aided Process Planning (CAPP) systems became
increasingly important for industrial companies in the mid-1970s. Process
planning is defined by the Society of Manufacturing Engineers as “the
systematic determination of the methods by which a product is to be
manufactured economically and competitively”. The objective is to automate
various aspects of process planning in order to achieve adequate plan quality in
terms of throughput, lead time, product quality and cost-effective utilisation of
various manufacturing resources [9].
The decade of the 1980s brought the evolution of new theories, mathematical
models and algorithms to facilitate wider simulation applications. At the same
time, the expansion of CAD/CAPP/CAM in this decade also portrayed more
automated representation of the manufacturing environment. CAD allowed
more accurate representations of geometric modelling. Representations could
now support sculptured surfaces based on Coons, Bezier, Gordon and B-spline
surface techniques and pioneered the advancement of mass property
calculations, NC milling simulation applications and Finite Element Analysis
(FEA). CAM was used as a NC programming tool, wherein G-codes or Cutter
5
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Location (CL) data are generated, based on 3D models in the CAD software, to
drive Computer Numerically Controlled (CNC) machine tools. NC code
verification became an important feature of any CAD/CAM system in
generating an error-free part programme prior to machining, thus reducing the
need for operator intervention [8].
During this period, the emergence of highly attractive software and the
explosive development of computing applications, together with a marked
reduction in computer prices, resulted in the rapid availability of commercial
computerised manufacturing systems. Computers were not only limited to large
manufacturing companies, but were also affordable for individual use, in which
simulation programmes could readily be run on a personal computer. Here,
most simulations were mainly focused on Material Requirements Planning
(MRP) and Discrete Event Simulation (DES), which could only be used to
assist factory management systems between planning, operation and financial
departments. CAPP then became a critical bridge between design and
manufacturing, in which design information must be well translated into
manufacturing language [9]. Through this, management was able to assess the
cost-benefits of alternatives, maintenance strategies, converting equipment
repairs and capital replacements. In addition, machinists were assisted by an
advance simulation package to obtain an optimal machining operation.
It can be seen that the expansion and development of computers in the last
twenty-five years enabled a substantial shift of various simulation techniques
from mere theoretical concepts to wider practical applications [10]. The desire
to integrate CAPP with CAD/CAM and CNC initiated the emergence of
feature-based technology. The CAM-I programme proposed by Pratt and
Wilson (Wilson and Pratt, 1985) introduced the concept of design by features.
Prototypes of feature-based modelling systems began appearing in mid-1980s,
which made a great impact on how simulation was performed. Commercial
implementations of feature-based modelling, such as Pro-Engineer from
Parametric Technologies and CIMPLEX from Cimplex Inc., became available
[11].
6
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However, fundamental incompatibilities among entity representations greatly
complicated modelling data among CAD/CAM systems. Transferring data
between dissimilar CAD/CAM systems must embrace the complete product
description stored in its database. The upsurge of interest in product data
exchange then led to a number of standards for transferring product data, such
as the Initial Graphics Exchange Standard (IGES), Standard d'Échange et de
Transfert (SET) and Product Design Exchange Standard (PDES)/STEP [8].
Furthermore, advances in computer operating systems in the early 1990s made
it possible to combine simulation models with sophisticated and advanced
CAD/CAM application systems. Simulation was assisted by 3D solid models
graphic user interfaces, allowing drag and drop graphical capabilities. The
simulation output could be animated and visualised making them easier to
understand and interpret. Animation gradually became a standard tool in
commercial simulation modelling software. This led to programmes supporting
simulation model creation in a more user-friendly graphic environment.
At the same time, the rise of Information Technology (IT) significantly changed
the way manufacturing processes were performed. The manufacturing
environment demanded a widely distributed and integrated information flow.
Networking was becoming more widespread globally and involved extensive
interaction between companies around the world. It was thus necessary for the
simulation data to be widely circulated so that the numerous parties were able to
analyse the simulation results, and come up with a general consensus. The
calculation of stresses and strains, the estimation of costs, and the prediction of
machining simulation performance required input from experts and other
manufacturing divisions or suppliers in other parts of the world.
Since then, a paradigm shift in manufacturing from ‘real’ to ‘virtual’ production
has resulted in a build-up of research interest in the field. The concept of Virtual
Manufacturing (VMfg) became a hot topic [12]. Taking advantage of available
computer capacity, it became possible to imitate some of the activities of a
physical manufacturing system virtually. The main objective of VMfg was to
7
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understand and emulate the behaviour of a particular manufacturing system on a
computer prior to physical production. VMfg systems provided a useful means
for products to be manufactured ‘right the first time’ without the need of
physical testing on the shop-floor. Over the years, simple graphical prediction
and simulation gave way to complex multi-science predictions. Virtual systems
such as Virtual Machine Tool (VMT), Virtual Machining (VMach), Virtual
Assembly (VA), Virtual Tooling (VT) and Virtual Prototype (VP) have been
developed to support VMfg. Different systems and approaches have different
targeted applications. A detailed discussion of these approaches and their
applications will be presented in Chapter 2. Simulation has now been integrated
into the CAD/CAPP/CAM systems and the term ‘virtual’ has expanded
simulation functionalities to act as more than just as a prediction tool.
In this decade, simulation has been defined as “…the imitation of the operation
of a real-world process or system over time. Simulation involves the generation
of an artificial history of the system and the observation of that artificial history
to draw inferences concerning the operational characteristics of the real system
that is represented. Simulation is indispensable problem-solving methodology
for the solution of many real-world problems. Simulation is used to describe
and analyse the behaviour of a system, ask what-if questions about the real
system and aid in the design of real systems. Both existing and conceptual
systems can be modelled with simulation” [3].
However, the rapid proliferation of various virtual systems in an agile and
distributed manufacturing environment does not mean an instant solution to
assisting the rapid development of the manufacturing industry. Simulation
technology still demands higher accuracy, less computational time, easier
interpretation, manageable results, a user-friendly interface and reliable output.
And most of all, the question of how the simulation information and outputs in
a virtual environment can be fully exploited into the real environment at the
CNC level became the main question and needs to be resolved. Bridging virtual
CNC into the real machining environment still remains a major issue.
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1.2 Contemporary machining simulations
As evidenced by ample research findings and industrial applications, one of the
most powerful methods in coming up with manufacturing decisions nowadays
is through the aid of simulation. In fact, virtual tools are fundamental to
gauging any machining performance. The purpose is basically to support
correct judgments of the whole life cycle of product development. By virtue of
these qualities, simulation has become one of the most powerful decision
support tools available in the manufacturing industry today, helping managers
and planners analyse the effects of a large variety of possibilities with a high
number of alternative combinations of different parameters [13].
In the machining domain, virtual systems have been one of the most effective
and economical tools for improving product quality and reducing scraps. In
doing so, the physical behaviour of the machining process is emulated, which
allows one to try out ‘what-if’ scenarios, make realistic predictions, analyse or
test new ideas for machine tool design, visualise dynamic representation of a
system, optimise a process, analyse any performance changes over time, and
generate and verify NC codes for machining. Simple predictions have now
grown to cater for complex analyses, utilising advanced approaches such as
Virtual Reality (VR), Artificial Intelligence (AI), the Web-based environment
and innovative mathematical models [14].
Despite these benefits, and up to the present day, simulation continues to
undergo

rapid

development.

Several

issues

regarding

simulation

in

manufacturing have been addressed [15]. As the 21st century has advanced, the
manufacturing environment has become a highly scientific, customer-driven
industry, involving a worldwide venture that is boosted and dominated by
dynamic change. Products become more complex, industries become larger,
and customer demands keep on growing. All of this has led to a greater and
more prevalent need for simulation technology. As the use and availability of
simulation has grown, so has the understanding of the difficulties associated
with simulation. This is because new materials are being introduced, new
9
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manufacturing processes designed, complex product features modelled, with
higher accuracy needed, and optimum manufacturing performance required. In
addition, at shop-floor level, simulation results still need to be further analysed
and interpreted into valuable meanings which require accurate interpretation
from experts.
As a result, the technology still remaines largely underutilised, especially by
general users. Currently, manufacturing practice in general has become
segmented and fragmented. Each division of product cycle from the upper
management level, CAD, CAPP, and CAM down to the CNC machine at the
shop-floor, is specialised in their own specific domain. As a consequence,
simulation has been regarded as a tool that can only be utilised by specialised
individuals working in their own domain, thus various pieces of information
needed by the simulation model are dependent on the knowledge of others.
Nevertheless, the overall process remains somewhat compartmentalised. More
simulation models tend to be developed for specific aspects of the
manufacturing process which have explicit mathematical representations of the
physical phenomena. For example, the shape of a product may restrict material
choices and machining parameters, which may involve expertise from various
department levels. Thus, exchanging design and manufacturing information is a
prerequisite to automating and integrating various simulation functions of
CAD/CAM systems.
The decision-making scale graph in Figure 1.2 illustrates the use of the
simulation scenario in current manufacturing practice. The manufacturing
process chain starts with production planning and scheduling, through CAD,
process planning, CAM and finally the machining process. In the current
situation, simulation often assists users to make decisions by utilising
information and data obtained from algorithms or models extracted from a
subset of these manufacturing stages. For example, data were obtained through
experiments and experiences from the machining environment and some
through G-code or CL data from process planners during CAD/CAM
development. In practice, it is necessary for various facets of information used
10
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for simulation to be ‘frozen’ before modelling and analysis can be performed
[16]. This exercise may affect the accuracy of simulation models, especially
when dealing with the dynamic nature of the manufacturing environment.

Figure 1.2 Use of simulation for assisting decision-making at all levels of
manufacturing – current practice
Perhaps in today’s manufacturing environment the main need for simulation,
due to its very nature, will propagate the search for more information at all
manufacturing levels. By this means, simulation could significantly improve
system knowledge, shorten development lead time, increase utilisation and
productivity and support decision-making by various parties throughout a
product’s life cycle. Ideally, simulation should acknowledge the information
that runs through the entire manufacturing chain. Only in this way can the
unnecessary time added before machining at CNC level be reduced and a
‘truthful’ simulation system be fully utilised at any stage of the manufacturing
cycle. As a result, the time taken in making decisions by machinists, engineers,
process planners or even managers can be shortened, as illustrated in Figure 1.3.
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Figure 1.3 Use of simulation for assisting decision-making in all levels of
manufacturing – actual need
Notably, most simulation applications still cannot share data with each other or
with other manufacturing software systems [17]. Existing simulation software
based on CAD/CAPP/CAM systems usually stands alone and is not integrated.
Moreover, in today’s manufacturing environment, NC code modification at
shop-floor level is still necessary to accommodate the dynamic nature of on-site
machine tool conditions and adapt to the machine-specific codes added by
machine tool vendors. The incompatibilities between the virtual and control
systems most definitely demand a high level of standardisation in dealing with
design-production data exchange and communication.
With the wealth of information and experience that exists across the
manufacturing chain as well as the geographical separation of manufacturing
partners, it becomes obvious that efforts to define exchange standards must be
unified at the international level. This effort is being led by the International
Organisation for Standardisation (ISO). The emergence of STandard for the
Exchange of Product model data (STEP or ISO 10303) [18] for Numerical
Control, known as STEP-NC (ISO 14649) [19] has opened the door to
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providing a data structure that can act as a standard backbone for tying design
and production together. The research outcomes of STEP-compliant systems
have demonstrated promising scenarios in assisting process planning and
machining tasks, though they are still at the early stage of industrial adoption.
Nevertheless, most CNC systems can still only handle the outdated NC part
programme with a limited scope of information defined by ISO 6983, also
known as G-code. The National Institute of Standards and Technology (NIST)
has developed and implemented a hierarchical architecture for control of
machine tools using machine commands called Canonical Machine Command
(CMC). With such open commands, additional functions can be incorporated in
dealing with machine dynamics on the shop-floor [20].

In addition,

interpretation of a variety of vendor-specific NC part programmes can then
become possible [21]. This seamless standardisation approach could be a
stepping stone for supporting the simulation of the future.

1.3 The future of manufacturing simulation
The past and current evolution of simulation technology has led us to expect
that simulation advancement will continue to rely on the latest advances in
computer development, as well as innovative algorithms and applied
approaches developed through participation from research institutes and
industrial practice.
The rate of change in simulation has accelerated, and will continue to do so
[22]. Progress achieved in areas such as programming paradigms, integration of
hardware and software platforms, networks and communications and the
continuous advancement of Internet technologies is no doubt crucial to the
future of simulation development. However, in a global manufacturing
environment that seeks a distributive and collaborative platform, the primary
limiting factor is a demand for high interoperability. The need for neutral,
vendor-independent data formats for storing simulation models could greatly
13
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improve the accessibility of simulation technology to industry, using reusable
models as a distributed and shareware product [23].
As mentioned, one possible approach to solving this problem is by using STEP
and STEP-NC as the data model. By adopting a universal data standard, the
issue of incompatibility among the system structures can be prevented. The
consideration of a standardised data model in bridging the real and virtual
environment is considered a promising direction for the future of simulation in
manufacturing.
Development of a virtual system in manufacturing is clearly a multidisciplinary undertaking, which may require employing different types of
approaches in one system. There seems to be no single approach or technology
that suffices for these needs. One thing seems clear, that a capable virtual
system is expected to have the following characteristics: neutral data to support
interoperability, realistic visualisation, incorporation of shop-floor information
through hardware interaction, high-level data to support multi-directional data
flow, generalised empirical models and networked capability to assist
collaboration.

This research therefore attempts to unite these criteria in

developing a High-Fidelity Machining Simulation (HFMS) system framework.
Explicitly, HFMS is defined as “a new generation of machining simulation
system where imitation of the real machining operation is performed over time
by incorporating up-to-date data in representing true behaviour of the actual
shop-floor status. Simulation should be able to hold comprehensive information
that runs throughout the manufacturing chain, giving a sense of fidelity
creating a truthful simulation environment. The simulation system is assisted
with current monitored information from shop-floor with the aim to shorten the
setup time as well as generates reliable and truthful inferences concerning the
characteristic of a real machining environment”.
A general overview of how the HFMS system framework can be advantageous,
compared to traditional machining simulation, can be seen from the process
flow illustrated in Figure 1.4. In a more specific domain, it is well known that
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most integrated CAD/CAM and machining simulation systems today have the
ability to perform tool-path simulation, NC code verification and generate NC
part programmes. This is normally done based on a CL data file that contains
instructions that control a specific tool. These capabilities have become
significantly beneficial in assisting engineers or machinists to simulate tool
trajectory, produce correct part programmes and eliminate costly operations
during machining. However, the process for obtaining a final NC programme
requires a series of tasks which require a huge amount of time and effort.

Figure 1.4 Time spent in traditional machining vs HFMS-based machining
process flow
As shown in the figure, machining simulation, code verification and code
generation are conducted based on the designed part during process planning
activities. Machining simulation, such as tool-path analysis, is performed in
order to visualise and validate beforehand tool trajectory movement, so that
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collision can be avoided. The virtual system then generates the codes
automatically and later post-processes them into a final G-code part programme
to be used by a CNC machine tool. During this process, many algorithms and
much knowledge and process planning information at a design or process
planning stage are utilised.
The subsequent step, and often the most time-consuming task, is to perform the
physical machine setup, following the process plans and generated NC codes. It
is well known that the shop-floor is strictly surrounded by an ever-changing
environment caused by changing tools and workpieces, repositioning fixture
orientation, etc. Following that, physical testing is usually required in order to
test whether the generated NC code can machine the parts following actual
setup and necessary specifications. In many situations, the NC code needs to be
modified to reflect the setup environment, adding the machine-specific
functionality codes and taking into account the availability of resources prior to
machining. Once the codes are modified to meet these particular characteristics,
the problem of verifying the modified codes may reappear.
The importance of having a tool-path trajectory that is adaptable to the real
machining environment, as well as producing a reliable NC part programme
becomes evident when trying to reduce the time taken in verifying, modifying
and adjusting the final programme codes. In addition, the preparation of NC
part programmes must be interactive between process plans and simulation
model development, taking into account the changing environment on the shopfloor. Compared with the traditional approach, a HFMS-based machining
operation can expedite the flow of the whole machining process.

1.4 Research objectives and scope
The aim of this research is to develop a virtual machining system that is able to
perform a ‘trustworthy’ machine tool simulation, which includes the following
objectives:
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1. Development of a digital data model for a High-Fidelity Machining
Simulation process. The data model contains workpiece and fixture
geometry, machine tool information, machining requirements information,
and cutting tool information
2. Implementation of a universal and adaptive simulation system based on a
machine tool’s on-site conditions using process monitoring techniques. The
system is capable of taking STEP/STEP-NC as data input and adapting to a
real machine situation through the information obtained from sensors and
protocols.
In order to achieve the above objectives, High-Fidelity Machining Simulation is
presented in this thesis as having the ability to (i) bring virtual simulation closer
to the real machining environment, (ii) generate reliable NC codes that
represent the on-field machine setup at the shop-floor, (iii) eliminate the need to
alter vendor-specific codes, (iv) reduce the number of trials during physical
testing and (iv) increase the accuracy of performing future simulation analysis,
using Post-Machining data. The scope of the study focuses on virtual machining
with a 3-axis milling machine. The feasibility of the simulation system could be
further explored using 5-axis machine tools, turning operation and parallel
kinematics machines in future research.

1.5 Outline of the thesis
The work presented in this thesis deals with the development of an integrated,
generic and adaptive simulation system concept for bridging the virtual CNC
with the real machining environment. The particular focus is to develop a
machining simulation environment that can portray the true machine tool status
at shop-floor level. This thesis is divided into 7 chapters.
In chapter 2, a comprehensive literature review of the virtual environment in
manufacturing is presented. A new taxonomy to describe virtual systems in
manufacturing is proposed. The main goal is to identify the gaps in knowledge
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where innovative research can be performed. The future trend of machining
simulation roles is also discussed. Gaps in the knowledge of the virtual
machining chains, using universal data structure and tool condition monitoring,
are identified as potential areas of research development with likely
applicability in industry.
In Chapter 3, a detailed discussion of STEP and STEP-NC as a data structure is
presented. The chapter begins with an overview, the development background
for both standards and the introduction of their structure. Next, harmonising
issues with several STEP Application Protocols (APs) are presented.
In Chapter 4, the High-Fidelity Machining Simulation system framework and
the principles behind the presented framework are first introduced. The
presented architecture, in contrast with the traditional simulation approach,
allows one to perform simulation with a high degree of fidelity that portrays
true machining behaviour. The benefits of the proposed framework are
highlighted.
In Chapter 5, the development tools, mechanism, computational software,
related algorithms and theories are reported. The development methods are
explained in terms of developing system functions such as the HFMS main
system interface, 3D visualisation display, experimental setup, tool-path
simulation algorithms and Post-Machining analysis approaches.
System implementation and case studies to demonstrate the feasibility and
validity of the research framework are given in Chapter 6. At the beginning of
the chapter, the HFMS prototype system is described. The first case study
illustrates how ingenuous machining simulation is used to assist setup
operations prior to machining, as well as the capabilities for generating reliable
NC codes. The second case study portrays a monitoring system using
MTConnect technology. Finally, the third case study involves a post-evaluation
approach using the HFMS integrated system in determining remaining tool life.
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Conclusions, intellectual contributions and future work opportunities are
described in Chapter 7.
There are four Appendices at the end of the thesis. Appendix I contains the
summary tables of various virtual systems developed using different types of
approach reported in previous studies. Appendix II includes the barcode
identification procedures and labels of particular cutting tools used in the
system developed. Appendix III includes HFMS input and output software files.
Finally, Appendix IV provides the abstracts of three journal papers and five
conference papers the author published during the course of this research.

1.6 Publications of the research
Eight published papers constitute the basis of this thesis. Each paper provides a
significant link in the development of the framework presented in this thesis.
Paper I [24] is a comprehensive review of virtual machine tool and virtual
machining in manufacturing and was listed by Scopus as the most readable
article to date. Paper II [25] is the introduction of a proposed system
framework. The work was presented at an ASME conference as well as NIST in
2010. In Paper III [26], the system framework that portrays the initial results of
the on-going development of the prototype system is further presented. Here,
the overall system algorithm was described. In Papers IV [27] and V [28], the
concept of bridging the virtual and real manufacturing environment is expanded
to include an online monitoring system, i.e. MTConnect. Following that, the
representation of a kinematic analysis model and the initial results obtained
from a direct monitoring system were presented in Paper VI [29]. In Paper VII
[30], the monitoring results were further analysed and interpreted to obtain a
reliable NC code for machining. Finally, Paper VIII [31] presented the
development of the HFMS integrated system in predicting and monitoring the
cutting tool information for up-to-date tool life calculation. Appendix IV
provides further details of the research publications.
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Chapter 2
Virtual Environment in
Manufacturing
CHAPTER SUMMARY: Simulation has now grown to be part of virtual systems
along the CAD/CAPP/CAM link in assisting the manufacturing environment
with many useful applications. The chapter first presents a developed taxonomy
for Virtual Environment in Manufacturing (VEM). A new classification method
is introduced to assist better understanding of the reviewed works. Next,
reviews of existing Virtual Manufacturing systems are briefly discussed.
Detailed accounts of the development of Virtual Machine Tool and Virtual
Machining systems, together with their capabilities, are the main core of this
chapter. The research works are categorised according to the approaches used;
Virtual Reality (VR), Web-Based (WB) techniques, Mathematical Modelling
(MM), Hardware Interactions (HI) and STEP-NC-based (ST) simulation
techniques. Major work on this section is based on a paper published in
Robotics of Computer Integrated Manufacturing [24]. Following that, some
views are also underlined to suggest possibilities for VEM approaches for
simulation in the future. Finally, based on the reviews, research gaps and
motivation are identified.

2.1 Overview
The virtual concept in manufacturing has existed for almost twenty years and
has encouraged a large research community, as well as industrial practice, to
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contribute towards its expansion. The main objective of these virtual
technologies is to understand and emulate the behaviour of a particular
manufacturing system on a computer prior to physical production, thus reducing
the amount of testing and experimentation on the shop-floor.
By using a virtual system, less material is wasted and interruptions to the actual
machine on the shop-floor can be avoided [32, 33]. There are also fewer safety
concerns. Manufacturing data management and product life cycle management
can be easily documented in a more systematic manner. When such a system is
Internet-enabled, collaborations can be supported. In recognition of these
benefits, a number of virtual systems have been developed, for example Virtual
Manufacturing, Virtual Machine Tool, Virtual Machining, Virtual Assembly,
Virtual Tooling, and Virtual Prototyping. The percentages of research work
conducted under these domains are summarised in a pie chart shown in Figure
2.1. It was observed that research was mainly focused on VMT and VMach as
these are the most critical phases in the manufacturing process chain.

12%

21%

VMfg
VMT

34%
33%

VMach
Others

Figure 2.1 Classification of research work according to system domain
Earlier research in this area focused mainly on Virtual Manufacturing. This was
in tandem with the development of a Digital Factory or e-manufacturing.
Within a VMfg environment, products, devices, shop-floor capabilities and
sometimes the entire enterprise are modelled, thus enabling decision-making for
manufacturing processes [34-36]. Development of Virtual Machine Tool
systems has also gained interest in the research community. A large amount of
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work has been conducted either for the purpose of designing machine tools or
simulating machine tool capabilities. This was done either in a wider simulation
mode, such as construction of a complete machine tool model [37], or in a more
specific mode by simulating a type of machining application [38]. The latter is
referred to as Virtual Machining. The capabilities of VMT and VMach systems
have expanded rapidly over the years, from simple simulation (e.g.
straightforward tool-path generation, NC-code verification and material
removal simulation), to complex predictions (e.g. tool-life analysis, surface
topography analysis, chip simulation, machining error predictions, vibrations
and temperature). Other virtual systems, such as Virtual Assembly [39, 40],
Virtual Tooling [41-43] and Virtual Prototype [44, 45], have also been studied
over the years.
Some reviews have also been carried out, each having varying focuses and
scopes. The review by Lee et al. [46] focused on state-of-the-art research in
VMfg. It includes an introduction to the VMfg concept, brief classification
techniques of VMfg, and advantages and major obstacles in developing a VMfg
system. Staying with VMfg, Shukla et al. [47] introduced the concept of Virtual
Reality as a new technology to be applied in a VMfg system. Altintas et al. [48]
presented a review of VMT. A good number of papers were surveyed;
challenges and drawbacks of the techniques were highlighted. Under the
VMach domain, different techniques used in developing NC codes verifications
were also reviewed [49, 50]. Wang [51] reviewed VP-related articles in order to
provide a clear understanding of the VP techniques, components and functions.
Apart from that, the abovementioned reviews are mostly in one particular
domain and are limited to a specific research focus on developing a particular
type of virtual system. This chapter endeavours to provide a deeper
understanding of the developed virtual systems, categorise them based on the
research domain and focus, and review the system structures and capabilities of
the systems. It is interesting to see how various methods, terminologies and
functionalities have evolved over the years. It is believed that a clear taxonomy
is the first step to understanding different research focuses and approaches in
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identifying future directions of VEM. By doing so, further discussions can be
held and research gaps and motivations can then be recognised.

2.2 A taxonomy for VEM
In the domain of the virtual environment for manufacturing, various
terminologies and definitions have been used when defining and classifying
manufacturing simulation systems. With a proper taxonomy the research trends
can be analysed, system capabilities observed systematically and future
research directions identified. The need for classifying VMfg technologies has
been recognised by many [46, 52-54].
Onosoto et al. [52] proposed a classification based on a matrix of manufacturing
subsystems. The subsystems are divided into either ‘real’, that is, defined by the
Real and Physical System and the Real and Informational System, or ‘virtual’
systems, that is, defined by the Virtual and Physical System and the Virtual and
Informational System. The approach taken by Lawrence Associates Inc. [53]
divided virtual manufacturing systems into three sub-categories: (i) productcentred systems that define the product design process, (ii) production-centred
systems that evaluate machining processes and process planning and (iii)
control-centred systems that focus on the dynamic control of production
processes. Lee et al. [46] summarised the classification work and compiled
them into different categories based on the type of system integration [52],
types of product and process design [53] and the system’s functional usage.
Finally, Marinov and Seetharamu [54] suggested the concept of using small
building blocks, and defined more detailed classification attributes for VMfg.
Unlike most of the existing classification approaches, the following proposed
taxonomy is based on an object-oriented approach. The intention is to provide
flexibility for various definitions, terms and terminologies used in developing
the virtual systems, as well as highlight their inter-relationships. This taxonomy
focuses on VMT and VMach systems; however, it can be further extended to
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accommodate other virtual domains such as VMfg, VA and VP systems. This
helps understand the connectivity and/or integration of one system with another.
Figure 2.2 shows the taxonomy of virtual systems and their associated
functionalities.

Figure 2.2 Hierarchical structure of VMT and VMach under VEM
The layers of ‘Sub-system’, ‘Functionality’ and ‘Sub-Functionality’ are
designed to define different aspects of a system. ‘Sub-system’ encapsulates
various types of virtual system such as VMT and VMach. ‘Functionality’
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denotes possible functionalities of a system, which may have ‘SubFunctionalities’. Each sub-system has its respective functionality related to its
targeted domain and scope of different characteristics. A sub-system inherits all
the functionality held by its parent system(s).
The VMT domain involves simulation analysis that takes the entire machine
tool into consideration, including its CNC controller. On the other hand, VMach
focuses on analysis of machining processes such as milling, turning, grinding,
etc. The analysis involves process optimisation, numerical analysis and
parameter prediction such as force estimation, material removal rate, machining
error, machining time, feed, temperature, etc. As an example, systems
developed under VMT are capable of performing wider simulation functions
such as virtual monitoring and control, virtual training, machine tool design,
and axis control, as well as all other functionalities defined under VMach (e.g.
material removal simulation, collision detection, parameters prediction, tool
wear analysis and tool breakage analysis). In this way, these sub-systems and
functionalities can easily be extended and linked together to create a total
virtual environment for manufacturing.
A methodology diagram as shown at the bottom of the figure can be used to
define different types of techniques based on current virtual systems. For
example, research focuses such as Virtual Reality, Web-based, Hardware
Interaction, Mathematical Modelling and STEP-NC based virtual systems can
each be described in terms of the basic functionalities they ought to have. A
‘tick’ indicates the technology has been or may be used in developing
functionalities. Table 2.1 shows the definitions of the terms used in the
classification method and their respective characteristics.
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Table 2.1 Definition of various terms used in virtual systems
Classification

Characteristics

Virtual Manufacturing

Very broad scope, analysis from design to

(VMfg)

manufacture,

involves

scheduling,

data

management, product design, shop-floor analysis
and networking
Virtual Machine Tool

Scope focusing on the analysis of machine tools,

(VMT)

CNC controllers, involves machine tool design,
characteristics, parameters prediction such as
vibration, power estimation, machining error, etc.,
and virtual training

Virtual Machining

Scope focusing on the analysis of the machining

(VMach)

process such as milling, turning, grinding, etc.,
involves cutting process optimisation, parameters
prediction such as force estimation, MRR,
machining

error,

machining

time,

feed,

temperature, etc., and numerical analysis
Virtual Assembly (VA)

Smaller scope, analysis for the assembly and subassembly processes

Virtual Tooling (VT)

Scope focusing on the analysis of cutting tools,
analysis of the tool-workpiece contact, tool life,
tool wear, tool breakage, tool tip temperature,
material properties, etc.

Virtual Prototyping (VP)

Analysis of the processes to produce a prototype,
customised product, design analysis, etc.
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2.3 Virtual Manufacturing studies
The concept of Virtual Manufacturing was introduced in the early 1990s and
the idea came from the outcome of issues with integrating manufacturing
activities during the production cycle. It involved broad analysis of the entire
product life cycle. Parallel with the advent of IT development, VMfg has
attracted much research interest.
An early attempt was reported in a series of works by Onosato, M. and Iwata,
K. [52, 55] and Iwata, K. et al. [36, 56] in developing a system called
VirtualWorks. A factory model and its behaviour, such as the equipment,
production processes, workpiece, flow of materials and control information on
the shop-floor, were developed. However, the system demands a high
computational load due to the interaction of a large number of entities.
To overcome this problem, an Open System Architecture for Virtual Shopfloor
(OSAViS) was proposed. An extension of the VirtualWorks system called
Open-VirtualWorks was developed based on the OSAViS. Open-VirtualWorks
uses some additional features, such as the improvement of the system response
for real time processing by using multiple CPUs, consistency data management
of model objects and simulation resources through the computer network, and
an adaptable application interface with existing software packages and
interfaces for communication between real machines, users and other resources
[36].
From these efforts, the collaborative manufacturing environment, bringing the
VMfg onto the Web, was further developed. Based on information data models
and the manufacturing and engineering database, the virtual factory was
introduced by Lee, K.I. and Noh, S.D. [34]. The proposed system adopted a
new data schema called STEP. A more standardised and interoperable
workflow was achieved through the universal data structure used. Thus,
additional features and concepts such as dynamic planning, group scheduling,
Just-In-Time (JIT) or the KANBAN strategy are easily adopted.
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Nonetheless, a collaborative manufacturing environment for integrating these
features into a networked manufacturing process is still lacking [57]. A
framework named Web-based-integrated sensor driven e-ShopFloor (WiseShopFloor) provides an open architecture for real-time monitoring and remote
control of networked machine tools [35, 58]. The intention was to bring the
traditional CNC machine tools online to provide a collaborative environment
and link them to the e-manufacturing concept. Two issues were highlighted in
adopting such a system; security and real-time data load information flow. For
example, even though the NC line control can provide a complete NC code
command remotely, it needs a highly reliable NC code parser for various
machine

tools

that

might

be

using

vendor-specific

codes.

Further

implementation can thus be restricted.
In order to provide intelligence in collaborative manufacturing through the
internet, a system called iShopFloor (Internet-Enabled Agent-Based Intelligent
Shop Floor) was introduced. It emphasises ‘distributed intelligence’ which can
proactively send important data and provide a plug-and-play operating
environment. The aim was to develop a generic agent-based system in order to
provide the intelligent shop-floor with capabilities to integrate process planning
and scheduling activities, and schedule optimisation validation via three
working modes; fast simulation, real-time simulation and real-time execution
[59]. Unfortunately, iShopFloor cannot be expanded, through the inability to
interact with enterprise business systems such as Enterprise Resource Planning
(ERP). Therefore, vendor-specific codes that differ from one machine tool
vendor to another impede further implementation.
Similar key constraints were also highlighted as a barrier to developing
networked virtual manufacturing, or net-VM [60]. The future of net-VM is very
much dependent on the solution of unifying different data formats from
different sources along the network. Likewise, the system must develop a highend independent platform so that different platforms such as UNIX,
Windows98/2000, XP, Windows NT, etc. at the user end can access the system
efficiently. With the current limitations of the transfer speed and bandwidth of
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the Internet, an innovative protocol is necessary for successful implementation
of real-time simulation.
In a large modern production environment, training operations are a major
proportion of enterprise development. Incorrect operation will reduce employee
safety, slow down the production process, affect economic performance and
increase total production cost [61]. One application of VMfg is to design a
‘virtual factory’ concept that can aid training purposes.
One example is a system developed by Jones, K.C. et al. [62], called AutoMod
Virtual Environment (AMVE). VR technology was adopted in developing the
system to allow users to modify and alter any variables in a virtual
environment. The AMVE system was tested by evaluating a response from
selected participants, ranging from assemblers and supervisors to manufacturing
engineers. Their response towards the training session, oral and written
questionnaires and group discussions were observed and recorded. Thus, an
effective factory design can be verified and improved. This system, however,
contains several limitations such as low animation speed, thus optimisation for
the data transmission speed cannot be achieved and needs further improvement.
A summary table for VMfg-related work is given in Appendix I (Table A).
Therefore, even though the VMfg technology is expanding, there are still
existing problems that prevent it being widely adopted. Currently, there is no
suitable data format that can make well integrated VMfg systems for more
intelligent product evaluation. The support tools of product innovation are still
insufficient. As a result, VMfg is only applicable to big industrial players that
can afford high investment for hardware and software applications [63].
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2.4 Virtual Machine Tools and Virtual Machining studies
In a more explicit study, machine tool behaviour and machining operations
were also developed virtually. The former is generally termed Virtual Machine
Tool and the latter is called Virtual Machining. The research in these domains is
categorised as follows: (i) Virtual Reality (ii) Web-Based (iii) Mathematical
Modelling (iv) Hardware Interaction and (v) STEP-NC based simulation.
Summary tables are included in Appendix I.

2.4.1 Virtual Reality-based systems
The aim of most VR-based systems is to provide enhancement of visual effects
with the intention of bringing virtual systems to ‘life’. A general perception by
the public often relates VR technologies with the usage of sophisticated
headsets, expensive computer screens and communication with the virtual
world through interactive gloves [64]. Hence the misperception that a VR-type
system in manufacturing requires expensive equipment. In fact, there are two
types of VR systems; the immersion VR and the desktop VR. Currently, many
systems have adopted desktop VR techniques to enhance the visualisation
capability of PCs. However, in view of current software and hardware
development, immersion VR, which involves virtual equipment sets, is easily
available and has become more affordable in recent years.
The Virtual Machine tool Structural Modeler (VMSM) system developed by
Lin and Fu [65] is capable of providing an interface for modelling machine
tools within a VR environment. The architecture of the system consists of
several modules such as component modules, and a module shape library,
combination rule library, and structure library. The system enables a user to
select the structure of a machine tool, modify it, and control it as well as
simulating the machining process.
In a modern production environment, training is a major part of any business.
To support virtual training, a system named VR CNC was developed by Kao et
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al. [66]. Two modules were constructed, the VR CNC structure and the VR
CNC controller. The VR CNC structure includes a machine table, servomotor,
driving system and feedback system. The table moves along the X and Y axes
using a solid block, whilst the Z-axis movement is controlled using the vertical
translation of the cutter. The VR CNC controller is composed of an HMI, NC
code parser and interpolation algorithm. This virtual controller can emulate
functions such as Cycle Start, Cycle stop, Spindle, Feed-rate, Home, Tool
exchange, emergency Stop and some Manual Data Input (MDI) modes.
Both immersion and desktop VRs can be incorporated into the development of
a VR-based training system. Products Virtual Analysis System (PVAS) is one
such system [67]. Three main functions are employed. They are (i) a VR
display with stereo glasses, (ii) analysis and optimisation of product kinematics
and (iii) dynamics and a virtual interactive environment for virtual machining
and assembly processes [68, 69]. A similar approach was adopted by Sun et al.
[70]. A multi-CPU PC with a high-level graphics accelerator card, 3D mouse,
VR projectors and 3D optical equipment were incorporated for human-machine
interaction. A wireless USB virtual NC panel was also used to provide a real
sense for the operator during the training process. Two approaches were taken
to increase the virtual effects of the system. First, the scene-rendering approach
for virtual machine tool graphics was adopted. Secondly, optimisation of the
virtual machine tool model was carried out. In the 3D modelling environment,
to reduce complexity, redundant polygons such as surfaces that overlap among
the interconnected parts were deleted [70].
Furthermore, a virtual training system may also provide some insight into the
machining process. For instance, operators under training are able to analyse
technical aspects of the process such as cutting power, cutting force, surface
quality, production rate, material removal and economic data [71-73]. Besides
simulation of failure events, repairs and maintenance functions can also be
simulated [72]. In a recent study, a training tool called CNC Machine Tools
(CNCMT) was developed by Sanz et al. that provides practical learning to
amateur machinists and minimises the risks of operating the physical machines
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[74]. The adoption of this technology also can be expanded to all users with any
machining knowledge background. One example is the development of the
CNC Partner [75] system. The system was implemented to assist vocational
school students. The system consists of an enhanced virtual control panel that is
a cost-effective substitute for the real NC control panel. The only possible
limitation of such virtual training is that the utilisation of hardware controls
(control wheels, tool holder system, speed control switch, etc.) might differ
from the real environment [76].
Another example of using combined VR was developed by Luo et al. [77, 78].
Here, the movement behaviour of a machine tool was analysed, incorporating
real-time cutting simulation and collision detection, based on a bounding box
calculation. In addition, workpiece clamping, alignment, workpiece origin and
tool adjustment were incorporated in the virtual system.
From summaries of the research work on the VR technology (refer to Table B
in Appendix I), most studies focus mainly on aiding virtual training and
machine tool design. Although some systems offer several basic functionalities
such as code interpretation and material removal simulation, complex functions
such as parameters predictions and surface analysis are not included. One
possible reason for that is the limitation of current software and hardware tools
in coping with animation speed when incorporating data analysis into the VR
system. A clear advantage of using VR is its ability to provide a more realistic
and intuitive environment for simulations. However, one must ensure that
accurate data is used to provide valuable and correct information.

2.4.2 Web-Based systems
In recent years, WB technologies have often been used for the development of a
virtual manufacturing environment. This section discusses the Web-enabled
systems for, (i) Virtual Machine Tool and (ii) Virtual Machining.
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2.4.2.1 Web-Based Virtual Machine Tool systems
A number of such systems have been developed for different purposes and
applications such as assisting machine tool design, performing machine tool
simulation, monitoring machining performance and controlling machine tools
remotely through a network.
Web-based Virtual Machine Tools (WVMT) was developed [79, 80] for the
user to experience designing and modelling various kinds of machine tools
through the Web. WVMT is composed of a class structure of machine tool
configuration, geometric descriptions of mechanical components and the
kinematic relationships between the mechanical components. Shinno and
Yoshimi [81] classified the mechanical units of a machine tool into nine basic
components and several combination patterns. A connectivity graph (Figure
2.3) was used to reflect the combination of mechanical units which represents
the kinematic chains of the mechanical units. This connectivity graph was
applied together with a scene graph that was used to represent a display scheme
in Virtual Reality Modelling Language (VRML), so the display can be
maintained between related components. The results are node groups in a
connectivity graph as shown in Figure 2.3.

Figure 2.3 Node groups in a connectivity graph
A subsystem of WVMT, Web-based CAM (WCAM), was subsequently
developed for graphic animation of machining processes in real-time by
distributing the data load to a middleware translator, CORBA (Common Object
Request Broker Architecture) [82]. In this system, CORBA was used as a
33

Chapter 2 ~ Virtual Environment in Manufacturing

medium to receive tool-path information from a CAM user, translate the NC
part programme, and send it back to the user.
In simulating the material removal process using VRML, there are two possible
primitives that can be used to define the dynamic movement of geometry. These
are the IndexedFaceSet and ElevationGrid nodes (Figure 2.4). The
ElevationGrid is defined by a set of grids. The grid size can be defined by
changing the xDimension and zDimension values. The grid has intersecting
points with individual heights. A small surface is then formed through
neighbouring intersecting points. In the IndexedFaceSet, the surface is defined
by several facets that are interconnected by several vertices. The shape of the
IndexedFaceSet changes as the vertices move. In the WCAM system, the
IndexedFaceSet geometry node is used.

Figure 2.4 VRML geometric primitives
With an intention similar to the WVMT system, Qin et al. [83] provided a 3D
simulation modelling platform for distributed manufacturing. In addition to
machine tool modelling, this system also provided some control features via the
Internet. It used a concept of drag-and-drop assembly methods and was
implemented through a model-component-based module system. The system
comprised a hierarchical geometric modeller, a behavioural editor, and two
assemblers. During modelling, designers can combine basic modelling
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primitives with general extrusions and integrate CAD geometric models into
simulation models. Each simulation component model can be visualised and
animated in a VRML browser. A prototype was built using Hypertext Mark-up
Language (HTML), VRML and TCP/IP as the backbone.
Contrary to the WCAM approach, the machining simulation used in a system
developed by Qiu et al. [84] incorporated the ElevationGrid approach. In order
to enhance resemblance to a machining process, ElevationGrid is set with a
large dimension and a small grid spacing value. However, updating a large
ElevationGrid is expensive as it involves interactions among several layers,
including a Java applet, the EAI, a VRML browser and a Web browser. Thus, a
group of small ElevationGrids was used to model the workpiece.
The system developed by Hanwu and Yueming [85] incorporated the embedded
HTML approach that integrates JavaScript, Java Applets and VRML plug-ins.
VRML was used to create the virtual machining environment whereas
JavaScript and Java Applets were used to provide a 2D display area for humanmachine interactions. The operation interface of the prototype system includes
the main operation interface, a workpiece setup or removal screen, reference
tool addition or removal screen, CNC machining process for material removal
visualisation, machining simulation result showing the finished workpiece and
finally, a G-code editor Interface. In the G-code editor Interface, the user is able
to enter the G-code manually and import/export the G-code. Like many other
VRML-based systems, the ElevationGrid node was adapted by the material
removal simulation algorithm for modelling the dynamics of the material
removal process.
In addition to studying a machine tool’s functionality, some systems also focus
on machining parameter prediction and material removal simulation on the
Internet. A prototype called HVMS-II [86] is such a system. It is a hybrid
system, in that it can carry out both geometrical and physical simulations
simultaneously, e.g. predictions of cutting forces, surface topography and cutter
vibration. The Virtual Machining and Measuring Cell (VMMC) was first
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developed by Yao et al. [87] and later upgraded to work in a Web-based
environment [88]. This system is also capable of both geometrical and physical
simulations. It can predict machining cycle time, cost and inspections such as
dimensional errors, position errors and surface roughness.
A different approach, based on two-tier client/server architecture, was
implemented by Qiu et al. [84] with a platform that can provide a dynamic
update of workpiece geometry during machining operations. This is also
performed under a VRML scene. The server side consists of a Web server and a
Java application that relays the data between clients. A client is a Java applet
that comprises a Graphical User Interface (GUI), External Client Interface
(ECI), External Authoring Interface (EAI), shell, NC core, and the components
that update the geometry of a workpiece. The applet can either be in a singleuser mode or multi-user mode. In the multi-user mode, one user may function
as the ‘master’ client while others operate as ‘slaves’. The master client receives
commands from the user through GUI and passes it to the slave ECI via a
messenger. The commands from both master and slave clients are sent to the
shell for interpretation. The NC interpreter then analyses the G-code and sends
it to the shape updating algorithm. Through this system, full collaboration can
be performed between clients.

2.4.2.2 Web-Based Virtual Machining systems
Virtual Machining mainly focuses on simulating motions of cutters and
workpiece. The main concern is about tool-workpiece interaction. In a Webbased virtual CNC milling system developed by Ong [89], there are three
databases, a virtual machine database which was modelled using VRML, a
virtual cutting tool database and a virtual material workpiece database. These
databases could be accessed via online Common Gateway Interface (CGI)
programmes and integrated with HTML though VRML plug-ins and Java
Applets. The system is capable of simulating material removal processes in real
time, interpreting NC code, detecting collisions and predicting machining
parameters such as cutting forces, torque, power consumption and tool life.
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Representation of real-time material removal simulation is implemented using
the Script node without the EAI. The workpiece surface is modelled using the
ElevationGrid node. The purpose is to simplify the simulation speed and
modelling process. In this system, a time-control module is incorporated in
order to maintain simulation speed in lower-speed computers by using the clock
time of the computer system. In this module, the G-code interpreter reads the
computer’s system time, calculates the elapsed time for every moment,
computes the required cutter position and sends back to the VRML scene via
EAI. The virtual cutter is then forced to “run” to the specified position in time.
This ensures that machining process is completed on time using the specified
feed-rate.
Similarly, Yu et al. [90] developed a machining simulation system that can
generate NC codes, detect collision and perform material removal simulation.
With networked capability, the system can be plugged in as the client, provide
free installation, allow general authentication and wide interaction, and is low
cost and portable.
Luo et al. [91] developed an Internet-based virtual machining system that
integrates the VR scene using a combination of the image-based rendering
method

(IBRM)

and

the

model-based

rendering

method

(MBRM).

Incorporating IBRM in the system increases image quality and produces
realistic effects visually, regardless of the complexity of the virtual scene.
Image mosaic technology is used in the IBRM system. However, applying
IBRM alone cannot provide users with immersive feelings in the virtual
environment, due to lack of interactivity. On the other hand, MBRM allows
better interactivity between operators and the virtual scene. This is done by
using a detailed algorithm in modelling material removal simulation and
collision detection and its efficiency. Therefore, integrating IBRM with MBRM
provides both good rendering quality and good real-time machining capability.
Like many other systems, the ElevationGrid node is used in representing
workpiece dynamics for machining simulation.
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The application of using this network approach has also been developed to
include real-time position monitoring, in order to fully access machine
operation and setup-free attachment for automatically holding a variety of
workpieces on the machine [92]. The system is designed to accommodate an
unattended machining environment with an additional encryption algorithms
(cryptographic protocols) added for security and data integrity flow over the
network.
It must be acknowledged that the Web-based approach has become one of the
most common technologies used for manufacturing simulations. Most Webbased systems appear capable of simulating basic outputs such as NC code
verification and machining simulation (refer to Table C in Appendix I).
However, to date, realisation of dynamic material removal simulation during
the machining process through the Web remains a major challenge. As a result,
a wide range of methods have been used in developing simulation algorithms;
two of them are VRML and Java. Therefore, the ElevationGrid node primitives
under VRML are often adopted in simulating the dynamic behaviour of the
material removal process. In addition, various other methods are also used, e.g.
agent-based technology, the Z-map method and genetic algorithms. Some
researchers, when performing monitoring and control through the Web, have
studied real-time interactions. However, obtaining the real-time capabilities
possible between a real machine tool and a virtual system still remains an
unsolved issue. A fundamental requirement for this function is to be able to
produce a real-time machining process within multiple users around the
network. Critical issues may arise if high speed is specified by users
simultaneously within the network, and the systems might not be able to
produce fast and realistic simulation.

2.4.3 Mathematical Modelling
Mathematical Modelling, or numerical analysis, aims to take a more scientific
approach toward engaging the real behaviour of the machine tools and
machining process in simulations. It is supposed to provide more accurate
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predictions of machining processes. In this section, the research dealing with
developing empirical models in support of virtual systems is reviewed.
A system named Virtual CNC (VCNC) is such a system, incorporating
empirical models in modelling real CNC behaviour in assisting the
development of a virtual machine tool structure. The proposed architecture
(Figure 2.5) integrates feed drive dynamics, trajectory generation and an axis
tracking control algorithm [93, 94].

Figure 2.5 Architecture of a Virtual CNC system
The system accepts tool-path geometry from a CL file comprising linear,
circular and spline segments. These segments, together with the cutter
dimension, tool tip coordinates and feed are passed to the trajectory generation
algorithm. Here, real-time interpolation parameters such as displacement, feedrate, acceleration or jerk are passed to the axis control law for determining the
noise parameters. Position errors are detected by the servo sensors and fed back
to predict the contouring error at each control interval. This enables the
exploration of the quality characteristics of a workpiece from the control-level
aspect [95].
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In the system developed by Altintas and Merdol [96], machining outputs such
as cutting forces, form errors, power and torque demands are simulated and
compared with experimental results. Optimisation processes during pre-NC
programming and NC part programme were performed in order to obtain
optimal values of feed, spindle speed, radial width and axial depth of cut. The
VCNC also analysed ability to predict the contouring accuracy of a tool-path,
auto tuning of servo controllers for feed drives, sharp corner tracking and the
rapid drive identification of virtual drive models [97, 98].
Ko et al. [99, 100] and Yun et al. [101, 102] jointly developed an algorithm for
prediction of cutting force, machined surface error, thermal behaviour and feed
drive system. The research focused on the software environment of the
proposed framework for VMT. The approximation of the size effect model
using instantaneous cutting coefficients for an end-mill with multiple flutes was
developed to predict cutting forces [99]. Mechanistic cutting force models are
capable of estimating cutting force and machine surface errors under changing
cutting conditions. The Virtual Machining and Inspection System (VMIS)
possesses VMach, VMT and inspection capabilities for simulating the ultraprecision diamond-turning process.

The aim of the system is to simulate,

evaluate and optimise the machining process by providing geometric and physic
simulations such as material removal simulation, detection of a collision
between the tool holder and the part, and machining accuracy. Various studies
have been conducted in support of the development of the VMIS for instance,
the surface topography algorithm for inspections [103], the NC programme
optimisation system of the virtual machining environment [104] and workpiece
modelling of material removal simulation [105].
In a more recent work, Fan et al. [106] propose a mathematical model, so that
at given cutting forces and parameters of the slide-guide way of the machine
tool, it is able to calculate the geometric errors of the slide. The errors are
normally due to contact deformation caused by wear of the guide way.
Simulation can be performed in predicting positioning errors after a long-term
machining operation.
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Mathematical models were also developed for predicting machining
temperature and vibrations. Recently, a mathematical model of surface
temperature and cutter’s thermal deformation was developed by Sui et al. [107],
in order to help designers perform simulation in a virtual machining
environment. A combination of exponential fitting with the least square method
was adapted to the prediction model of milling temperatures with a variation of
cutting depth, width, speed and feed-rate. Zhu et al. [68] presented a method of
model cutting temperature and vibration for a turn-mill machining centre.
Vibration modelling was based on differential equation analysis, which can be
derived by the mass, damping and stiffness of the machine tool. A Virtual
Machining Simulator (VMSim) generated by Narita et al. [108] can also
produce the same physical output.
A summary of some of the latest research work in mathematical modelling can
be seen Appendix I (Table D). The main observation from the table is that only
a handful of researchers have attempted to use mathematical models for virtual
systems. Parameter predictions are the main goals. Validation of these models
often involves complex experimental methods. In addition, reliable simulation
is dependent on accurate knowledge of material behaviour, machine tool
characteristics, parts interaction, CNC and drives. Changes in one variable
require additional experiments and analysis. There is a lack of research on
empirical models for surface profiles.

2.4.4 Hardware Interaction
A machine tool is a complex mechanical and control system. Understanding
and accurately modelling each component is never a trivial task. Therefore,
researchers have tried to bring hardware and Programmable Logic Controller
(PLC) programmes into a conventional software-based simulation system.
PLC-based simulation systems may generate PLC codes that are used for
verification purposes before they are downloaded to the real PLC on the shopfloor [109]. This strategy is for bridging the gap from the mechanical design of
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a manufacturing cell to control design and development. A model-based
development and simulation-aided validation and optimisation of machine tool
control are considered essential at the early phases of designing a machine tool
[110, 111]. The requirement is for simulation tools to allow software to be
verified and commissioned with a virtual model of the machine tool. For
example, the system-theory approach was used to model certain machine tools
[111]. ‘Systems’ such as PLC software and hardware components of a machine
tool are structured hierarchically. Each of the subsystems has defined inputs and
outputs that are connected with each other according to the flow of information,
material and energy between the individual subsystems. In addition, a defined
behaviour can be assigned to each subsystem.
Understandably, these systems are hardware-and machine tool-dependent. To
overcome this, a prototype that integrates isolated systems into a common
platform was developed [112]. It is based on an open, distributed server/client
architecture called ‘Distributed Machining Simulation’ (Dimas). CNC
functionalities are first verified by control manufacturers in test procedures
which are carried out manually, which requires a tremendous amount of time
and are difficult to reproduce [113]. Therefore, a new strategy called
‘Hardware-in-the-loop’ (HiL) simulation was designed to integrate the machine
tool and software environment of the control system. The HiL simulation
system is operated by linking a real control device such as the NC, PLC or
Human Machine Interface (HMI) to the simulation board within a PC that is
capable of simulating the Profibus network as well a machine tool [114].
Figure 2.6 shows how the HiL simulation scenario for a machine tool can be
implemented. It allows a real control, CNC, PLC and a real-time-capable virtual
machine tool to interact via regular communication interfaces such as drive and
field buses. This enables a closed control loop at an early stage of machine tool
development. It is the aim of the HiL simulation approach to increase the
quality of developed software, enable concurrent engineering between the
hardware and software environment, optimise the mechatronic system, and
finally, provide training based on virtual machine tools [114].
42

Chapter 2 ~ Virtual Environment in Manufacturing

Figure 2.6 Hardware-in-the-loop simulation for machine tool
A simulation tool developed at the Institute for Control Engineering of Machine
Tools and Manufacturing Units (ISW), University of Stuttgart, was based on the
HiL principle [115]. The real-time capabilities of HiL allow intermediate testing
of the complete functional chain from the part programme in a real-time
manner, which consequently depicts the real conditions. The main focus of the
work is to develop efficient and time-deterministic models that are capable of
computing the machine dynamics in real-time [116]. Butala [117] incorporated
this principle when developing a virtual model called VML 150. A hybrid HiL
approach integrating virtual objects to a real CNC controller over the
CNC2VML interface was implemented. The system works on the basis of
manual commands set directly on the CNC controller, or by the G-code
programme serving as a reference for the CNC controller. The VML 150 model
exhibits the same kinematic behaviour as would be realised by a real machine
tool. Thus, the full functionality of the hybrid real/virtual HiL system is
achieved. As HiL simulation environments behave analogously to physical
machine tools, the future trend of this technology is envisaged as being towards
expanding real-time capabilities if the simulation methods move into wider
application areas. Among the applications are: virtual start-up, improvement of
machine dynamics through monitoring functionalities for collision detection,
machine diagnostics, maintenance planning and optimisation of control
software. This can be achieved by coupling the HiL approach with other
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available technologies. One example is the work done by Röck and Pritschow
[118] that introduces a method for simulating flexible machine components via
Finite Element Method (FEM) simulation in real-time, for use in a HiL
simulation environment.
Generally, research focusing on Hardware Interaction-based simulation is
relatively limited (refer to summary Table E in Appendix I). The main purpose
is to provide virtual controls for machine tool design. In this way, testing can be
done even before a real machine tool is built. This might lead to more strategic
planning in estimating labour and material costs associated with the actual
machining process. However, porting the real machine tool data into virtual
systems requires real-time hardware and software compatibility. This can be
solved by employing the Software-in-the-Loop (SiL) simulation approach
where it is dependent of any hardware components. Simulated machines which
are more suited for a very complex simulation environment do not ‘behave’
well in real-time. Yet, simulating machine tool and control systems in a nonreal-time environment may lead to inaccurate simulation results related to timecritical scenarios.
Furthermore, not all virtual models of a CNC system are provided by the CNC
vendor at their early stage of development and those that are available can be
quite costly. In addition, there is still no effective way of incorporating shopfloor data into a system in order to provide a more intelligent and accurate
simulation environment. One possible solution is by integrating an algorithm
for predicting parameters based on shop-floor data. It can be observed from
Table E in Appendix I that both parameter prediction and surface analysis are
not supported by this type of research. Finally, the HiL approach is useful for
testing and validating PLC programmes and for integrating a design and control
environment. The approach is effective but lacks portability. Further
enhancement and improvement are necessary before its application can be
widely adopted, accepted and implemented.
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2.4.5 STEP-NC based machining simulation
Common inputs to a simulation system are either CL data (i.e. APT files) or Gcodes. These types of data contain low-level information and hardware-specific
codes, which hinder the development of an interoperable and intelligent
simulation environment for manufacturing. A new data model called STandard
for the Exchange of Product model data for Numerical Control (STEP-NC) was
recently developed to overcome this problem and is considered an alternative
for supporting machining simulations [19]. STEP-NC is the extension of STEP
into modelling numerically controlled machining processes. STEP-NC is a
high-level data format with an object-oriented structure. The data structure
provides complete information for both physical machining processes and
simulation processes. The data can also be represented in the Extensible Markup Language (XML) format to support development of a collaborative virtual
manufacturing environment.
Since the late 1990s, several conjoint projects around the world have been
carried out to deploy the data model of STEP-NC. To demonstrate simulation
capabilities of this newly developed data model, several systems have been
developed [119-125]. Besides supporting tool-path simulation, the STEP-NC
data model is also extensible. The STEP-Manufacturing group under ISO
TC184/SC4 T24, with industrial participants, is currently working towards
developing

simulation

plug-ins

called

STEP-NC

Machine

[126].

Demonstrations of their use cases highlighted the potential of the distributed
process planning and simulation process. The capabilities of the STEP-NC
Machine have grown from simple STEP-NC file reading, exploration of part
and tool geometry and tool-paths simulation to complex simulations such as
speed, feed and tool wear predictions, incorporating tolerance information, and
other identification protocols for networked process planning [127]. A joint
effort between Boeing and NIST was undertaken to validate the portability of
using STEP-NC for defining machining tool-paths [128]. The results proved
that interoperability capabilities are achievable.
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The VMT system, 3-D Milling Machining Simulation System (3DMMSS) is
such a STEP-NC-based system [120]. There are five modules in the system for
interpreting, recognising, modelling, planning and simulating purposes
respectively. First, the STEP-NC part programme is interpreted into a sequence
of instances of data structure. The recognising module then recognises all the
entities defined in accordance with the ISO 14649 (STEP-NC) schema. The
data from this database form classes that are used by the modelling module in
the form of C++ classes. Mapping between the entities in the database and the
C++ classes is performed until a class hierarchy is obtained. In the planning
module, machining sequences and tool-paths are generated.

Finally, the

simulation module simulates the tool-path based on the planning module.
Similar work was conducted by Matsuda et al. [124] in developing a digital
machining information model. A kinematic model which describes the
kinematic structure of a machine tool based on ISO 10303 – Part 105 was
described. Geometric information such as machine tool, cutting tool, workpiece
and fixture are integrated under one simulation platform.
Conventionally, CNC machine tools typically support only functions for linear
and circular interpolations of a freeform surface. Surfaces have to be
approximated offline with piecewise line or arc segments in the CAM system.
Approximation results normally differ between the desired paths and the
commanded paths. As a result, the NC programme file tends to be rather large,
and therefore prolongs data transmission and machining time. To overcome the
problem, a method for machining NURBS surfaces based on STEP-NC was
proposed by Li and Lin [129]. With such an approach, the CNC system can deal
with the NC programme which includes an entire NURBS surface for geometric
and technological information in the form of STEP-NC data.
Another study by Chen and Zhang [122] attempted to establish a simulation
model for surface roughness and surface shape analysis based on the STEP-NC
data model. Parameters which may affect surface roughness, such as the tool
nose radius, feed-rate, velocity, depth of cut and workpiece diameter, were used
to calculate roughness value.
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In addition, a global simulation modelling environment to accommodate multiprocess manufacturing was proposed by Laguionie et al. [130]. The framework
utilises STEP-NC as the optimal data model for process planning, process
specificities, and inter-process simulation spaces. The goal is to obtain a totally
integrated manufacturing environment that considers relevant multi-process
planning, inter-process relations and process attributes simulations.
In general, virtual systems developed using STEP-NC data models have not
been widely explored. The potential is believed to represent a paradigm shift in
the manufacturing industry. Since STEP can be used to represent product data
for heterogeneous application systems and data formats, it can be effective in
coordinating collaborative activities. These collaborative manufacturing
activities can be achieved through the constructed universal data model used
throughout a product life cycle [131].
Table F in Appendix I summarises the research on STEP-NC based simulation
systems. It shows that STEP-NC based simulation has only been attempted by a
few researchers. Most systems are only capable of simulating basic
functionalities such as NC code interpretation and tool-path simulation. Some
researchers have attempted surface profile analysis. Much work is still needed
in exploring the simulation system’s capabilities for parameter predictions and
machine tool design as well as monitoring and control processes. In addition,
the capability of automated process feedback under the STEP-NC domain still
needs to be realised in order to provide a feasible solution for creating a
collaborative manufacturing environment. At the moment, most research has
only focused on tool-workpiece movement rather than developing VMT
systems. This is perhaps due to the nonexistence of a complete machine tool
data model. Thanks to the ISO TC184 SC1&4, such a data model is being
developed.
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2.5 VEM in focus
Over the years, various virtual systems have been developed for manufacturing
systems, for which a number of techniques, novel algorithms and integrated
tools have been employed. Apart from these systems, CAD/CAM technology is
widely adopted nowadays for visualising, modelling and simulating the
manufacturing processes. However, in most cases, the main issues associated
with these different types of approaches are that they stand-alone and cannot be
integrated with one another. For example, at the design stage, a designer always
works with geometrical nominal values and assumes that machine tools are
geometrically perfect. The process planner then needs to know the accuracy of
the machine tools, the deviation caused by machining and the setup in order to
define the process plans that allow meeting the work piece quality requirements
[132]. This presents a challenge in developing a flexible simulation system. A
number of observations based on the summary tables appended in Appendix I
also reveal the current capabilities of simulation technology.
Firstly, all the systems, regardless of focus and approach, are capable of
simulating more than one function. The simulation functions have evolved and
increased steadily from simple predictions to more complex outputs. However,
no specific systems to date are capable of a complete suite of simulations. The
development tools used in building the system architecture are still not capable
of supporting an inclusive simulation package. Secondly, there is a number of
overlapping functionalities or capabilities among the systems. For example,
between 1996 and 2009, research work mainly focused on material removal
simulation, tool-path generation, NC code interpretation functions and methods
for modelling the behaviour of machine tools. The past few years have shown
that although the systems are capable of producing similar outputs, the methods
and technologies used have diversified.
VR is effective for providing a true sense of real machining experience through
acoustic interfaces, transient visuals and realistic animations. However, VRbased systems lack advanced data input and output functions. Internally, they
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operate in 2D space. This means the VR-based system alone cannot perform
complex simulations. The main interest of this technology is to aid virtual
training and it is therefore only suitable for visualisation purposes. Another
rising technology that supports VR is Augmented Reality (AR) that
supplements a real world with virtual information through rendering
mechanisms from texts, images, sounds or even videos. A framework of ARassisted in situ CNC machining simulation was developed by Zhang et al. [133]
in order to achieve dynamic tracking of the position of a cutter with respect to
machine coordinate systems during simulation. The results showed that an
operator is able to operate a CNC machine and observe simulation
simultaneously with a high sense of reality [134].
Admittedly, the Web-based systems offer a multitude of benefits over the nonWeb-based simulation systems. Such systems can be accessed by multiple users
simultaneously

and

remotely,

potentially

supporting

a

collaborative

manufacturing environment. The client-server and multi-tier architecture is
often employed to model different components of a Web-based system. To
improve security, password authentication, data encryption, and personal
identification can be used. It is not easy however, to keep a balance between
distributiveness and security. Typically, end users are only able to visualise the
simulation process and have no authority to add, remove or modify the system.
Most Web-based virtual systems would incorporate conventional CAD schemas
into Web-based modelling schemas such as VRML and XML. This technique,
however, requires tremendous effort and time to implement. If any
modifications are required between processes, the model needs to be modified
in the CAD environment before being translated back to the VRML
environment. No dimension and tolerance modelling functions are available
through VRML. Moreover, when data is transferred, various primitive objects
in the previous model become inaccessible. Therefore, dynamic material
removal simulation during the machining process through the Web remains a
major challenge. A fundamental requirement for this function is to be able to
produce and handle real-time machining process data for multiple users around
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the network. When VRML is used as a modelling language to perform material
removal simulation, the Z-map representation technique is often adopted,
thanks to the similarity of the grid node, described by the VRML library as the
ElevationGrid

node

and

IndexedFaceSet

node.

Between

these

two,

ElevationGrid node is a more popular choice to model the dynamic motion of
the machining process. The limited VRML functionalities and current
bandwidth capabilities mean that complex algorithms such as collision
detection during material removal simulation cannot be implemented. In
addition, most of these systems were developed based on different
programming and modelling tools, which makes them inflexible and nonscalable.
Moreover, accurate simulation is dependent on the knowledge of the material
behaviour, machine tool characteristics, part-workpiece interaction, CNC
systems and drives. To this end, integration of accurate analytical analysis is
necessary. This is not an easy task. For example, the Constructive Solid
Geometry (CSG), Boundary Representation (B-Rep) and Z-map model are
often used during machining simulation. These techniques require a
considerable amount of computation time. Assorted software tools are available
commercially and are capable of performing various kinds of simulations such
as machining process simulation and part programme verification. These tools,
however, lack the capacity to incorporate a machine tool’s behaviour and its
control system. Simulation is based on point-to-point geometry of ideal
machining paths. In fact, machine tools have mechanisms that are sometimes
impossible to imitate virtually, which affects the validity of a simulation system
as well as limiting system capabilities. Other factors that affect the accuracy of
a system include slide motions, complicated tool geometry, fixture orientation,
workpiece alignment, vibrations, properties of the tool and workpiece,
rotational error of the spindle, and temperature. These factors are rarely
considered in existing systems.
The HiL and PLC simulation approach, coupled with the virtual mechatronic
system of a machine tool, enables a better understanding of machine tool and
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PLC behaviour than the use of ideal NC codes as in most systems. However,
implementing them is not a trivial task. Its true ability to provide a more
comprehensive simulation output such as optimisation, parameter predictions
and data communication among the embedded machine tools still needs to be
proved. Recent work by Röck [118], which incorporated a mathematical
modelling approach for simulation-based prediction of cutting forces via HiL
simulation, implies that future research trends should consider combining
various approaches. In this way, precise algorithms coupled with real-time
simulation may provide significantly improved results that allow the
consideration of process machine interaction in a real-time simulation
environment.
The continuing evolution of computing technology with ever-higher
performance levels will enable the presence of CNC process parameters in the
simulation environment. This has been the main focus in the current virtual
work to bridge the gap between the virtual and real environment. For example,
work reported by Neugebauer et al. [135] demonstrates the integration of VR
and HiL approaches is beneficial in adding simulation functionalities, such as
calculation of movable masses on the machine and its dynamic stiffness. Such
expansion of VR technology by means of virtual commissioning through HiL
clearly shows that simulation technology is moving in the right direction.
Alternative methods such as utilising 3D-vision aided techniques were also
used in constructing a virtual machine tool and motion simulation. It is most
suitable when dealing with graphic data such as Stereolithography (STL). This
technique, however, requires construction of a virtual machine tool database in
order to obtain related information about the machine tool [136]. Such a
database can be quite difficult to maintain if it involves large number of
machine tools. The argument for using this approach is that utilising a purely
digital model from designed data prior to machining might induce inaccuracy in
the simulation results, especially when dealing with a physical machine setup
[137, 138]. This shows that resent research is devoted to improving the system
competencies in aiding simulation with a high degree of information at CNC
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level.
Most of the developed virtual systems, regardless of the type of approaches
used, deals with data of different syntaxes, making the systems noninteroperable. One possible approach to solving this problem is to use STEP
and STEP-NC as the data model. The nature of this data format makes it
suitable not only as neutral data, but also as a platform for sharing, distributing
and archiving data. By adopting a universal data standard, the issue of
incompatibility within the system structure can be averted. However, this area
of research has not received much attention. Using standardised data models in
bridging the real and virtual environment is considered an encouraging
direction for future research.

2.6 Research gaps and motivations
The emphasis on achieving high accuracy in machining simulations has been a
perpetually major concern in developing virtual models, as reported in most of
the studies mentioned.The ability of this technology to imitate real machining
conditions such as the complex interaction of machining parameters, cutting
tools, machine tools and the control, has made it a powerful tool for decisionmaking that assists managers, engineers and process planners to continuously
improve machining performance.
However, in many situations, operators and manufacturing engineers continue
to make adjustments and modifications within the shop-floor environment
without reference to the virtual model. The reason is mainly due to the everchanging atmosphere at the shop-floor level, where most of these activities are
not being captured and considered in the simulation model. Small changes in
the production layout, setup, condition, tools or equipment can result in large
changes in the simulation prediction outcome, and even larger changes in the
future machining plan. Hence, this incurs unnecessary time in machining. Most
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often, simulation models are developed based on static and idyllic machine
conditions which do not reflect actual machine status on the shop-floor. Thus,
most machining processes require complete re-evaluation of the corresponding
simulated output. Although most simulation systems are able to generate NC
code (G-code and M-code) for machining operations, the codes cannot be
directly used, due to proprietary machine functions that differ from one
machine tool vendor to another.
Ideally, a virtual system requires a series of end-to-end standards that begin
with design, transitioning to process planning systems that allow efficient
machining to be conducted, and finally, down to the actual machining process
where any information flow from one end to another must be made possible.
However, this is not currently feasible. This is partly due to the lack of full and
comprehensive information in the low level NC code format, which is currently
the core representation of most CNC system structures. The use of CL data or
G-code as the data model in most simulation systems hinders dynamic
machining parameters being incorporated. In other words, it only contains
motion-related procedural data, which hampers the development of an
intelligent simulation system. With this data, simulations lack the capacity to
incorporate complex machine tool behaviour. Systems are often limited to
simulations based on the point-to-point geometry of the cutting process
following an ideal machining path. The conduct of actual machine tools,
however, encompasses intense mechanisms that need to be taken into
consideration. This underlines several issues related to the validity and accuracy
of these simulation systems.
In addition, simulation models are cut off from the real environment. The
current trend of simulation systems leans towards increasing the accuracy level
of the virtual models, enhancing the graphic visual interface and extending the
simulation capabilities for more advanced simulation applications. These
simulation processes are often carried out long before actual machining takes
place. As a result, the knowledge and information used in developing the
simulation models are mostly outdated. Until today, machine tool monitoring
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has remained a largely unexploited area for connecting real-time shop-floor
data into the design environment. Machine monitoring serves as an analysis and
diagnostic tool offers greater visibility into manufacturing processes and helps
determine ways for improving operation and increasing productivity [139].
Sophisticated sensors, smart tooling systems, and advanced NC controllers offer
ample information that needs to be utilised in any simulation system. All of
these limitations lead to inaccurate simulation results and isolation from the real
manufacturing environment.
Thus, it is believed there is a need to consider actual machining status in order
to provide a high-fidelity simulation environment. By doing so, simulation is
performed Just-In-Time before actual machining takes place. This can be done
through the integration of accurate system modelling, such as incorporating a
comprehensive machine tool data model and considering the real machine
status on the shop-floor. To achieve this, it is necessary to have a
comprehensive data structure that can represent both modelling and controlling
data.
Furthermore, as stated before, a scientific approach using mathematical
modelling and analytical expressions is often employed in order to produce
empirical models. Parameterised coefficients, equations and generic algorithms
are then generated after performing experimental work. Following this,
simulation models are developed. The real behaviour of a machine tool, its
dynamic performance and specific machining conditions are often adapted to
simulation systems to produce more accurate simulation analysis. Admittedly,
collecting dynamic machining data is difficult and time-consuming. Changes to
a parameter in the machining setup require an additional set of data to be used
by the mathematical algorithm.
In recognition of the above issues, a ‘High-Fidelity Machining Simulation’
(HFMS), based on various sources of input data, was developed. The system
was based on high-level data (i.e. STEP and STEP-NC), together with the data
from monitoring systems and network protocols (e.g. sensors). STEP-NC
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provides a complete data model that can describe a wide range of information
such as machining features, cutting tools, machine tool kinematics, machining
operations to be carried out, machining strategy, etc. This rich information
could adequately support a high-fidelity simulation framework. The system is
capable of considering a real machine situation through information obtained
from sensors and protocols. These data will be recorded and easily retrieved
when needed.
Based on the aforementioned issues, various research gaps and motivations for
conducting the research can be summarised. The research gaps are identified as:
1. Machining simulation systems based on high-level data such as STEP and
STEP-NC are still at infancy stage in which most of them is performed
offline without incorporating the real environment knowledge and
experience to assist process planning in the virtual systems. The real value
of process planning task can be recognised when it can be fully transformed
into reliable results to assist machining environment at CNC level
2. Most contemporary simulation systems utilised CL data or G-code which
have limited information, support only uni-directional data flow and lack of
intelligence to assist smart machining. The nature of the data format allows
simulation to be based on ideal machine conditions resulting in an ‘isolated’
simulation environment. Hence, a monitoring system of shop-floor
environment is necessary in assisting any simulation system
3. In today’s manufacturing environment, NC code modification is still
necessary to accommodate the dynamic nature of on-site machine tool
conditions and adapt to machine specific codes added by machine tool
vendors. The incompatibilities between virtual and control systems demand
a high level of standardisation in dealing with design-production data
exchange and communication.

55

Chapter 2 ~ Virtual Environment in Manufacturing

The identified of the research gaps motivating this research are listed as
follows:
1. To utilise STEP/STEP-NC as a universal data structure that enables
integration between modelling design and control data to support a highfidelity simulation environment
2. To incorporate an online monitoring system that can ‘eye’ the on-site
machine status on the shop-floor. The simulation system can update the
information according the real environment, adapts to the ever-changing
shop-floor activities and creates a bi-directional information flow to assist a
‘trustworthy’ simulation environment
3. To allow integration of Pre-Machining and Post-Machining operational
phases with machining simulation. The Pre-Machining phase is designed to
assist operation setup prior to machining. Alternatively, the Post-Machining
phase is utilised for future simulation analysis. In this way, simulation is
performed according to up-to-date information with a high degree of
accuracy.
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Chapter 3
STEP/STEP-NC
as a Data Structure
CHAPTER SUMMARY: This chapter focuses on the use of STEP and STEP-NC
standards to support data exchange and development of virtual environments
between CAD, CAPP, CAM and CNC systems. The chapter begins with an
overview of the need for integration using a neutral data format within the
manufacturing chain. Following that, general descriptions of the STEP
development process, its content and standard architecture are presented.
Similarly, the development process, content and structure of STEP-NC are also
described. The benefits of this high-level standard in comparison with the
outdated standard (G-code) are also highlighted. Selected parts from both
standards are discussed briefly to form a universal data structure for HighFidelity Machining Simulation.

3.1 Overview
Manufacturing technologies such as CAD, process planning, CAM and CNC
continue to expand their function in achieving automation, integration and
collaboration within the manufacturing environment. A look back at their
history shows that representation of product data has evolved gradually from
paper drawings to more precise product descriptions created using CAD tools.
These CAD tools also opened new opportunities, such as enabling
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manufacturing instructions to be automatically derived and executed directly
from a drawing. Nevertheless, as computer design and manufacturing tools
proliferate, so did the formats each tool uses to capture and store product data
[140].
Fundamental incompatibilities between different product entities greatly
complicate exchanging modelling data between the CAD, CAPP and CAM
systems. With the high complexity of CAD/CAPP/CAM systems, the varying
requirements of partners using them across the globe, the restricted access to
proprietary database information and the rapid pace of technological change,
there is a need for a standard to allow a neutral intermediate data format for
sharing multiple simulations and engineering applications. Such an approach
allows the manufacturer to avoid developing and maintaining several systemspecific translators (Figure 3.1 (a)), and enables applications and equipment to
be driven directly from a common and neutral data structure (Figure 3.1 (b))
[8].

Figure 3.1 Exchanging product data among dissimilar systems using (a) direct
translators (b) a neutral database structure
While neutral data exchange protocols such as SET, Verband der Deutschen
Automobilindustrie (VDA) and IGES have been partially successful in
exchanging geometric product data in their specific domains, they have failed
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to address industry-wide CAD/CAM integration issues [141]. The standards did
not support additional design or manufacturing information such as features
and tolerances within a proprietary mode. Thus, the international community
developed the ISO 10303 set of standards better known as STEP, an acronym
for Standard for the Exchange of Product Model data [142]. The aim was to
provide a mechanism that is capable of describing product data throughout the
life cycle of a product, independent of any particular system. It was then
realised that automation and collaboration issues come to bear and are
complicated even further at the CNC level, where most machine tools need to
communicate with these upstream systems in various data formats.
To the present, the shop-floor still deals with a low-level NC programming
interface based on the 1950s international standard ISO 6983 (known as Gcode or RS274D) [143]. Since G-code is a low-level language, it can only
deliver limited information to the NC and eliminates most of the design
information provided by the CAD/CAPP/CAM systems. As a result, there
exists a broken link between CAD/CAPP/CAM and CNC. In order to deliver
manufacturing data modelling at CNC level and fill the information gaps
between the broken links, STEP standards for Numerical Control, ISO 14649,
informally known as STEP-NC, was developed. With STEP being extended to
accommodate modelling of manufacturing information, a new paradigm of
integrated CAD/CAPP/CAM/CNC is emerging. Hence, the STEP and STEPNC foundations act as an enabler for the development of the High-Fidelity
Machining Simulation presented in this thesis.

3.2 STEP – ISO 10303
ISO 10303, otherwise known as STEP is a suite of data standards for
exchanging product data. It enables the capture of information, comprising a
computerised product model in a neutral form, without any loss of
completeness and integrity, throughout the life cycle of a product [142]. This
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leads to the possibility of using a standard data format throughout the entire
product process chain in the manufacturing environment.

3.2.1 Development of STEP
The birth of STEP began through initial efforts to build data exchange
standards for CAD, which was deliberately designed to be the successor of
other exchange standards such as IGES, SET, and VDA. On July 11, 1984, the
first ISO TC 184/SC4 meeting held at NIST led to a general consensus in
creating a standard which enabled the capture of information comprising a
computerised product model throughout the life cycle of the product.
Participants and experts from various countries such as Canada, France,
Germany, Switzerland, the United Kingdom, and the United States merged
their initial efforts to develop IGES and PDES to support the ISO development
of STEP [141].
By October 1988, the information models developed within the PDES and
STEP projects had been assembled into a single model called the Integrated
Product Information Model (IPIM). During this time, large numbers of
documents from the IPIM were adopted as initial drafts of ISO standards.
During the June 1989 International Organisation for Standardization TC
184/SC4/WG1 meeting held in Frankfurt, Germany, Application Protocols
(APs) were acknowledged in order to expand the concept of STEP to
accommodate specific industrial use. It could be implemented and subjected to
conformance testing [144]. For each application area covered by the standard, a
standardised AP was defined which describes the scope of the information
required by the application.
It was in 1994 that the first version of STEP became an ISO standard. Early
usage of this standard was recognised by big industrial players such as General
Electric (GE), Boeing, and General Motors. However, the use of APs at this
early stage does not seem to have been easy; but resulted in complex
implementation. Different APs would use the same type of information such as
geometry and topology data. As a result, development of many methods for
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modularising the APs arose. At present, there are 31 APs that have been listed
as international standards [145].
In early 2011, the ISO announced that the proposal for the standardisation of
STEP AP 242 (Managed Model-based 3D Engineering) had been accepted. The
aim of the project was to create a globally accepted pillar for the automotive
and aerospace industry. The standard was basically a merging of two leading
STEP Application Protocols, AP 203 (Configuration Controlled 3D Design of
Mechanical Parts and Assemblies) and AP 214 (Core Data for Automotive
Mechanical Design Processes). The development of AP 242 was driven by
many international bodies such as Product Data Exchange using STEP (PDES,
Inc.), Japan Automobile Manufacturers Association (JAMA), Aerospace
Industries Association (AIA), Aerospace, Space and Defense - Strategic
Standardisation Group (ASD-SSG), Groupment pour l’Amelioration des
Liaisons dans l’Industrie Automobile (GALIA), VDA and NIST as well as
representatives of industry such as European Aeronautic Defense and Space
(EADS), BoostAero, Boeing, Lockheed Martin and Rockwell Collins [146]. It
was expected that the first edition of this protocol would be released by 2012,
and contain major updates including geometric dimensioning and tolerancing as
well as improved kinematics functionality.

3.2.2 Objectives of STEP
The role of the STEP standard (ISO 10303) is generally intended to act as a
data backbone for product information. The main aim is to specify a form for
unambiguous representation and exchange of computer-interpretable product
data throughout the life of a product, in which the form is independent of any
particular computer system. This form enables consistent implementation
across multiple applications and systems. This international standard permits
different implementation methods, not only for exchanging purposes, but also
for storing, accessing, transferring, and archiving product data [142].
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The descriptions of these attributes are paraphrased as follows [141]:


Product data exchange: the transfer of product data between a pair of
applications. STEP defines the form of the product data that is to be
transferred between a pair of applications. Each application holds its own
copy of the product data in its own preferred form. The data conforming to
STEP is transitory and defined only for the purposes of exchange



Product data sharing: the access to and operation of a single copy of the
same

product

data

by

more

than

one

application,

potentially

simultaneously. STEP is designed to support the interfaces between a single
copy of the product data and the applications that share it. The applications
do not hold the data in their own preferred forms. The architectural
elements of STEP may be used to support the realisation of the shared
product data itself. The product data of prime interest in this case is the
integrated product data, not the portions used by particular product data
applications


Product data archiving: the storage of product data, usually long term.
STEP is suitable to support the interface with the archive. As in product
data sharing, the architectural elements of STEP may be used to support the
development of the archived product data itself. Archiving requires that the
data conforming to STEP for exchange purposes is kept for use at some
other time. This subsequent use may be through either product data
exchange or product data sharing.

3.2.3 STEP architecture
STEP architecture is built up based on a set of fundamental principles that
apply to a series of parts in which each part is identified by a unique number
under ISO 10303. These parts are classified in main groups, referred to as ISO
10303-X where X is the part number. STEP architecture can be categorised as
Description Methods, Implementation Methods, Application Protocols,
Information Models, and Conformance Tools. The STEP structure is illustrated
in Figure 3.2 [142].
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Figure 3.2 Hierarchical structure of STEP
The coding scheme for the part numbers is as follows:


Part 1 Overview and fundamental principles of STEP
The single document part describes the STEP overview and its
fundamentals



Parts 11-19 Description methods
The parts cover the information modelling language EXPRESS and its
graphical form, EXPRESS-G



Parts 21-29 Implementation methods
These cover the implementation methods of representing data modelled in
EXPRESS



Parts 31-39 Conformance testing methodology and framework
These cover the concepts of conformance testing as well as test methods
and requirements on testing labs and clients



Parts 41-59 Integrated generic resources
These are EXPRESS information models of widely useful specific subject
domains such as geometry, topology and tolerances
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Parts 101-199 Integrated application resources
These are EXPRESS information models of more narrowly focused specific
subject domains



Parts 201-299 Application Protocols
These parts are intended for implementation in industry. Each Application
Protocol will include several other documents.

3.2.4 Description Methods
The EXPRESS language [147] is the main description method for the data
models within STEP architecture. EXPRESS is a data-modelling language that
utilises object-oriented concepts to allow modelling of 3D graphical
representations within the field of product data. In EXPRESS, entities are
defined in terms of attributes. These attributes have a representation which
might be a simple data type (such as an integer) or another entity type. For
example, a geometric point might be defined in terms of three real numbers.
Names are given to the attributes which contribute to the definition of an entity.
Thus, for a geometric point the three real numbers might be named x, y and z. A
relationship is established between the entity being defined and the attributes
that define it, and, in a similar manner, between the attribute and its
representation. In order to support the defining attributes, EXPRESS has builtin functions such as:
 Entity data types ‒ this is the most important data type in EXPRESS. It can
be related in two ways; in a subtype-supertype relationship and/or by
attributes definition
 Enumeration data type ‒ enumeration values are simple strings such as red,
green, and blue. In the case of an enumeration type being declared
extensible, it can be extended in other schemas
 Defined data type ‒ this further specialises other data types (defines a data
type positive that is a type integer with a value > 0)
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 Select data type ‒ selects ‘define a choice’ or an alternative between
different options. Most commonly used is ‘selects between different entity
types’
 Simple data types (e.g. STRING, INTEGER, REAL, BOOLEAN)
 Aggregates (e.g. ARRAY, LIST, BAG and SET).
The

EXPRESS

language

is

completely

declarative,

implementation-

independent, and well suited for the definition of standardised data models. It is
structured on a complete set of entity definitions called a schema. A schema can
contain data type definitions and various kinds of constraints on instances of
entities.
Figure 3.3 shows an example of how EXPRESS schema is used for describing a
car specification and its ownership information. It begins with a SCHEMA
named passenger_cars and ends with a notation called END_SCHEMA. The
schema shows the properties of a car with the entity being named car. The car
is described by its compulsory attributes represented by chassis_number and
registration_number using simple STRING data type where production_year
uses INTEGER data type. Its model description is represented by the entity
car_model and the car’s owner is described by the entity ownership. The entity
car_model has the following attributes to define the model_name,
fuel_consumption and made_by.

Entity ownership is divided into several

owner types; personal, joint, dealer or manufacturer. The definition is defined
as a SUBTYPE of its ownership. For each entity, the names are assigned for
their attributes. The entity joint refers to a type of ownership by a joint venture
of more than one people. The attribute uses SET aggregate to define the number
of members, which consists of the people who form the joint venture.
EXPRESS can also be defined using another description method in a graphical
form, called EXPRESS-G. This graphical notation supports a subset of the
EXPRESS language. EXPRESS-G allows the structure of a data model to be
presented in a more understandable manner.
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Figure 3.3 Example of an EXPRESS schema
66

Chapter 3 ~ STEP/STEP-NC as a Data Structure

In EXPRESS-G, an entity defined in the information model is described using a
solid rectangle box. Lines with an open circle are used to show the relationships
between entities or between an entity and its attributes. The lines are labelled
with the name of the attribute, with certain constraints if necessary. There are
several lines used in EXPRESS-G; normal lines, dashed lines and thick lines.
Most relationships are displayed as normal lines. Dashed lines are used to
display an optional attribute of an entity, while a thick line represents an
inheritance relationship between attributes and entities. Some of the notation
used in EXPRESS-G is given in Figure 3.4. Figure 3.5 is the EXPRESS-G
representation of the EXPRESS schema shown in Figure 3.3.

Figure 3.4 EXPRESS-G diagram notations

Figure 3.5 Example of an EXPRESS-G diagram
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3.2.5 Implementation Methods
The EXPRESS language itself does not define any implementation method.
Therefore, a mapping mechanism is needed to describe all STEP instances for
building product exchange models. Each implementation method included in
ISO 10303 is specified by a mapping from the EXPRESS language onto the
formal language used for the method. The mapping is independent of the
Application Protocol and expressed in a formal notation [142]. Currently, there
are at least four implementation methods for ISO 10303 available:


a product model specific file format called Part 21 physical file



a variety of programming language bindings that allow an application
programmer to open a data set and access values in its entity instances.
Bindings have been developed for C, C++ and Java



the three methods for mapping the EXPRESS defined data into XML,
described by Part 28 Edition 1



the XML Schema-governed representation of EXPRESS, described by Part
28 Edition 2.

3.2.6 Part 21 File Implementation Method
STEP Part 21 [148] is the first implementation method that describes how a
valid data of a specific schema within the standard can be presented using an
ASCII file. Formally, it is defined under ISO 10303: Part 21 Clear text
encoding of the exchange structure. However, it is mostly referred to as either
‘Part 21 files’ or ‘STEP Physical files’. Since EXPRESS language does not
define any implementation method of building product exchange models, STEP
Part 21 provides the basic rules of storing EXPRESS/STEP data in a characterbased physical file. Its aim is to provide a method where it is possible to write
EXPRESS/STEP entities and transmit those entities using normal networking
and communication protocols such as File Transfer Protocol (FTP), e-mail and
HTTP.
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The Part 21 file starts with a HEADER section and is followed by a DATA
section. The HEADER section describes the information of the file such as the
names of the creator, dates, version and organisations. The DATA section
consists of instances of entities defined in the schema named in the header. For
every entity in the file, it is preceded by a hash (#) symbol followed by an
integer that is used in referring to the instance it is to be applied. This represents
a unique Entity ID within the data exchange file (e.g. #55). This ID is then
followed by an equal symbol (=) and the names representing the entity. This
name should always be in capital letters, although EXPRESS is case insensitive.
The name of the instance is then followed by the values of the attributes listed
between parentheses and separated by commas. The Entity ID will terminate
with a semicolon symbol (;). An example of a Part 21 file for the EXPRESS
schema described in Figure 3.3 is shown in Figure 3.6.

Figure 3.6 Example of Part 21 file
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The file represents the specifications of a car and a list of its ownership: Honda
Inc. (manufacturer), Newmarket Car Dealer (dealer) and Hasif Raimi
(personal). Entity #1 is for describing the Honda Inc., which has a chassis
number as JHMRB18504C201249, a registration number as CEL797, a car
model described by entity #2, where it was produced in 2004, has Newmarket
Car Dealer described by entity #3 and finally Hasif Raimi as the personal owner
described by entity #4.

3.3 Application Protocols
Application Protocols are designed to permit practical implementations of
STEP. Since there is unlikely to be a single practical implementation of the
standard in its entirety due to its size and scope, APs can be an important
concept to provide a boundary [149]. The Application Protocols are focused on
a particular application domain and are part of STEP. An AP includes the
definitions of scope, context, and information requirements of an application.
The definitions may specify functions, processes or information that is
excluded from the application in order to clarify scope, context, and
information requirements [142]. There were three parts of the AP concept when
it was first introduced in STEP. They are:


Application Activity Model (AAM)
-



Application Reference Model (ARM)
-



a model of the activities and data flows of the application
a model of the data needed for a particular application

Application Interpreted Model (AIM)
-

an encoding of the ARM in terms of STEP integrated resources. This is
the model that is intended for implementation in systems that use STEP.

3.3.1 Application Activity Model
The ISO 14649 Application Activity Model describes the relationships between
the design, programming, and manufacturing activities in which the standard
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plays a part. The AAM is informative, not normative. It represents the typical
activities assumed by ISO 14649 and shows how this standard fits within these
typical activities, but does not prescribe these activities [19]. To describe the
AAM, an Integration Definition for Function Modelling (IDEF0) diagram, a
graphical method of modelling activities and data flows are used, as in Figure
3.7.
From the figure, activities such as ‘create process plan and machine mechanical
parts’ are represented as boxes, while data, actors, and constraints are
represented by arrows. The AAM usually have a large number of arrows
representing flows of various types of data, but only one or a few are selected
for further attention at the next stage, such as building an ARM model. Once
the AAM is completed and an ARM has been built, the AAM plays no further
role [144].

Manufacturing Resource
Database
Machining Design Feature Data Model*
[ISO 10303 AP224, AP214]
Machining Process Data Model*
[ISO 10303 New AP]
Manufacturing Technology
Database

Manufacturing Resource Data Model
[ISO 13399, (ISO 14649)]

Data Model for Computerized
Numerical Controller
[ISO 14649]

NC Programming Language(G codes)*
[ISO 6983]
Geometry Model Data
of Mechanical Parts*
(AP203 Format)
Material*

Create Process Plan
and
Machine Mechanical Parts
A0

NC program
Machining Process Design and Workingsteps
Model Data of Machining Process Feature for Mechanical Parts
Machined Parts*

CAM
Manufacturing Engineer
Fixture*

Machine Tool with CNC*
Cutting Tool

Figure 3.7 An AAM for digital manufacturing based on STEP standard [19]

3.3.2 Application Reference Model
The Application Reference Model of an Application Protocol is a model of the
data needed for a particular application. The model is given using the
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terminology of the application so that the model can be understood by
practitioners of the application (who are involved in the development of the
model). The process of building an ARM usually includes workshops, at which
domain experts decide what entities should be defined and what their attributes
should be. ARMs may be written in EXPRESS, EXPRESS-G, or IDEF1X. The
modelling language is less important than the content [144].

3.3.3 Application Interpreted Model
The Application Interpreted Model of an Application Protocol is an EXPRESS
model with a same set of information described in ARM, but it is focused on
the lower level of abstraction encoded in terms of the STEP integrated
resources [150]. The encoding is done using mapping tables, the format of
which is formally defined and uniform across STEP. The cardinal example of
this is STEP AP-203. For most APs, however, the encoding is mostly done
using entities from Part. The AIM that results from the encoding is usually very
verbose and unintelligible and can only be done by a STEP expert.

3.4 STEP-NC – ISO 14649
As previously discussed, STEP is a technology used for neutral file transfer of
design and modelling data among CAD/CAPP/CAM systems. STEP-NC,
designated as ISO 14649, is a new generation standard that utilises the
application of STEP methods to support Computer Numerical Control machine
tools. The standard was formally named as ‘Data Model for Computerized
Numerical Controllers’ is also written using EXPRESS and is part of the ARM
model. STEP-NC was identified as an associative protocol that connects CNC
process data to a product description of the part being machined. A different
ISO number was assigned here for STEP-NC, with the intention of
differentiating the information held by the CAM operational descriptions from
the CAD geometric information defined by STEP.
In today’s manufacturing environment, most designed parts under CAD cannot
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be used directly on a CNC machine tool. Figure 3.8 clearly illustrates that the
information from CAD to CNC flows in a uni-directional form. The way the
CAD file is documented cannot be readily visualised or understood by the
CAM file to generate various simulation and process planning operations. A
post-processor is needed in order to translate various proprietary data formats
into a NC file that can be used for CNC machining. This file is commonly
referred to as G-code and is based on a more than 50-year-old standard called
ISO 6983. The code was structured based on point to point instructions and
faithfully follows these instructions with lack of intelligence. As an example,
specific tool-path, the motion trajectory, and the specified cutting tool needs to
be followed in the machining process, where each piece of information needs to
be clearly defined before NC programmes are generated. This process is very
skill-dependent, time consuming and error-prone. Any shop-floor knowledge
cannot be preserved and re-utilised by the CAD/CAM systems. There is
evidence that time needed in generating a tool-path and preparing and
modifying a NC programme for a part is considerable longer than the actual
machining time itself [151].
CAM file
(CL data/APT
file)

CAD file

CAD

Points
Lines
Curves
Boundaries
Surfaces
Volumes
Features

STEP/IGES/DXF

CAM/CAPP

Tool-paths/Tools/
Operation
sequence/Set-ups/
Machining strategy

NC file

Post-processor

Proprietary standard

Point to point
instructions/Tool
change command/
Switching
instructions/
General machining
parameters

CNC

ISO 6983 (G-Codes) +
vendor specific codes

Figure 3.8 Manufacturing data flow within the present CAD/CAPP/CAM/CNC
chain utilising G-codes
STEP-NC, on the other hand, describes tasks-oriented information that is based
on machining features to allow the part programme to be supplied with higherlevel information. CNC is supported with complete information containing
understandable geometry, a complete tool description, strategies and setup
information. As a result, a bi-directional data flow can be obtained, as shown in
Figure 3.9. Here, modifications on the shop-floor can be retained and
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transferred to the CAD/CAM environment to assist better planning. This
practice clearly supports a smart and integrated CNC machining environment.

Figure 3.9 Manufacturing data flow within the CAD/CAPP/CAM/CNC chain
based on STEP-NC
Some of the advantages of using STEP-NC in comparison with traditional Gcode have been recognized [152]. They are listed as follows:


STEP-NC provides a complete and structured data model, linked with
geometrical and technological information, so that no information is lost
between the different stages of the product development process



Its data elements are adequate to describe task-oriented NC data



The data model is extendable to further technologies and scalable (with
Conformance Classes) to match the abilities of a specific CAM, Shop-Floor
Programming (SFP) or NC system



Machining time for small to medium-sized job lots can be reduced because
intelligent optimisation can be built into the STEP-NC controllers



Post-processor mechanisms will be eliminated, as the interface does not
require machine-specific information



Machine tools are safer and more adaptable because STEP-NC is
independent from machine tool vendors



Modification at the shop-floor level can be saved and fed back to the design
department, hence bi-directional information flow from CAD/CAM to CNC
machines can be achieved



XML files can be used as information carriers, hence they enable Webbased distributed manufacturing.
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3.4.1 Development of STEP-NC
STEP-NC first originated during the European ESPRIT IV 29708 [153] and
IMS project in early 1999 [154]. The development of the data model was
initiated by WZL of Aachen University as part of the European Project ESPRIT
III 8643, ‘Optimised Preparation of Manufacturing Information with MultiLevel CAM-CNC Coupling’ (OPTIMAL). In this project, the data model for
3D milling was investigated based on the STEP paradigm, in which STEP data
was first used as a basis of an interface scheme using CAM and CNC. The
focus was on freeform machining based on surfaces and splines.
The STEP-based interface scheme was then extended to 2.5D milling and other
operations, such as turning and EDM in a subsequent project, ESPRIT IV
29708, between 1999 and 2001. In 2002, this new interface scheme attracted a
worldwide consensus, a joint four-nation consortium from Europe, Switzerland,
Korea and USA in an international project called Intelligent Manufacturing
Systems STEP-NC [155]. The European group was responsible for milling,
turning and inspection capabilities. It consisted of 15 partners, led by Siemens
together with users such as Daimler Chrysler, Volvo and support from research
institutes such as WZL RWTH-Aachen and ISW Stuttgart University. The
Swiss, on the other hand, focused on wire cutting and Electrical Discharge
Machining (EDM) standards development. The Korean group, carried out by
two academic institutes Pohang University of Science and Technology
(PosTECH) and Seoul National University, concentrated on the development of
STEP-NC compliant controllers for milling and turning architectures [156].
Similar effort has been conducted in the University of Auckland, New Zealand
in developing a new control strategy that can converts generic data into native
codes based on local machining environment [157, 158]. STEP-based
controllers for milling operations were also developed utilizing the Function
Block technology [159, 160] as well as integrating a fuzzy system into the
controller for optimizing the machine execution environment [161, 162]. Apart
from that, a consolidated data model to support automatic and integrated
process planning system for in-process measurement and feedback was
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developed as a mechanism to link tolerance requirements and machining feature
information that act as a connection between machining and measurement [163,
164].
This international effort led to the first set of an international standard being
established as ISO14649 by ISO TC184 SC1 committee in 2004 [165]. Several
Parts of ISO 14649 were also adopted as conceptual models by the ISO TC184
SC4 team developing the AIM of STEP-NC, that is, ISO 10303-238 (or STEP
AP-238), in the early 2000s, and AP-238 was published in 2007 [166]. The
expansion and enhancement of both ISO 14649 and ISO10303 AP 238 are still
under-going development. Both of them are commonly referred as ‘STEP-NC’.

3.4.2 STEP-NC architecture
The STEP-NC data model is based on object-oriented fundamental principles
and is arranged on a structure illustrated in Figure 3.10. Since STEP-NC is an
extended version of STEP, the structure conforms to STEP standards and their
implementation methods. The most common one is Part 21 Physical File.
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Figure 3.10 Structure of the STEP-NC data model [19]
Likewise, the data model starts with a section called HEADER, containing
general information such as file name, author, date organisation, etc. Following
76

Chapter 3 ~ STEP/STEP-NC as a Data Structure

that is the main section called DATA, which holds information about
manufacturing tasks and geometries. In this section, the project entity acts as an
explicit reference for the starting point of manufacturing tasks. The project
entity indicates the workplan to be executed upon interpretation of this data
model. The content in this section is divided into three parts; workplan and
executables, technology description and geometry description [19]. An
explanation is given as follows:


The workplan entity combines several executables in a linear order that
depends on given conditions. The executable entity is the base of all
executable objects. There are three types of executables; workingstep, NC
function and programme structure. Workingstep represents the essential
building blocks of the STEP-NC programme. The actual content is
specified in terms of entity operation and its subtype. NC function describes
switching operations or other non-interpolating machine functionality, such
as singular events. The programme structure entity is used to build logical
blocks for structured programming of manufacturing operations. It provides
a linear sequence for the executables



The technological description entity describes all the cutting tool data,
machine functions, machining strategies and other process data. Here, the
definition of a workpiece in terms of its features, surfaces and regions is
defined. The association between these elements and their workingsteps can
be specified



The geometric description entity involves all the geometrical data for a
workpiece that includes setups, manufacturing features and their associated
process data as described in STEP APs such as AP203 and AP224. These
data are expected to be used directly by CNC machines to perform
machining without the need for intermediate conversions.

In a STEP-NC part programme, each workingstep is able to hold a complete
description of an operation that does not require context from previous
operations. For every machining operation, a reference to a cutting tool,
technology parameters, manufacturing features and any necessary strategy
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information can be included. For example, the data structure shows milling
operation of a pocket with bi-directional strategy. The internal structure of
STEP-NC is described in Figure 3.11.

Figure 3.11 Geometry, technology and process information in STEP-NC [19]
From the figure, it can be seen that the main entity is governed by
machining_workingstep, machining_feature and machining_operation. Each
consists of their own specific subtype entity. For example, machining_feature
covers most of the manufacturing features defined in STEP AP 224 and has
geometric information defined under workpiece.
Some examples are given in Table 3.1. The machining_operation entity is the
abstract base class for technological specific operations. It specifies the tool to
be used (described as machining_tool, and a set of technological parameters:
machining parameters such as feed-rate and spindle speed, machining
conditions defined by machine_functions and machining_strategy such as
contour parallel, contour spiral and uni-directional. All these descriptions are
documented in a separate ISO documents made up of several parts. Some of the
parts are listed in Table 3.2.
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Table 3.1 Some examples of STEP-NC features
Feature type

Description
Closed_pocket
This is a type of pocket surrounded by
material along its circumference under an
enclosed profile.
Open_pocket

open_boundary

This is a type of pocket where the feature
boundary is given by a wall contour.
wall_boundary

Slot
This is similar to a pocket but is described
uniquely since it is normally machined
using a single sweep of a tool along the
course of travel. As such, the width of a

Slot with 2 open
ends

slot equals the size of the tool.

Slot with radiused end
course_of_travel
face_boundary

z y
feature_placement

volume
to be removed

x
depth

planar_face
This is used to describe the machining of
the outer face of a workpiece. The
geometry of this feature is given by the
boundary and the depth.

its_workpiece

removal_boundary

spherical_cap

This feature is circular about an axis of
rotation. It consists of all points at a
given distance from a point
constituting its center.
rounded_end

Rounded end is a partially circular
shape passed along a linear path.
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Table 3.2 ISO 14649 documentations
Part no.

Title

Publication date

ISO 14649: 1

Overview and fundamental principles

2003

ISO 14649: 10

General process data

2003

ISO 14649: 11

Process data for milling

2003

ISO 14649: 12

Process data for turning

2005

ISO 14649: 111

Tools for milling

2004

ISO 14649: 121

Tools for turning

2005

ISO 14649: 201

Machine tool data for cutting process

2011

3.5 Parts used in the research
As mentioned earlier, the time used in exchanging data from CAD through to
CNC as well as adapting NC codes for the shop-floor environment represents a
sizable portion of the entire production cycle. The main issue is integration of
design and CNC level. Even to the present, there is still much effort being
expanded on finding a solution for such integration. In designing a simulation
model that can include various shop-floor activities, it was observed that the
missing element is knowledge regarding the shop-floor environment. For
instance, the availability of cutting tools, machine tools status, setups and
materials usage is partly handled based on available databases or a machinist’s
experience. It should be realised that when developing a High-Fidelity
Machining Simulation platform, this knowledge is crucial and should be fully
utilised. However, very often this knowledge is abandoned and cannot be
retained. The new data format of STEP and STEP-NC is able to encapsulate
most of this design and control information. As a result, well-planned and
optimised simulation activities can be performed in a more efficient manner.
Realising the technical advantages and benefits of STEP and STEP-NC, these
standards are taken as the underpinning data models of the research work
reported in this thesis. The machining simulation data model is structured to
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include information such as machining workingsteps, features information,
tolerances, machine tool description, kinematics representation and cutting tool
description. The approach makes use of ISO 14649 (ARM model) for NC
modelling purposes, since it is a simple data structure and adequate to support
the proposed machining simulation framework. This high-level information is
based on ISO10303 of Part 41 [167], Part 42 [168], Part 43 [169] and Part 105
[18] as well as ISO14649 of Part 10 [170], Part 11 [171], Part 111 [172] and
Part 201 [173].
Part 41, Part 42, and Part 43 are used to describe the geometrical and
topological representation of 3D shapes, where generic information of STEP
data is defined. For example, an entity Axis2_placement_3D is defined and is
used to describe the placement of certain coordinates of the machining feature.
Part 10 describes the general process data required for NC programming such
as feature properties, setup data and the sequence of Workingsteps. Together
with this part are technology-specific, machine-dependent parts such as Part 11
for milling or can also be extended to include Part 12 for turning. Here are data
entities such as types of machining operation, machining strategy and
technological information. Parts 111 and 121 specify the data entities required
for representing cutting tools for milling and turning respectively.
In order to support more efficient production, it is necessary to have a
description of the manufacturing environment in addition to machining
information. Recently, Part 201 was developed and officially documented with
the intention of allowing the description of machine tools as a manufacturing
resource. The main objective was to provide a description to allow process
planners to describe their machine needs for a micro-process plan, termed a
requirements model. Alternatively, the model also allows existing machine
tools to be described as resources for manufacturing, termed catalogue models.
It seems that this part is beneficial as a basis for process planning and
simulation purposes. Finally, Part 105 is used for defining machine tool
kinematics. Further discussions on how these data models are enhanced and
interconnected are given in Chapter 5.
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Chapter 4
High-Fidelity Machining
Simulation Framework
CHAPTER SUMMARY: Within the scope of Virtual Machining, the framework
of the High-Fidelity Machining Simulation system is introduced. It begins with
a description of several scenarios that act as the basic principles for the
development of the HFMS framework. Next, a detailed description of HFMS
system architecture is presented. The system manager algorithm is then
introduced, explaining how the general flow of the system works. Subsequently,
discussions of the system are given, based on three different operational phases
of the machining simulation process; Pre-Machining, Machining Simulation
and Post-machining. The objective is to portray all-inclusive simulation of
machining operations. Major work reported in this chapter is established based
on two published articles. The initial framework was presented at the ASME
conference [25] and a research visit at NIST, both in October 2010. Extended
work based on the suggestions given during this visit, was then published in the
Journal of Manufacturing System [26]. At the end of the chapter, the primary
attributes of the proposed framework are underlined.

4.1 Overview
At present, the machining simulation process is often utilised with the intention
of emulating machining behaviour so that prediction can be made prior to the
actual machining process. The aim of such a virtual system is to reveal or
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mimic the real machining process as accurately as possible, thus reducing the
amount of time taken for machining. In the past 20 years, this technology has
proved to be valuable for decision making. However, in many situations, most
managers still need to deliver feasible solutions, process planners need to rely
on their experiences and expertise, and operators still need to perform final
modifications without reference to a simulation model when machining
commences.
The major factor contributing to these issues is that simulation processes are
often carried out long before actual machining takes place, in which simulation
results are not applicable to the actual machining activities. In other words,
simulation systems are isolated from the real manufacturing environment. Thus,
it is believed that there is a need to consider the actual machining status in order
to provide a high-fidelity simulation environment. By doing so, simulation is
performed just before actual machining takes place. This can be done through
the integration of accurate system modelling, such as incorporating a
comprehensive machine tool data model and considering the real machine
status at the shop-floor. To achieve this, it is necessary to have a comprehensive
data structure that can represent both modelling and controlling data. Most of
the current simulation systems often use G-code or CL data as input, which
have inherent drawbacks such as their vendor-specific nature, incomplete data,
irreversible data conversions and lack of accuracy. These limitations hinder the
development of a ‘truthful’ simulation system. Hence, there is a need for
higher-level input data that can assist with accurate simulation for machining
processes.
As discussed in Chapter 3, the emergence of STEP-NC as a data model in
support of CNC machining is considered an alternative for supporting
machining simulations. Harmonising the data model with the existing STEP
format is seen as a pathway to the realisation of integrating design and
manufacturing. As mentioned, there is also a need to take into account true
behaviour and real-time data of a machine tool. Here, the status quo of the
machine tool is captured by means of sensors to provide true data values for
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machining simulation purposes. This rich information can adequately support
the high fidelity simulation framework. Low-level data from the shop-floor is
retrieved and then utilised and processed by the high-level data structure. The
outcome of the HFMS is a smart and better informed simulation environment.

4.2 Principles of the HFMS framework
Making machining simulation as accurate and truthful as possible is multidimensional, but there are sufficient similarities in the systems that are already
developed. Chapter 2 reviewed the approaches used in the development of
these systems (which will be referred to as existing simulation systems),
together with their respective capabilities. Based on this, three scenarios are
illustrated in Figure 4.1, highlighting the problems in current machining
simulation practice. Projection from these scenarios contributed to the
motivation for developing the core principles of the HFMS framework. These
HFMS principles can be summarised as:
1. Bringing simulation closer to the real manufacturing environment where
actual shop-floor activities can be monitored and acknowledged
2. Enhancing the simulation environment to assist process planning tasks
3. Utilising a universal data model to support an interoperable manufacturing
environment
4. Generating a reliable machine tool language to reduce unproductive total
machining time
5. Retaining tacit and explicit machining knowledge for future simulation
processes.
Detailed explanations of these scenarios are given in subsequent paragraphs.
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Figure 4.1 Current problems and possible solutions

SCENARIO 1
As previously stated, a traditional simulation system often neglects the true
machining environment (e.g. last minute changes at the shop-floor) and only
considers ideal machine conditions. Simulations are often carried out long
before actual machining takes place. It must be noted that production activities
are dynamic in nature. For example, if a person performs a simulation for a
milling process with a particular cutting tool, he must, prior to machining,
double-check the actual machine tool setup is in accordance with the simulation
he performed previously. Also, workpiece orientation must comply with the
fixture setup and the correct cutting tool must be mounted in the tool holder.
The time spent on doing this is non-productive time, and needs to be minimised
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whenever possible. Furthermore, although some advanced simulation systems
incorporate numerical analyses or mathematical-modelling approaches to
predict or estimate the system behaviour, these systems consider little real-time
data of the physical systems being simulated. Admittedly, collecting dynamic
machining data is difficult and time-consuming. Changes to a parameter in the
machining setup often require a different set of data to be used by the
mathematical algorithm. Thus, a traditional simulation system cannot accurately
represent the real process. It may use mathematically sound algorithms, yet it
cannot produce a truthful environment of the actual machining condition on the
shop-floor. The type of simulation that can give high-fidelity results is one that
is performed just prior to machining and takes into account the ‘real’ situation
of the machine tool. It must respond well to the ever-changing environment of
shop-floor activities. In this research, sensors were used to provide the real-time
data of the Actual Machine Status (AMS). In this way, the simulation process
adapted and responded to the current situation of the machine tool.
SCENARIO 2
As mentioned earlier, the use of G-code or CL data hinders the advancement of
machining simulation systems, the reason being the lack of integration of
CAD/CAPP/CAM with machining data at the shop-floor. It always assumes
information flow from CAD to the shop-floor and does not enable feedback of
knowledge gained at the shop-floor. In addition, most of the developed virtual
systems, regardless of the type of approach used, deal with different types of
data throughout the life cycle of modelling activities. CAD description is not
used directly on a machine but instead needs a machine-specific post-processor
(there are estimated to be more than 5,000 in existence). This might lead to data
error and redundancy. There is also a need for the codes generated after
performing a simulation analysis to be modified to match the changing
environment of a machine tool setup. Results from a survey conducted during
an OPTIMAL project indicated that 68% of all drawings surveyed were
generated using CAD systems, in which only 10% were transferred to NC
programming. 90% of the cases would need modification on the NC
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programming system before it could be readily used for machining [174].
Therefore, there is a requirement for a comprehensive and universal data model
that can incorporate machine tool information at the shop-floor within the
simulation platform to be developed and utilised. In this thesis, STEP and
STEP-NC were used as the data models. The nature of this data format makes it
suitable not only as neutral data, but also as a platform for sharing, distributing
and archiving data. With STEP/STEP-NC, a high-level data model that contains
intensive information enables the bi-directional flow of information between the
CAx chain and actual machining at the shop-floor. In addition, an integrated
data model between design and control data is available. The high-level data
structure standardises how information about CNC machining can be added to
parts represented in the STEP product model. In this approach, incompatibility
between various system structures can be averted.
SCENARIO 3
Most machine tools possess varying capacities for virtual machine tool and
virtual machining technologies to perform some basic machining simulations.
These simulation functions include tool-path generation, machine tool
visualisation, and NC code generation. More advanced analyses may also be
carried out by adding specific modules for optimisation, collision avoidance,
geometric predictions, etc. Yet, the drawback of these tools is that they are
based on vendor-specific codes for specific algorithms and for a specific
machine tool. Due to various dialects, and additional machine-specific functions
added to the codes, the part programmes are not interchangeable between
different controls and machine tools. A specific post-processor is needed for
every machine type and each numerical controller used. As a result, the system
is not open to supporting interoperable manufacturing. Hence, standardised
network protocols (e.g. MTConnect [175]) have been in developed to support
an adaptive, open and universal simulation environment. In this way, the same
simulation systems can be used and adapted for different types of machine
tools.
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4.3 System architecture
Based on the scenario mentioned in the previous section, the High-Fidelity
Machining Simulation system framework was developed, as shown in Figure
4.2.The HFMS architecture considers three sets of data as input:
1. Machine tool and process planning data in STEP-NC format
2. Sensor data from the monitoring system of a machine tool
3. Analysis data of the machine tool and machining process.
The overall process is described as going through 13 steps (Figure 4.2). A
Graphical User Interface (GUI) is designed to control the I/O system operation
1

. Through this GUI, the STEP data model and native Part 21 files

loaded

2

are

. Part 21 is used to store STEP data into a character-based physical

file. These data contain entities such as Workplan, Workingstep, Manufacturing
Features, Operation, Tools, Machining Technology, Machine Tool Capabilities
and Kinematic Structure. At the same time, the AMS provides some real-time
data through sensors

4

. The information can also be captured through

networked connections such as MTConnect

. All these information flows are

gathered and managed by the System Manager
also update information from the AMS
parameters based on the updates

8

6

. The System Manager can

, allow replacement of the native

, and manage three operational phases

i.e. Pre-Machining, Machining Simulation and Post-Machining

9

,

. During the

Pre-Machining phase, the data from the machine is acquired to provide AMS to
support the Machining Simulation phase. The Post-Machining phase is
responsible for recording the data from the machining process. Once a phase is
selected, the System Manager selects the necessary algorithms to perform a
simulation analysis using the updated information

. Here, updated data will

be used for the selected simulation analysis. At the same time, the data is
mapped into a 3D graphic view for display

12

. Finally, the updated file can be
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saved

13

to represent a reliable programme for CNC machining. The IDEF0

diagram, for a detailed description of HFMS, is shown in Figure 4.3 and the
functions for each element as part of the complete system are explained in the
following sections.

Figure 4.2 The High-Fidelity Machining Simulation framework
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Figure 4.3 Detailed description of High-Fidelity Machining Simulation system
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4.3.1 Data models and data repository
The high-level information requirement for HFMS is defined through ISO
14649 data models, together with a few APs of ISO 10303. In the commercial
CAD systems available today, STEP representation of the designed geometry
can be generated based on either AP203 or AP214 data format. These geometric
representations can be converted into manufacturing features defined in the AP
224 formats.
As mentioned in Chapter 3, the ISO 10303: Parts 41, 42, and 43 [167-169] are
used to describe the geometrical and topological representation of 3D
geometrical shapes. This design information can be valuable if it is enriched
with machining information. ISO 14649: Part 10 [170], combined with
technology-dependent part described by ISO 14649: Part 11 [171], are used to
describe data entities such as types of machining operation, machining strategy
and their technological information. Under the HFMS framework, these
schemas are stored in the Machining Library (ML).
The cutting tool data structure is necessary for determining the cutters used for
machining. It is defined by ISO 14649: Part 111 [172] to describe tools for
milling and is stored in the Cutting Tool Library (CTL). Here, tool properties
and cutter types are defined. In order to produce a complete machine tool
description, it is necessary to have in place a complete machine tool data model
that describes the overall machine tool components, kinematics, controllers,
machine capabilities, etc. The development work of the Machine Tool Data
Model for Cutting Processes is currently available. It is defined by ISO 14649:
Part 201 [173] and is used as the data model to represent a machine tool. The
Machine Tool Library (MTL) is used to store this data structure, enriched with
several modifications to suit the system architecture. As for the kinematic
chains of the machine tool element model, ISO 10303: Part 105 [18] provides
the necessary data structure for machining simulation.
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By using separate libraries, mapping relevant information for any task that is to
be performed for the simulation process becomes more streamlined and
systematic. All the entities defined by these data models are generic information
that requires further process planning operations to populate native
manufacturing information that contains a native STEP file. This generic to
native files generation conforms to the STEP Part 21 physical file defined under
ISO 10303: Part 21 [148].

4.3.2 Process planning
In this research, the aim of the process planning stage was to enrich the generic
STEP file with types of machining operations, determine operation sequences,
select machines types and cutting tools to be used, depict setups, define process
parameters, and estimate process time and manufacturing cost. Based on the
available databases, information such as workpiece dimension, clamping
coordinates, types of tools and machining parameters are stored. This is adapted
from ISO 14649 Part 11 Example 1. The outcome is a native STEP-NC file that
contains specific data for subsequent operation. However, the native
information is not adequate to represent the actual shop-floor environment.
Often, the file needs to be altered and this process can be very time consuming.
Ideally, process planning should be done concurrently with the actual setup
environment. As such, this native STEP-NC file needs to be updated so that it
can be used immediately with minimum alteration. Therefore, additional
machine information is obtained through a monitoring process, and this is
managed by a System Manager.

4.3.3 Monitoring process
In order to obtain low-level information from the shop-floor, an online
monitoring process is added to the system. A continuous data flow for the
HFMS system can be captured by using two different means, such as (i) a direct
monitoring system on the shop-floor and (ii) an indirect monitoring system
through a network communication.
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On the shop-floor, the data are acquired through the integration of sensors,
including those already in the machine tool, to provide position and velocity
data as well as additional sensors to provide data for tool condition and
workpiece placement. Tracking devices such as barcodes, proximity sensors,
laser sensors or even the NC controller itself can be used. The signals from the
tracking system are compensated for by using signal conditioning, in order to
achieve a set of synchronized data. A computer programme is used to acquire
data via data acquisition (DAQ) card. The generated voltage signals contain
relevant machine information data. Current machine status, machining process
and setup operation are all continuously monitored.
The network communication system, on the other hand, can be integrated to
obtain information remotely by using the MTConnect system. Similar data
types can be obtained through this network agent. Therefore, by selecting a site
location, simulation can be performed remotely. The output from the
monitoring process (B3 activity model in Figure 4.4) represents the Actual
Machine Status. These machine information data will then be stored and
organised by the System Manager. The System manager holds the signals and
translates them into suitable updated messages for the user through the designed
window panel in the GUI. As a result, a true value, updated simulation that
shows the current status of the machine tool can be carried out.
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Figure 4.4 IDEF0 diagram of monitoring process
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4.3.4 System Manager
Generally, the System Manager is responsible for managing various sources of
input data formats (native STEP-NC data, information from the real machine
and data from the local network system) as well as storing various internal
algorithms for HFMS. The data flow managed by the System Manager is shown
in Figure 4.5.
Once simulation begins, a Machining Simulation GUI first appears, based on
the native Part 21 file

1

. The system can perform simulation such as tool-path

simulation based on this Part 21 file. The results of this simulation can be saved
as an updated STEP file and can generate CMC output for a real machining
operation

. Meanwhile, the HFMS system can capture the actual situation of

a machine tool to accommodate data either for Pre-Machining or PostMachining, depending on the selected operational phases

3

. Under the Pre-

Machining phase, the sensor data are divided into two signals, i.e. analog or
digital

. Certain sensors, i.e. position sensor, generate a small voltage that

needs to be amplified in order to condition it to readable voltage for data
acquisition

. Here, data such as fixture orientation and worktable condition

can be processed and transformed into readable messages

6

.

Alternatively, the digital signal can be directly captured without the need of a
signal conditioning device

7

. The data utilising the digital sensors, such as

home position, sudden disturbance and tool properties, can then be directly
assigned for simulation purpose

. During the Post-Machining phase, the

know-how recorded data such as position, distance, total cutting length, etc.,
from previous actual machining, is utilised to perform subsequent machining
simulations

9

. For example, distance is utilised to calculate the exact location

of the machine tool worktable. Apart from that, total cutting length and tool
diameter are needed to calculate remaining tool life. This is based on Taylor’s
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equation, where total cutting length represents how many times the tool has
rotated

10

. Optionally, the system can also utilise a network protocol to capture

online data

11

.

The system also provides a User Input menu in a GUI in order to input all
external sources from operational phases, i.e. Pre-Machining, Post-Machining
and network data

12

. If updated information is detected and some changes

occur in the machine, a report data log is generated

. Simultaneously, the

machine tool visualisation animates the changes, based on the updates, thus
creating a high-fidelity simulation environment. STEP file data and reliable
CMC output can be generated with the current machine tool situation

2

.

In this way, it is estimated that time can be saved in terms of modifying the NC
code (CMC) for machining processes as well as conducting the setup operation
upon machining. The results from the simulation are then based on the current
status of the machine tool and its setup rather than the assumed, ideal machine
condition. In addition, machining history data taken from Post-Machining can
perform a better machining simulation, since it utilises the recent recorded data
from actual machining activities. Several case studies were carried out to test
the system framework and this is discussed in Chapter 6.
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Figure 4.5 System Manager algorithm
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4.3.5 Three operational phases
Machining practice via HFMS undergoes three operational phases; PreMachining, Machining Simulation and Post-Machining. The Pre-Machining
phase aims to provide assistance to process planners or machinists for
preparatory activities prior to machining simulation operations. In so doing,
data integrity can be obtained for utilisation during the Machining Simulation
phase. Machining Simulation acts as the main interface in which visualisation
and simulation activities are performed, based on support information obtained
from the Pre-Machining and Post-Machining phase. Finally, the PostMachining phase deals with knowledge-based data gathered and analysed
during a machining operation. The intention is to feed the simulation data with
updated information for subsequent machining simulation tasks. A detailed
explanation of these operational phases is presented in the following sections.

4.3.5.1 Pre-Machining phase
The Pre-Machining phase is considered a pivotal step for automated process
planning and enriching simulation information with up-to-date data. In order to
achieve this, decision-making during process planning should be done with
reference to the actual setup environment.
Questions of how to mount the pre-machined material, what supporting tools
should be used, how to select zero position and how many operations are
required to complete machining sequences are necessary in order for setup to be
conducted efficiently with a high level of integrity. This setup operation is
needed each time a new part is to be machined, which can be time-consuming
and error-prone. For example, using the same home position for different
machining operations may cause unnecessary tool travel. This can be
overcomed if actual data from the machine tool is retrieved and analysed prior
to generation of machine control data. Thus, a shorter setup time, less manual
input and error reduction can be achieved.
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Some of the checklist that needs to be considered for setup integrity regarding
cutting tools is as follows:


are tools properly mounted in holders



are proper inserts used



are tools the right size



are tools placed in the proper magazine station



are offsets set correctly



is the remaining life sufficient to perform cutting



are all tools sharp?

The checklist regarding workpiece setup integrity, on the other hand, is listed as
follows:


is part mounted safely



is part properly oriented on the table



is part lined up for squareness



are clearances sufficient



are all clamps away from the cutting path



is machine at its start home position



does tool change take place in a clear area?

The checklists clearly indicate that a small omission may cause an accident and
part damage or even scrapping due to a faulty machine tool setup. In practice,
when a part programme is fully completed and sent to the CNC machine, it
should be understood that the programming process is completed. Simulation
results should have been utilised, calculations have been completed, the
programme well documented and the part programme file be ready to be fed to
the CNC machine. Unfortunately, in all circumstances, programming
responsibility does not end instantly. It is mostly still in the development stage
in which a huge amount of modification is still necessary. In practice, the CNC
programmer, process planners or machinists need to be in close touch with each
other at early production [176].
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Realising the importance of setup integrity, the Pre-Machining phase provides a
mechanism to support the machining simulation with additional information by
acquiring data from the AMS. The explanation for some of the functions is
given below:


Homing position: the actual X, Y, and Z homing positions obtained from
the machine tool represent the true coordinate system of the machine tool. If
a different homing position is set, the simulator advises the user of the
correct homing position. A CAM system can then use this information for
optimal tool-path generation. This can be achieved through signals from the
X, Y, and Z proximity sensors attached to the machine tool



Worktable condition: the workpiece and fixture mounting position may
vary. The relative movement of the workpiece and fixture can be simulated
by using displacement sensors attached near the worktable. Any position of
the parts can be measured from the relative distance of the work-table home
position, based on machine tool kinematics calculations. A signal
processing technique is used to translate the voltage signal into meaningful
distance values for further utilisation. Thus, parameter updates can be
performed accordingly, using the actual table position, and allow NC code
generation, to use more accurate coordinate values. As a result, further code
modifications can be minimised



Cutting tool data updates: since STEP-NC primarily documents task-level
information such as ‘what to do’ data, information about a cutting tool is
treated as ‘tool requirements’ that can be used to advise a particular
simulation system. For instance, information about currently mounted tools
can be detected and fed back to the simulator for tool updates. Parameters
such as tool length, tool diameter, number of teeth and expected tool life can
also be monitored. This information will assist tool setup and any new
changes to the tools will be reflected in the simulator. Here, barcode
identification technology can be used to store static information, giving
unique identification of the cutting tools. For example, for a given tool at
the shop-floor, one can determine the RPM, tool properties, ID and other
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related parameters, then recalculate or compensate the planned parameters
used for simulation to discover whether it can perform the machining
process, according to the machine tool status


Sudden disturbance: any disruption on the machine tool is detected and
updated through the simulator. For example, an alert will be issued if the
tool is not properly mounted or a different setup is used. This can be done
using smart cutting tools with embedded sensors.

4.3.5.2 Machining Simulation phase
The Machining Simulation phase within the HFMS system provides the main
interface of the simulation environment. Machining Simulation activities are
supported by the information obtained from the Pre-Machining and PostMachining phase. For example, simulation for machining operations often
utilises native algorithms for their specific machines, obtained either from a
series of experimental data or through the knowledge of experienced workers.
These sources of information are only sufficient for an offline simulation and
only support a uni-directional process flow. It does not respond well in a
dynamic shop-floor environment. Shop-floor changes cannot be fed back during
the simulation. The HFMS system, on the other hand, utilises algorithms that
are updated according to the shop-floor status. It can also be applied to different
kinds of machines. For example, data from the network protocols are utilised to
show the adaptive abilities of the system, subjected to several machine tools’
data. Some examples are discussed as follows:


Adaptable tool-path simulation: unlike a conventional G-code/CL data
based tool-path simulation, the system allows the tool-path to be generated
according to actual machine tool setup. The STEP file data maps CMC
output to perform a tool-path simulation. Tool-path correction factors are
obtained where compensation values can be updated to perform tool-path
simulation according to the information gathered during the Pre-Machining
phase. For example, when simulation is performed using nominal
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parameters that are set according to the process planning, these parameters
are compared and rationalised with the measured parameters obtained from
the sensors


Reliable code generation: reliable NC code generation of an NC part
programme implies that the system is able to create NC part programmes
based on the updated information up to a micron level of accuracy without
further human intervention. In this research, the updated STEP file was used
to generate a universal machine language output called Canonical Machine
Commands.



Remaining tool life, machining time and machining history: all of these
options are based on the data acquired from the Post-Machining phase.

4.3.5.3 Post-Machining phase
The intention of the Post-Machining phase is to assist analysis of the data
captured and recorded during a machining process for future simulation, such as
remaining tool life, total machining time and machining history. A detailed
explanation is given below:


Remaining tool life: tool-life data is often provided by the tool
manufacturer, considering the maximum allowable cutting hours of the tool,
incorporating safety factors. It is defined as an expected number of hours
that a given cutting tool can be used before tool wear significantly impacts
machining performance. In this research, tool life is monitored and
calculated based on the total cutting length that it has performed for a given
operation. The information is stored in a database using the barcode system.
In this way, the remaining number of hours of the tool can be calculated
using only the actual machining time. Thus, future simulation can be
performed, based on remaining tool life, to advise how many hours are left
to perform certain cutting for a certain strategy used



Logged machining time: this is obtained through calculation of knowledgebased feed-rate data with respect to various workpiece shapes and toolworkpiece contact combinations
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Machining history: the data is continuously recorded and therefore
machining history can be replayed and preserved for future simulation
analysis. This can be useful for understanding the machining behaviour of a
particular part for future improvement. A database is developed to store all
the data for easy extraction.

4.4 Recap of the HFMS framework
The emphasis on achieving high accuracy in machining simulations has
perpetually been a major concern in developing virtual models. However, to
achieve smart machining, there should always be a trade-off between a high
level of accuracy, and an abstraction of reliance and a ‘truthful’ simulation
environment. Until now, most research work has been devoted to developing
precise models and algorithms, yet they still lack the ability to portray the true
machining

environment.

Such

practice

adds

unnecessary

time

to

complementing the simulation output with the actual machining conduct. HighFidelity Machining Simulation based on high-level data (STEP and STEP-NC)
is envisaged as a simulation platform that unifies three primary attributes, as
illustrated in Figure 4.6; (i) trustworthy, integrity and reliability, (ii) integrated,
informative and intelligent and (iii) adaptive, responsive and interoperable.

Figure 4.6 Primary attributes of High-Fidelity Machining Simulation system
framework
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These primary attributes possess a key advantage for the system architecture
discussed in this chapter. Detailed explanations are given as follows:


Trustworthy, integrity and reliability
Performing simulation without knowing the actual machining environment
can be indistinct and may produce ambiguous results with lack of integrity.
Reliable information through monitoring of real shop-floor activities allows
a simulation to be conducted with a high level of accuracy. Such attributes
reduce the need for modifying and compensating the simulation outputs
within the actual environment, thus reducing the total time taken before
machining commences



Integrated, informative and intelligent
The attributes integrated, informative and intelligent imply that the system
is able to provide the capacity to hold rich information from CAD and CAM
through to CNC under one uniform data structure. Comprehensive
information available throughout the CAx chain might inject the
‘intelligent’ factor into the simulation system



Adaptive, responsive and interoperable
Simulation processes and practices that are adaptive and responsive are
crucial to leverage a deep understanding of the underlying machining
operations. It must retain radical behaviour in order to enhance process
planning and machining performance, in response to ever-changing
manufacturing activities. With such attributes, interoperability comes into
being and these activities can be monitored to accommodate various
machine tools within various shop-floor environments, in which these
machine tools can be seamlessly interconnected so that efficiency and
responsiveness can be brought together. The integration of MTConnect with
the simulation system is one approach for how this can be achieved.
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Chapter 5
HFMS System Development
CHAPTER SUMMARY: The following chapter describes the development of the
HFMS system. A general overview describes the overall functions of the system.
The development processes for obtaining these functions are the main core of
the chapter, which begins by giving a detailed discussion on how the main
system Input/output (I/O) was developed. In this section, the STEP and STEPNC data model used in the research, the development tools and the system
requirements used in constructing the HFMS main interface, are presented.
Next, data extraction of the Actual Machine Status through DAQ activation is
discussed. The experimental monitoring setup, signal processing method and
online monitoring approach using a network protocol, MTConnect, was the
main part of this section. Subsequently, the NC part generation and revision are
explained. The Machining Simulation strategy that considers Pre-Machining
data as well as the approach in simulating adaptable tool-path visualisation is
also given. The chapter ends with an explanation of the Post-Machining data
analysis that includes the tracking and recording mechanism of the cutting tool
data via barcode identification, the remaining tool life calculation, as well as
development of a Machining History Database (MHD).
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5.1 Overview
HFMS system functions are basically governed by five units as illustrated in
Figure 5.1: Main system I/O, Machining Simulation, Actual Machine Status
through DAQ activation, NC part programme generation and revision and Post-

HFMS function units

Machining data analysis.

Main system I/O

STEP and STEP-NC data processing
3D visualisation
Input output management

Actual Machine Status
through DAQ
activation

Monitoring system setup
Signal processing
Monitoring via network protocols

Machining Simulation

Pre-Machining data updates
Initializing machine tools
Tool-path simulation

NC part programme
generation and
revision

Reading initial NC programmes
Revising NC programmes
Saving updated NC programmes

Post-Machining

Cutting Tool Database
Calculating remaining tool life
Recording machining history

Figure 5.1 HFMS function unit tree
Each unit represents fundamental functions of the system and they can be
summarised as follows:


Main system I/O – main system I/O development is mainly devoted to
constructing a GUI unit where STEP and STEP-NC data models are
processed and translated into programming commands. These translated
commands are used to realise an interactive 3D visualisation display and act
as input and output manager of the entire system



Actual Machine Status through DAQ activation – monitoring process takes
place once DAQ is activated. The acquired signals are pre-processed using a
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signal processing approach. The signals representing the Actual Machine
Status are then sent to the system directly or via a network protocol
(MTConnect)


Machining Simulation – the Machining Simulation process begins when
Pre-Machinining data is updated using a User Input panel. A Machine tools
visualisation display is then initialised and tool-path simulation can then be
conducted



NC part programme generation and revision – the system is able to take
initial NC programmes, revise the part programme according to the machine
status and save the changes into an updated NC part programme



Post-Machining – the Post-Machining involves updating the system with
up-to-date recorded machining data, especially cutting tools information. A
Cutting Tool Database (CTD) is generated from barcode identification, and
remaining tool life is then calculated, based on the number of hours left for
the tool to efficiently perform machining.

Based on this unit tree, the detailed development process for the functions is
discussed in the subsequent sections.

5.2 Main system I/O
The HFMS main system interface was developed under Microsoft Visual
Studio 2008 for a C# application environment and is able to read and process
the STEP Part 21 file. C# provides programming features that make
development faster and more flexible, with a high runtime performance. The
following are the systems requirements of the main interface of the HFMS
system and a detailed development process is discussed in subsequent sections:


extended STEP and STEP-NC data models



schema conversion into programming classes



interactive 3D visualisation of HFMS GUI.
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5.2.1 Extended STEP and STEP-NC data models
Chapter 3 described how the system data model was structured to include highlevel information such as machining workingsteps, features information,
tolerances, machine tool description, kinematics representation and cutting tool
description based on several Parts defined under STEP and STEP-NC. These
combined Parts of the HFMS data model, represented using an EXPRESS-G
diagram, are illustrated in Figure 5.2. The data model may cater for several
functions such as a milling simulation environment, up-to-date cutting tool
information that includes remaining tool life data, requirements data for
machine tool display and other milling operation functions. The connection
between one part and another, along with the associate entities, is also
highlighted.

Figure 5.2 High-Fidelity Machining Simulation data model
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For instance, in Part 10, the Setup entity includes information concerning the
origin of the workpiece’s coordinate system that is relative to the setup and
machine coordinate system. It is the frame of reference for the location of each
workpiece related to the setup. The attributes in Setup include setup
identification, setup placement (origin), workpiece setup and the security plane
for safe movement of the tool. The workpiece included within the setup will be
machined within the respective workplan and is listed with its placement. These
coordinate systems are considered when developing the machine tool model as
well as tool-path simulation and will be discussed later. In STEP-NC, the
coordinate systems are defined as Machine Coordinate System (MCS), Setup
Coordinate System (SCS), Workpiece Coordinate System (WCS) and Feature
Coordinate System (FCS), as shown in Figure 5.3.
SETUP
coordinate system

FEATURE
coordinate system

y
x

z

(wo its_o
rkpi
ece rigin
_po
sitio
n)

z``
z`

nt
placeme
feature_

its_origin
(setup)

x``

x`
machine origin

WORKPIECE
coordinate system

Figure 5.3 Coordinate system defined under Part 10 [170]
Apart from that, entities such as fixture_setup, shape_representation and
remaining_tool_life are also added. For example, the EXPRESS data model
showing remaining_tool_life being added as part of the attribute of
cutting_component is shown below:
ENTITY cutting_component;
tool_offset_length:
length_measure;
its_material:
OPTIONAL material;
technological_data:
OPTIONAL
cutting_edge_technological_data;
expected_tool_life:
OPTIONAL time_measure;
its_technology:
OPTIONAL milling_technology;
remaining_tool_life:
OPTIONAL time_measure;
END_ENTITY;
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This additional attribute is used to store the number of hours left for a particular
cutting tool used in milling operations.
In addition, Part 105 is used to define machine kinematics according to the
machine coordinate system shown in Figure 5.3. This standard specifies an
information model for the kinematic aspects that are suitable to represent the
kinematics behaviour of a machine tool. Based on the defined coordinate
system in STEP-NC, the allied coordinate system of a typical knee-column
milling machine with respect to its fixture, workpiece and features placements
was designed, as illustrated in Figure 5.4. The mechanism specifies the
capability of the relative motion of links under the constraints imposed by its
joints. Generally, two mechanisms are used to represent the coordinate systems
of a typical machine tool. The mechanisms go from the base to the feature
points (workpiece mechanism) and the base to the tip of the cutting tool (tool
mechanism). The topological aspect of the kinematic representation is specified
by kinematic_structure.

Figure 5.4 Kinematic model of knee-column milling machine
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Every kinematic_structure is described in terms of its joints and links.
Kinematic_joint describes the relationship between two inter-connected and
ordered links. Orientation is defined from the first link (through which the joint
is entered) to the second link (through which the joint is left). This link is
represented as kinematic_link. Kinematic_pair defines kinematic constraints
between two adjacent links coinciding at a joint. The types of kinematic
constraints

include

spherical_pair,

prismatic_pair,

screw_pair,

revolute_pair,

universal_pair,

cylindrical_pair,

planar_pair,

gear_pair,

unconstrained, fully constrained, rack and pinion, point on surface, sliding
surface, rolling surface, point on planar curve, sliding curve and rolling curve
[18].
A placement describes the relative position and orientation of a point with
respect to another frame. There can be multiple methods of representing
positioning of the pair placement. Some of them include rigid homogenous
matrix, Axis2_placement_3D, transform and su_parameters. In this research,
the Axis2_placement_3D was selected to represent the Cartesian point
coordinates for element placement. This entity defines the location and
orientation of three mutually perpendicular axes. Its attributes include two
directional vectors defined by entity Direction. Two direction vectors (axis and
ref_direction) are required to complete the definition of the placement
coordinate system. The axis is the placement of Z axis direction and the
ref_direction (RefDirection) is an approximation to the placement of X axis
direction [18]. Therefore, a kinematic chain can be generated relative to the
specified placement of a former coordinate system.
In Figure 5.4, the two mechanisms used in representing the workpiece and tool
mechanisms can be observed. The workpiece mechanism includes the joint for
base, work table, fixture, workpiece and feature, with the coordinate system
annotated as BACS, WTCS, FICS, WPCS, and FECS, respectively. The tool
mechanism includes the base, column, spindle, collet and cutting tool tip, with
the coordinate system annotated as BACS, COCS, SPCS, CLCS, and TTCS,
respectively.
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The transformation of the coordinated system from CSi to CSk can also be
modelled using Homogeneous Transformation Matrix (HTM) P, denoted by
k

Pi [177]. Mathematically, the linear transformation can be represented by

Equation 5.1:

 R
3x3
k
Pi  


0
0

δx 
δy 
δz 

0 1

(Equation 5.1)

where R 3x3 is the 3x3 rotational matrix, and δx, δy, δz are the components of
the translation vector in X, Y, and Z directions. The rotation transformation can
be formulated as follows:
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(Equation 5.2)
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(Equation 5.3)

0
0
0
1








(Equation 5.4)

where Rx is the rotation of the coordinate system around the X axis, Ry is the
rotation of the coordinate system around the Y axis, Rz is the rotation of the
coordinate system around the Z axis, and θ x, θ y,θ z represents the rotation angle
around the respective axes.
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Thus, the transformation of a workpiece mechanism can also be modelled
through the HTM equation resulting in,
0

P4  0 P1 1 P2 2 P3 3 P4

(Equation 5.5)
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Similarly, the transformation of tool mechanism is also achieved through the
HTM equation resulting in,
P3' 3' P

(Equation 5.6)
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The rotation along the X axis occurs in the tool mechanism implies that the
coordinates system calculates the tool movements relative to a stationary work
surface which is the worktable. As these two coordinate systems are always
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parallel with each other, rotation is done along the X axis in order to obtain a
positive (+) direction of the tool movement with subject to the feature
coordinate system. The summary of associated coordinates and their
transformation is tabulated in Table 5.1.
Table 5.1 Kinematics notation of workpiece and tool mechanisms

Information from the STEP-NC data structure can be utilised in representing the
kinematic chain of these mechanisms. For example, feature_placement under
FECS is specified by an entity called Two5D_manufacturing_feature. This
entity is used to determine the placement of a specific feature. The placement is
relative to WPCS, which is defined by the Setup entity. As mentioned, the
position and orientation of FICS can be defined using the Setup attribute called
its_origin. WTCS is represented relative to FICS. The position of FICS and
other machine tool elements (BACS, COCS, SPCS, CLCS, and TTCS) can then
be defined using the physical dimension and angles from each of these
elements. Within STEP/STEP-NC, the relationship of how a Homogeneous
Transformation Matrix is used was established through a connection via entity
Axis_2D_placement_3D, where the coordinates and angles are represented
using the entity Direction and RefDirection respectively. Through these entities,
the positions of any related elements captured by the sensors can be used to
update the Part 21 file in adapting the simulation environment to a true
placement of the elements, based on the Actual Machine Status.
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5.2.2 Schema conversion
As mentioned in Chapter 3, the EXPRESS language was used to model a data
structure. In order to recognise all entities described in this data structure, an
early binding task was developed. Its purpose is to compile or convert the
EXPRESS schema into a set of library classes where the main system is
programmed in languages such as C, C++, C# or Java. In this research, a few
software platforms are needed in order to generate C# classes. They are:


ST-Developer ® Version 14

ST-Developer, provided by STEPTools Inc [126], is a set of software
development tools used to build, operate and maintain STEP, Industry
Foundation Classes (IFC), CIMsteel Integrated Standard (CIS/2) and
EXPRESS-defined tools, translators and databases. It only supports
programming bindings for C, C++, and Java application tools used for testing
data sets against verification rules and constraints, browsing through the
contents of data sets and building information models. It also provides libraries
for reading, writing, processing and checking STEP data Part 21 formats


NetBeans IDE Version 7.0.1

NetBeans Integrated Development Environment (IDE) is an open-source
integrated development environment that supports development of all Java
application types. It is used as a platform for Windows to create applications
with Java. The NetBeans platform allows applications to be developed from a
set of modular software components called modules. Applications based on the
NetBeans platform, such as the NetBeans IDE, can be extended by third party
developers as plug-ins


IKVM.NET

IKVM.NET is an implementation software package of Java suitable for the
Microsoft .NET Framework. The platform provides components that include a
.NET implementation of the Java class libraries as well as tools that enable Java
and .NET interoperability. Under a dynamic mode, Java classes and jars
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libraries are used directly to execute Java applications on the .NET runtime.
The IKVM.NET includes ikvmc, a Java bytecode to the .NET Intermediate
Language (IL) translator.
Since ST-Developer does not support programming binding for C# classes, the
approach taken was first to utilise a module called EXPRESS to Java in STDeveloper in generating Java classes. The compiler takes the EXPRESS schema
as the input, and compiles each entity within the EXPRESS schema into Java
source code. The Java source code is effectively a set of Java class definitions
for each entity consisting of .java files. Figure 5.5 shows how the
EXPRESSJava Converter is used in converting the EXPRESS definitions
(ISO14649_10_11_111_105_201 file) into a set of Java classes files (i.e.
prismatic_pair.java, rigid_placement.java, sensor.java, etc.).
Once these Java classes are created, an additional library called java .jar needs
to be generated. It is an archive file typically used to aggregate Java class files
and associated metadata and resources into one file, to distribute the libraries
into the Java platform. This is done under the NetBeans IDE V7.0.1 platform.
First, an additional reference library called stdev.jar is needed. This library is a
set of foundation classes that provide services such as reading and writing
instances to STEP Part 21 exchange files. All ‘*.jar’ files are provided by STDeveloper and are located in the installation “lib/java” directory. The stdev.jar
was obtained from ST-Developer 14\lib\java\stdev.jar as shown in Figure 5.6.
Figure 5.7 shows how the JavaLibrary.jar file is generated. A new project is
created by selecting a ‘Library’ as the project’s type. In the source file, the
generated java classes were copied into this new project under the source
packages. The next step was to add the stdev.jar library. Once the project was
built, the java.jar library was generated.
Finally, IKVM.NET was used as an intermediary converter from Java to the
Microsoft .NET Framework. Here, the java.jar libraries are converted to C#
classes for further application of the HFMS system. Under command prompt,
the IKVM command is called ikvmc -reference:stdev.dll -out:comstep.dll
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"*\combined_schema\dist\combined_schema.jar", as shown in Figure 5.8. The
output is generated in terms of comstep.dll files that contain data dictionary
descriptions of C# entities, as shown in Figure 5.9. These entities act as mirrorimage objects of the EXPRESS data model to enable interface application to
manage STEP objects under the C# platform.

Figure 5.5 Generating Java classes under ST-Developer platform

Figure 5.6 stdev.jar library location directory
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Figure 5.7 Building java .jar library using NetBeans

Figure 5.8 Converting Java classes to C# classes using IKVM.NET

Figure 5.9 The comstep.dll output under HFMS environment
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5.2.3 HFMS GUI
CADability, developed by SOFA GmbH, is used as a 3D modelling kernel for
computer-assisted drawings in the .NET library, where it supports various CAD
file formats. It is used as a plug-in to display the 3D model of the HFMS
visualisation display. CADability allows all the objects to be accessible, where
they can be directly modified and edited. An example of the functionality
provided by the plug-in is as shown in Figure 5.10.

Figure 5.10 CADability interface
In order to integrate CADability into the HFMS application, CADability.dll is
included as a reference file, as shown in Figure 5.11. A CADControl frame is
used to control the appearance of the control in the runtime and this is directly
used on the Windows form within the HFMS application environment.
The CADability data model contains classes that are very similar to the STEPNC data format, which makes them compatible. In this research, the STEP_3D
class was developed to include the functions for converting the information
from the STEP Part21 reader to CADability objects such as placements and
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directions, allowing the Display3D class to model 3D objects accordingly. The
intention was to map STEP-compliant features and 3D geometric data into a
CADability 3D model object package. In this way, the feature could be
displayed on the GUI of the HFMS system as a 3D geometric model.

Figure 5.11 CADability class library under HFMS application
In CADability, the GeoObject data model is used to represent any geometric
entity such as points, lines, curves such as NURBS, filled shapes, faces for
superficial areas of three-dimensional objects, solids, and blocks (collections of
geometric entities). However, under STEP, a profile is a planar outline used in
definition of a feature and it can be either open or closed. A profile is in the XY plane and may have an orientation that will position it in reference to the
local coordinate system of the feature. For basic points, curves and orientation,
the Axis_placement_2D of X, Y, and Z values from the STEP file are converted
into GeoPoint class, where the Directions are converted to the GeoVectors class
for the 3D display of various machining features. In addition, the
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GeoObject.Line class is suitable for defining a line segment. This class is then
suitable to convert a linear_profile, a subtype of an open_profile that is defined
by a straight line of a specified length. Apart from that, GeoObject.Face is
generally used for describing a finite piece of a surface in a 2-Dimensional
space. It is used in converting features that have an enclosed area bounded by
certain parameters (e.g. length, width, diameter and angles), such as
rectangular_closed_profile, circular_closed_profile, general_closed_profile,
rounded_u_profile, general_profile and square_u_profile.
The Display3D class is the main class that generates 3D models. The concept
used for solid modelling is based on Constructive Solid Geometry (CSG) theory
[131]. Typical CSG objects include simple shapes such as cuboids, cylinders,
spheres, prisms, cones and torus (Figure 5.12). CSG is popular because a
modeller can use a set of relatively simple objects to create very complicated
geometry. The principle of the CSG technique is to use Boolean set operations
to combine objects based on these simple primitives. The common Boolean
operators include the set-theoretic intersection (∩), set-theoretic union (U), and
set-theoretic difference (-). In generating the model, the geometry changes
depending on the order of the Boolean operations performed and how the order
is stored in a binary tree structure, which is called a CSG tree.

Figure 5.12 CSG typical primitives (a) cuboid (b) sphere (c) prism (d) cone (e)
cylinder (f) torus
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The description of how some of the STEP-NC features are displayed and
generated by the system in 3D form is described as follows:


Round_hole – this entity defines both holes and threaded hole. However,
the system only caters for a simple hole, with either through end or blind
end. For 3D display, a cylinder is generated according to the
feature_placement of the hole and its centre point at the surface, i.e. the hole
is located at x = y = 0 in the local coordinate system. The specified depth
causes the primitive to be subtracted from the workpiece, creating a hole in
a negative z direction



Planar_face – a planar surface is used to describe machining of the outer
face of the workpiece. A cube or cuboid is created on the surface that needs
to be modified, which the geometry of the planar face is given through the
boundary and the depth of the primitives. The generated primitive is then
subtracted from the workpiece. Additional information such as its
course_of_travel, the removal_boundary, its_face_boundary, and its_boss
is also used



Pocket – open and closed pockets can both be displayed. In both cases, a
cube or cuboid is created and moved to the feature_placement of the pocket.
The geometry of the pocket is defined by its contour on the outer face of the
workpiece and its depth. The generated primitive is then subtracted from the
workpiece. Following that, fillets can also be created if necessary



Spherical_cap – As shown and explained in Table 3.1, this feature is
circular about an axis of rotation and consists of all points at a given
distance from a point constituting its centre. For the 3D display, the
spherical cap is generated by creating a cylinder, then subtracting a partial
sphere away from it, depending on its internal angle and radius. This
cylinder is then subtracted from the workpiece, to leave a spherical cap



Rounded_end – the rounded end is generated by creating a cuboid with the
diameter of the primitive as its length, the distance as its width, and radius
as its height. A cylinder is then cut away from the cuboid, and the leftover
solid is then subtracted from the workpiece. The final part is as shown in
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Table 3.1


Slot – the system only considers a linear slot where the attribute
course_of_travel describes the location and extension of the slot. Here, a
prism is extruded according to the open profile of the slot, which is then
subtracted from the workpiece.

With additional feature generation, most of the STEP-NC examples can be
generated within the CADability environment. Some examples of a 3D STEPNC features display are presented in Chapter 6.

5.3 Actual Machine Status through data acquisition activation
The simulation system can be used either in offline or online mode. The offline
mode is operated as a pure simulation system, without considering the shopfloor environment. The online mode, on the other hand, takes into account the
AMS by activating the DAQ button. By doing so, the system is integrated with
a monitoring process that can provide the simulation system with relevant data.
The following sections will discuss the monitoring system setup, signal
processing and monitoring via a network protocol called MTConnect.

5.3.1 Setup of the monitoring system
The online monitoring system setup was developed for a Sherline 3-axis CNC
milling machine tool. The axis travels up to 229 mm on the X-axis and 179 mm
on the Y-axis. While the z-axis is located along the column, the X- and Y-axis
are both located in the compound table. The spindle speed can be adjusted
manually within a range of 70 and 2800 rpm. The machine tool was equipped
with additional sensors for capturing signals that represent the AMS. The
schematic is shown in Figure 5.13.

123

Chapter 5 ~ HFMS System Development

Figure 5.13 Experimental design of monitoring process
A distance measuring sensor unit composed of an integrated combination of a
Position Sensitive Detector (PSD), an Infrared Emitting Diode (IRED) and a
signal processing circuit was used to output the voltage corresponding to the
detection of workpiece distance. These devices act as proximity sensors for the
X-axis and Y-axis of the worktable. The mounting was designed and placed at
the edge of the X and Y axes of the worktable. It uses an infrared output and
reads reflected infrared light by use of the IRED. The resulting magnitude of
the reflected light can tell the range of the object with respect to the photodiode.
For instance, when an object is in front of the sensor, a pulse of infrared light is
sent out and bounces off the object. The object will reflect light back to the
sensor. The difference is read by the photodiode to determine the workpiece
movement distance.
As for the home position, flange mounted Hall Effect magnetic position sensors
with an integral LED for visual indication of operation, 34.00 mm, were used
for the X, Y and Z axes. In addition, cutting tools were recognised by using
barcode identification. Each of the tools has a unique identity represented by
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code numbers. The barcode functions as an identifier that writes the tool
specification, its tool life and other cutting status. A detailed explanation of the
barcode identification system will be presented in Section 5.6.1. The system
uses an online DAQ during the monitoring process. The DAQ was set at a 5V
output connection to supply up to 250mA of current. The digital signal outputs
are then processed to represent the Actual Machine Status. This can be directly
utilised by the system and update the simulation environment with up-to-date
information. Alternatively, this information can be acquired through a network
protocol such as MTConnect.

5.3.2 Signal processing
Signal processing deals with the initialising and reading of the signals from the
DAQ board. These signals were processed and filtered using the LabVIEW
environment. The purpose was to transform the voltage values into distance
measurements so that the user could monitor any distance changes without
manual calculations.
In order to receive data at a consistent rate, the timing engine was used to
ensure that the time between samples was consistent for the duration of the
programme. These voltage values acquired by the DAQ need to be converted
into distance values. Mapping these voltage data into centimetres was done by
fitting the non-linear curve into its exponential curve. In order to obtain the
exponential curve, interpolation of the curve fit was conducted. In order to use
interpolation, there has to be a set of known values. For this purpose, a
calibration process was performed to obtain a set of known values that fitted the
behaviour of the sensors. The calibrated set of data shown in Table 5.2 was
used to develop an exponential graph. The graphs of the curve-fitting for the
sensors of the X-axis and Y-axis are shown in Figures 5.14 and 5.15,
respectively.
By using estimated points from the graphs, a spline interpolation was used as a
guide to determine the voltage or centimetre values. LabVIEW was used to
programme the conversion and its algorithm is shown in Figure 5.16. First, the
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samples rating, interval and precision of the data samples that needed to be
recorded was gathered. Once the DAQ was activated and voltage detected, the
programme extracted the equation to perform a conversion, based on the signals
obtained from the X- and Y- axes sensors. Finally, the distance was displayed
and could also be recorded in a text file for archiving purposes.
Table 5.2 Approximate Voltage-to-Centimetre pairs
X-axis

Y-axis

Voltage

Centimetres

Voltage

Centimetres

2.7011

4

2.741

4

2.2217

5

2.5597

5

1.8225

6

2.1024

6

1.5823

7

1.8245

7

1.3845

8

1.6784

8

1.2144

9

1.4525

9

1.1325

10

1.2615

10

1.0051

11

1.1536

11

0.9378

12

1.0704

12

0.8859

13

0.9879

13

0.8544

14

0.9327

14

0.7425

15
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Figure 5.14 Exponential graph of voltage-distance curve fitting (X-axis)
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Figure 5.15 Exponential graph of voltage-distance curve fitting (Y-axis)
The final Virtual Instrument (VI) block diagram for sensor voltage-distance
conversion is shown in Figure 5.17. From the figure, it can be seen that there
are two constant arrays of values coming from the sensors. The value is output
to the indicator and shows the distance in centimetres.
The final user interface is given in Figure 5.18. It shows the voltage in a digital
display as well as a chart to graphically show the voltage signals for the X- and
Y- axes. Several panels were designed to allow inputs for the sample rate,
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precision level and saving options. A time display was also included to record
the time the signals were saved. There are two charts and one graph shown in
Figure 5.18. A chart, which has a buffer to store past points, is used for the
average voltage in order to display the changeover multiple data sets from the
DAQ Assistant. Graphs are used for the raw and filtered data because they
show a single set of data from the DAQ Assistant. The chart shows the raw data
of voltage coming from the DAQ for certain sample rates (i.e. 1000 sample/sec)
and its change-over time for the X- and Y- axes. The graph is the filtered
version of these data. There is also a stop button to stop the whole VI process.

Figure 5.16 Algorithm of voltage-distance conversion
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Figure 5.17 Voltage to distance VI block diagram

Figure 5.18 LabVIEW VI panel for voltage to distance conversion

5.3.3 Monitoring via network protocols
Alternatively, the extraction of information of the Actual Machine Status at the
shop-floor can be conducted by utilising the network monitoring system
approach called MTConnect [175]. Figure 5.19 illustrates the fundamental
concept of how network protocols can be adapted to the HFMS system.
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Figure 5.19 Monitoring process via network protocols, MTConnect
MTConnect is a set of open and royalty-free standards that aim to provide
interoperability between machine tool controls, devices and software
applications, by publishing data over networks using the Internet Protocol. In
this way, monitored data at the shop-floor can be published online and
monitored

remotely.

Technically,

the

implementation

of

MTConnect

functionality to a machine tool can be seen as having a machine tool fitted with
its own website, where relevant data can be presented as an XML file [178].
However, the MTConnect streams can only be used to read data from a
machine due to its one-way communication fundamental character. It does not
aim to allow information to be transported back for controlling purposes.
The schematic of MTConnect communication shown in Figure 5.20 is a typical
example of a sequence for a client or agent to communicate within the network.
By assuming there is only one agent, the client is configured with port and
address of the agent directly upon request [175].
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Figure 5.20 Example of MTConnect communication sequence
MTConnect has the ability to transfer data such as [175]:


Static data which include a machine tool identity (i.e. model number, serial
number, calibration data, etc.), identity of all independent components of
the device (i.e. type of controller, etc.) and the device’s design
characteristics (i.e. axis length, maximum speeds capabilities, device
thresholds, etc.)



Dynamic data captured in real or near-real-time (i.e. current speed, position
data, temperature data, programme block, etc.) by a device that can be
utilised by other devices or applications (e.g. utilised by maintenance
diagnostic systems, management production information systems, CAM
products, etc.).

As shown in Figure 5.20, the MTConnect physical architecture consists of four
items; the MTConnect Device, MTConnect Adapter, MTConnect Agent and
MTConnect Client application. Each of these is discussed as follows:


Device: composed of components such as sensors, controller, and machine
tool itself. In this study, the Sherline 3-axis milling machine is utilised and
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uses a STEP-NC based controller [179] developed in the Manufacturing
Systems Lab, University of Auckland, to control the movement of its axes.
The data streamed by the sensors is acquired using a National Instruments
PCI-6259 DAQ card. It is capable of sampling analogue and digital signals.
Dynamic data such as position, velocity, and acceleration of X, Y and Z
axes, as well as spindle speed, were captured in order to provide the current
position or placement of the machine tool elements. To determine all these
data, each axis was connected to an encoder. The encoders used in this setup
were relative encoders, which means they provide a signal with a frequency
proportional to their rotational speed. Furthermore, for the correct
acquisition of position data, they need to be referenced using a known
position. This is done by positioning all machine axes at the zero point of
the coordinate system before the acquisition process begins. The card is
then connected to the shield-connector-block SCC-68, which is then directly
wired to the sensors. It also provides space for the signal conditioner SCCACC01 to amplify the accelerometer signal


Adapter: acts as an interface for streaming data from the DAQ system and
communicates with the Agent. In this case, the adapter has the task of
collecting data from two different sources. The first is the DAQ server,
which provides its data via a TCP/IP communication server. The second
source is the controller, which provides internal states such as the
machining mode, the commanded positions or other path-related
information



Agent: receives and stores signals via communication protocol that are
accessible through the Web. The MTConnect Agent must support three
types of requests: (i) probe – to retrieve components and data items for the
device, (ii) current – to retrieve a snapshot of the data item’s most recent
values and (iii) sample – to retrieve samples and events in sequence. An
example of the probe response is given in Figure 5.21. The main Device,
MillingMachine, is composed of Components Axes and the Controller.
While the Axes element has DataItems and sub-components such as Spindle
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named “S” and Linear axis named “Z”, the Controller has only DataItems
as child nodes.

Figure 5.21 Probe response
Once the probe response is being processed by the client, the values for the
DataItems have to be retrieved. The response for both the current and
sample requests is of the same format. However, the current response
delivers the last known value for every DataItems and the sample request
provides a specified sequence of the Samples. The sample response shown
in Figure 5.22 shows how the data values are transported. As shown in the
figure, for every Device there is a list of ComponentStreams that contains a
list of data Samples for the given component. These samples are identified
by their name, dataItemId attributes and timestamp attribute.
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Figure 5.22 Sample response


Client: the Agent will handle all the incoming applications requested by the
Client. It will then return the data in XML format, where the Client can
extract the data from the document and display it to the user.
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5.3.4 NC part programme generation and revision
Within the HFMS system, an NC part programme can be generated and revised
based on interactive activities between the machining simulation task and the
changes signifying the Actual Machine Status. The advantage is to generate a
part programme that is reliable and readily used for machining without further
modification.
The National Institute of Standards and Technology has developed and
implemented a hierarchical architecture for the control of machine tools using
machine commands called Canonical Machine Commands. With such open
commands, additional functions can be incorporated for dealing with machine
dynamics on the shop-floor [20]. In addition, interpretation of a variety of
vendor-specific NC part programmes is then be possible [21]. As such, HFMS
is designed to allow NC code-generation based on this CMC format.
CMCs are basically atomic commands represented by a single instruction to
produce either a single tool motion or a single logical action. For example,
some of the commands and their descriptions are as follows [20]:
1. SET_FEED_REFERENCE is used to set the feed reference mode to either
CANON_WORKPIECE or CANON_XYZ
2. SET_FEED_RATE is used to set the feed-rate that will be used when the
controlled point is told to move at the currently set feed-rate
3. STRAIGHT_FEED is used to move the controlled point in a straight line at
the feed-rate from the current position to the point given by the x, y, and z
arguments. This instruction is similar to G01, defined by ISO 6983
4. SET_SPINDLE_SPEED is used to set the speed of the turning spindle and
is ineffective if the spindle is turned off. The unit is in rpm
5. STRAIGHT_TRAVERSE is used to instruct the tool to make a coordinated
linear motion at the traverse rate from the current position to the point given
by x, y, z, a, b, and c. Under the feed reference mode CANON_XYZ, no
cutting will occur while a traverse move is being made
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6. ARC_FEED is used to allow the tool to move in a helical arc from the
current position at the existing feed-rate. The arc feed command has six
arguments. The axis of the helix is parallel to the X, Y, or Z axis, according
to which one is perpendicular to the selected plane. The helical arc may
degenerate to a circular arc if there is no motion parallel to the axis of the
helix.
An existing CMCs generator is available and capable of translating basic
milling functions into CMC output. It was jointly developed by the Intelligent
Interoperable Manufacturing System Laboratory (IIMS) at the University of
Auckland, NIST in the USA and the Institut Français de Mécanique Avancée
(IFMA), France. Figure 5.23 shows the interface of the generator. The generator
requires an input file name in *.stp format, a tool file name in *.tlt format and a
save report error file name in *.txt format. Once processed, a set of CMC output
in *.can will be generated.

Figure 5.23 CMC interpreter
The generator is integrated into the HFMS system in order to allow the revision
of an NC part programme to be performed. The primary steps taken for
generating the updated CMC output are shown in the flowchart in Figure 5.24.
First, under an offline mode, once simulation is performed, an initial NC part
programme is executed. This is a set of machining instructions that is translated
based on a pre-calculated Part 21 file. When the DAQ is activated, the system is
advised by some updated machine status data, and an updated Part 21 file is
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finally generated. The revised NC part programme is the final NC code used for
executing the machine tool in performing machining operation. This revised NC
part interprets instances of an updated STEP file that is in accordance with the
data input based on AMS. The part programme was processed and updated into
a set of low-level machine commands and was ready for actual machining
execution. Here, the commands are based on the feature representations
described by the STEP file obtained from the simulation system.

Figure 5.24 Flow chart of the NC part programme generation and revision in
HFMS
These generated CMC codes need no further modification and can either be
used to execute the machine tool directly or to perform a tool-path simulation
process. The complete and revised CMC output of the updated STEP Part 21
file is included in Appendix II (D).

5.4 Machining Simulation
Machining simulation is performed in order to provide graphical views of the
machine tool, cutting tool, worktable, workpiece position, machining features
and their machining tool-paths. Data represented by the Actual Machine Status
is used for Pre-Machining data updates for capturing the machine tool status. In
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this way, a preview of the feature to be machined, with respect to the actual
workpiece position and the available tool at the shop-floor, is presented in a 3D
environment.

5.4.1 Pre-Machining data updates
Pre-Machining data is mapped to the location of the 3D model by using the
coordinates and reference point from the setup of the machining workplan
stored in the STEP file. The data is updated when the working condition values
are modified in the user interface, where the values are written to the file by the
Part 21 writer. Below is part of the original STEP file extracted from Example 1
of ISO 14649 Part 11:
#8= SETUP('SETUP1',#71,#62,(#9));
#71= AXIS2_PLACEMENT_3D('SETUP1',#95,#96,#97);
#95= CARTESIAN_POINT
('SETUP1:LOCATION',(150.000,90.000,0.000));
#96= DIRECTION(' AXIS ',(0.000,0.000,1.000));
#97= DIRECTION(' REF_DIRECTION',(1.000,0.000,0.000));

#95 setup location is the coordinates where the workpiece is located, and #97
direction vector is the reference direction for the workpiece. By default, the
system records the coordinate values of this original STEP file. Rotational
displacement can also be recorded in the step file. Since the rotation is always
in the XY plane, the reference direction is calculated by their sine and cosine
values. A portion of the updated STEP file with the new coordinates and
reference direction is shown below:
#71= AXIS2_PLACEMENT_3D('SETUP1',#95,#96,#97);
#95= CARTESIAN_POINT
('SETUP1:LOCATION',(23.34,34.234,0.0));
#96= DIRECTION('AXIS ',(0.000,0.000,1.000));
#97= DIRECTION ('REF_DIRECTION',(0.980067,0.198012,0.0));

The changes to directional vectors allow for small angular displacements of the
worktable positioning to be taken into account. Thus, the updated file will
consist of updated information and can readily be used for executing a
simulation operation with a high level of accuracy.
138

Chapter 5 ~ HFMS System Development

5.4.2 Machine tool initialisation
The system is able to initialise a basic column and knee type milling machine.
The Part105_201 class was developed to initialise the machine tool elements.
There are two types of basic milling machines, as shown in Figure 5.25, vertical
and horizontal, which can be selected from the machining setup interface. The
work table then acts as the main reference for displaying the fixture and
worktable.
By utilising the information available under Part 201 that provides the
dimensions of the machine tools elements, the machine tool models were
developed. For example, the work table is displayed with reference to the
Workpiece Coordinate System, as discussed in the previous section, allowing
the position of the workpiece to be allied with other elements and recorded in
the STEP file. The kinematic information that contains a 3-Dimensional
modification operation implemented as a homogenous matrix 4 x 3 in STEP
Part 105 file is mapped using GeoPoints and GeoVectors of a GeoObjects
structure called Modify (ModOp). This class allows the object to be moved,
scaled, rotated or translated into a new position.

Figure 5.25 Basic milling machines; (a) vertical type and (b) horizontal type
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5.4.3 Tool-path simulation
Tool-path simulation performed under the simulation system is based on the
translated NC part programme discussed in the previous section. It can be
divided into an initial tool-path and an adjusted tool-path. A different colour
scheme differentiates the tool-paths. By default, the initial tool-path is
represented in yellow and will change to red if adjusted. During animation, a
delay can be tuned to allow better visualisation for every workingstep of the
machining process. The initial tool-path is basically defined by a tool’s
movement trajectory, based on ideal machine conditions in which the machine
tool is driven according to the initial CMC part programme. An adjustable toolpath simulation is controlled by revised CMC part programmes. According to
the STEP-NC data structure, there are four segments of a tool-path; approach,
machine, retract, and depart.
Since the generated machine commands are structured according to a
subroutine based on the feature representations described by the STEP file, the
tool-path is simulated based on the machining strategy of each feature. For
example, a machining strategy can be uni-directional, bi-directional, contour
parallel, bidirectional contour, contour bi-directional, contour spiral, centre
milling and explicit strategy. Figure 5.26 shows some of these machining
strategies, together with their data model as defined in the STEP-NC standard.
Below is the EXPRESS definition of the milling strategy as defined in Part 11
of ISO 14649 standard.
ENTITY two5D_milling_strategy
ABSTRACT SUPERTYPE OF (ONEOF (unidirectional,
bidirectional,contour_parallel,bidirectional_con
tour,contour_bidirectional,contour_spiral,center
_milling,explicit_strategy));
overlap: OPTIONAL positive_ratio_measure;
allow_multiple_passes: OPTIONAL BOOLEAN;
END_ENTITY;
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Without cutting

Cutting
Uni-directional
ENTITY unidirectional
SUBTYPE OF (two5D_milling_strategy);
feed_direction: OPTIONAL direction;
cutmode: OPTIONAL cutmode_type;
END_ENTITY;

Width, X

Length, Ly
Tool travel, L
Bi-directional
ENTITY bidirectional
SUBTYPE Of (two5D_milling_strategy);
feed_direction: OPTIONAL direction;
stepover_direction: OPTIONAL left_or_right;
its_storke_connection_strategy:
OPTIONAL stroke_connection_strategy;
END_ENTITY;

Width, X

Length, Ly
Tool travel, L
Counter spiral
ENTITY contour_spiral
SUBTYPE OF (two5D_milling_strategy);
rotation_direction:
OPTIONAL rot_direction;
cutmode:
OPTIONAL cutmode_type;
END_ENTITY;

Width, X

Length, Ly

Figure 5.26 Types of machining strategy
Suppose Tp (xi, yi, zi) is a point on the initial tool-path, and ∂ (Tp) is the deviation
of points in their three coordinate axes, denoted as ∂x (Tp), ∂y (Tp) and ∂z (Tp)
respectively. The updated coordinate points for the adapted tool-path are
expressed as Tpa (xai, yai, zai). Therefore, the actual coordinates, after taking into
account the deviation or Actual Machine Status at the shop-floor, are expressed
as,
(Equation 5.7)
(Equation 5.8)
(Equation 5.9)
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These coordinate points are processed according to the CMC commands input.
For example, the linear trajectory of the tool-path is calculated based on the
starting point and ending point of the commands STRAIGHT_TRAVERSE,
STRAIGHT_FEED and SET_ORIGIN_OFFSETS.
As for the circular trajectory, ARC_FEED is calculated by considering the arcs
residing on the XY plane. The first two values (first_end and second_end) are
the coordinates that are taken as the end of the arc, and the following second
pair gives the centre of the arc (first_axis and second_axis); the fifth value is the
direction of the curvature (int rotation either clockwise or counter-clockwise)
and the last argument is the Z-plane offset (double axis_end_point) as shown in
Figure 5.27.

Figure 5.27 ARC_FEED trajectory
Since the generated CMC is based on a feature translated from the Part 21 file,
each block of linear trajectory codes is representing a tool-path of each feature
according to the workingstep defined in STEP file. These commands are then
mapped with the CADability function, GeoPoint, to display the tool-path
simulation.
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5.5 Post-Machining analysis
There are essentially two trivial tasks that are carried out prior to machining; the
first is to setup the workpiece on the machine tool worktable and the second is
to set up the cutting tools. The former is acknowledged by the system through
Pre-Machining data updates, as discussed in the previous section. The latter is
implemented

and

demonstrated

by

developing

the

Post-Machining

computational platform. The platform allows the calculation of remaining tool
life, using updated cutting tool data, which may increase the accuracy of future
simulation analysis.

5.5.1 Cutting Tools Database via barcode identification
The introduced CTD is a complement to the evaluation of Post-Machining data
in the machining simulation system and is used as a parameter to certify how
tool availability at the shop-floor can be used for more effective machining.
The main purpose of the CTD was to retain information from the available
cutters for machining operation. For tracking purposes, these tools were marked
by a unique ID, using a barcode ID technique. The ID number represents all the
information from the cutting tools specifications. A description of this
specification is illustrated in Figure 5.28. Some of the basic information and
values such as mill type, diameter, cutting edge length and overall length are
given Table 5.3. The system control of the barcode scanner was configured so
that the code ID and the code name transmission could be integrated into the
simulation system.

The scanning process begins when the tool codes are

illuminated by a transmission of red light. The sensor from the scanner detects
the reflected light and generates an analog signal with varying voltages that
represent the intensity of the reflection. The analog signal will then be
converted into a digital signal and fed to a decoder. The decoder is responsible
for interpreting the digital signal into ASCII text through a keyboard interface.
The simulation system utilises the ASCII output and translates it into data
values that contain all the cutting tool information. Detailed procedures of the
scanner installation and the barcode labels are presented in Appendix II.
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Figure 5.28 Tool specification

Table 5.3 Cutting Tools Database
Tools ID

Mill type

30820-

End mills (Short)

EndmillShort

¼” shank

7100-

End mills (Long),

EndmillLong

¼” shank

7201EndmillBall

(Ball nose),

Overall
length (inch)

0.125

0.1875

1.09375

0.0625

0.15625

1.09375

0.09375

0.1875

1.375

0.250

0.5

3.125

0.3125

0.75

3.5

0.5

1

2.5

0.375

1.5

3.5

¼” shank
End mills (Double-

EndmillDouble

Ended), 3/8” shank

7413-

End mills (Double

EndmillDouble

–ended), 3/8” shank

7430-

End mills (Single-

EndmillSingle

ended), 3/8” shank

EndmillDouble

Cutting edge
length (inch)

End mills

7404-

7400-

Diameter
(inch)

End mill sets
(Double ended)
3/8”
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5.5.2 Remaining tool life
Tool life was chosen as a criterion to demonstrate physical insight into how the
Post-Machining phase is employed in the entire system. In general, tool life is
defined as cutting time in minutes to produce a given wear land for a set of
machining conditions [180]. In any machining operation, it is essential to know
the relation of tool life to the cutting parameters when determining the
efficiency of the cutting process. Choosing a proper tool that satisfies the
requirements of machining output in terms of production rates and minimum
cost is a trivial task in machining operation. Several factors in machining might
affect the tool life of a cutter. Tracking tool life with respect to various
machining possibilities may assist the development of an optimum machining
plan.
As described in Chapter 4, since STEP-NC has the advantage of primarily
documenting task-level information, the information regarding cutting tools is
regarded as tool requirements. The existing tool available in the tool holder is
fed into the simulation system and matched with the tool description provided
by the STEP-NC file. This is done by tracking the tool updates through its code
identification. Initially, the tool life value used in the planned workingstep is
taken from the tool manufacturer’s catalogue. This value is logged as a new tool
in the STEP file as well as the CTD, then tool life usage is calculated.
Subtraction of the tool usage value from the assigned tool life value defines
remaining tool life. Finally, the calculated remaining tool life value is mapped
to the HFMS system, which determines whether the set of workplan provided in
the original STEP file is adequate to perform machining of the particular feature
described in the file. The procedure for remaining tool life calculation is shown
in Figure 5.29.
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Start
CTD

Scanning the tool barcode
No

Barcode ID detected?
Yes
Display cutting tool data
Set feature types (1)
Set machining strategy (2)
Set feature dimensions (3)

Feature size is out of working range

Set machining parameters (4)

Data within range?

Feature size exceeds tool capabilities
No

Yes
Calculate remaining tool life
Feed back to HFMS
Record in Machining History Database
End

Figure 5.29 Procedure for remaining tool life calculation
Based on Figure 5.29, there are various tool-life criteria depend on the interrelationship of various scenarios. These criteria act as the basic procedure for
how the simulation process is performed:
1. Set feature types – three types of features such as slot, open pocket and
planar face were considered in the system. This feature will define the
geometry for where the tool should remove material. Based on this feature,
cutting length is calculated
2. Set machining strategy – the system is able to work with three types of
machining strategy (bi-directional, uni-directional and contour spiral),
defined machining plan and style of the cutter movement, as previously
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illustrated in Figure 5.26. The strategy also defines its overlap or tool step
over. This overlap is usually specified as between adjacent tool passes, in
order to ensure complete cutting of the part. Table 5.4 shows the overlap
values that are considered by the system, which fall in a range between the
tool diameter (D) and 70% of the diameter of the tool (0.7D)
Table 5.4 Overlap or step over of cutting tool
D (No overlap)

0.9D

0.8D

0.7D

3. Set feature dimensions – basically, the feature dimensions are mapped from
the value obtained from the STEP file. This value can be modified to test
‘what if’ scenarios. However, a maximum input for the features dimensions
is restricted by considering the worktable working range for not exceeding
value of 250 mm in the X-axis and 180 mm in the Y-axis
4. Set machining parameters – a high number of studies have been conducted
to determine the optimum relationship of machining parameters such as
cutting speed, feed-rate and depth of cut with respect to tool life. The
relationship between those parameters is best explained by Taylor’s tool life
equation. Mathematically, it can be expressed as,
(Equation 5.10)
where Vc is the cutting speed, T is the tool life based on a new tool, η is the
exponent depending on tool material, workpiece material, cutting
conditions, and environment, and C is a constant also depending upon tool
material, workpiece material, cutting conditions and environment. Typical
values of tool life data for various tool materials are given in Table 5.5.
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Table 5.5 Typical values of constants for various cutting tool materials [180]
Tool material

η

C

Vc (m/min)

HSS

0.12 to 0.15

200 to 300

30-50

Cemented carbide

0.25 to 0.30

600 to 1000

50-200

0.5

1000 to 2000

>200

Ceramics

This tool life equation can also be extended to include feed-rate in minutes.
This research incorporated the extended Taylor’s tool life equation, which
incorporates the relationship between feed-rate and cutting length. This can be
expressed as,
(Equation 5.11)
where, Vf is the feed-rate, a is the depth of cut, α and β are both exponents for
feed and depth of cut (α = 0.19 to 0.61 and β = 0.3 to 0.4), and C is a constant
value for α and β that has to be established by test procedures. By rearranging
Equation 5.11, tool life, T, can be expressed as,

(Equation 5.12)
The total cutting time expression for a milling operation is denoted as,
1

(Equation 5.13)

where Tc is the cutting time that can be derived from the tool trajectory length
generated by the tool-path, Lt, with respect to its feed-rate, Vf, expressed as,

(Equation 5.14)
Here, the feed-rate is given as,
(Equation 5.15)
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where f is the feed per tooth (mm/r), z is the number of effective cutting teeth
and n is the spindle speed, expressed as,

1000
(Equation 5.16)
Combining Equations 5.12 and 5.13 leads to the remaining tool life, which can
be calculated from the expression,

(Equation 5.17)
where Tm is tool life value, obtained from the manufacturer’s catalogue.
The contribution made by each decrement is a life reduction rate, which is the
ratio of the life consumed over its total available life, and can be called fraction
remaining. This fraction in percentage, or fraction remaining, can be derived by
the equation,

R

100

(Equation 5.18)

To demonstrate the above phenomena, an integrated system was developed.
The main intention was to show how the available or mounted cutting tools
could be utilised and affect the result of a particular process plan for a
machining operation. LabWindows/CVI 9.0 was used as the development
programming environment. LabWindows/CVI provided a platform with the
ability to read input signals from the barcode scanner. It also allowed simple
GUI development for displaying cutting tools information and providing an
interface for simulating the remaining hours of the cutter’s life. The system is
also able to detect if the tool specification value, such as cutting edge length, h,
and maximum cutting depth, ap, (Figure 5.29), is within the confined values of
the machining parameters. The relevant modification can then be fed to the
HFMS main system for Machining History Database recording.
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5.5.3 Machining History Database
The MHD is an essential part of the simulation system, in particular the PostMachining phase. This is due to the fact that cutting tool information needs to
be recorded to track tools’ current status, in terms of their remaining tool life.
The database is integrated into the system using Microsoft Office Interlop
assemblies. It is used to read and write machining data to a database in EXCEL
format. Data such as simulation start and finish time, total cutting length,
spindle speed and remaining tool life are recorded and stored in an updated
STEP file. For every STEP file loaded, a new worksheet is created to avoid
duplicate files. This is done by reading the ID name of the STEP file and a new
row of data is recorded every time the DAQ is activated. The updated MHD is
considered a robust link provided by the Post-Machining phase. Not only can it
be used for archiving purposes but it also provides adequate information for
subsequent simulation analysis.
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Chapter 6
System Implementation and
Case Studies
CHAPTER SUMMARY: In this chapter, implementation of the High-Fidelity
Machining Simulation system is described. First, a prototype system with its
main features and functionalities is outlined. Subsequently, the overall system
flow is explained in detail. Finally, three case studies have been carried out to
demonstrate the functionalities of the developed HFMS system. Major results
discussed in this chapter are based on published work presented in four
international conferences; the International Conference of Flexible Automation
and Intelligent Manufacturing (FAIM 2011), the 2nd International Conference
on Mechanical and Manufacturing Engineering (ICME 2011), the 15th
International Conference on Mechatronics Technology (ICMT 2011) and the
11th Global Congress on Manufacturing and Management (GCMM 2012).

6.1 HFMS prototype system
As mentioned in Chapter 4, HFMS is a STEP-compliant machining simulation
system which integrates external monitoring equipment for capturing the Actual
Machine Status on the shop-floor, and Chapter 5 discussed the development
methods of the system. An implementation platform in the form of a prototype
system of the HFMS framework was developed. The prototype system
underwent four different versions, where each version provided significant
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functions and features improvements. A summary of the version release and its
features is described in Table 6.1.
Table 6.1 Development features of HFMS system version releases
Version release
HFMS v1.0

Release notes
GUI with basic functionalities
Enhanced GUI; data interpretation via ST-

HFMS v2.0

Developer v12; read and write Part 21 files;
development of operational phases
Integration of monitored Actual Machine

HFMS v3.0

Status data via DAQ activation and network
protocols;

data

interpretation

via

ST-

Developer v14; enhanced operational phases
More advanced functions added, including
HFMS v.4.0

tool-path simulation, NC code generation,
interactive

3D

visualisation

display,

integration of Post-Machining analysis, etc.

6.1.1 Main system I/O
The main system I/O interface of the HFMS v4.0 prototype system is shown in
Figure 6.1. This interface may provide the functions labelled from number 1-8.
1. The toolbar includes general features such as (i) an open function for
loading a native Part 21 file, (ii) a save function for saving an updated Part
21 file, (iii) a 3D model view functions for displaying a workpiece model
and machine tool model in a variety of angles such as isometric, front, top,
left, right, etc., (iv) a tool-path function for loading and updating a tool-path
data file, (v) a settings function to allow different types of machine tool to
be initialised, adjusting the simulation delay and changing the colour setting
of the 3D graphics, (vi) a Post-Machining data function for saving the
simulation output into the Machining History Database, and finally (vii) a
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Help function for giving a general description of the programme and basic
instructions on how to use the system.
2. The panel provides a function to allow the Actual Machine Status to be
viewed. Here, the signals coming from the machine tool are first captured,
processed and finally displayed.
3. A 3D graphical view of the panel for displaying the workpiece, worktable
and other elements of the machine tool. Machining simulation is then
displayed in this panel.
4. The function of the tabs is to represent the three operational phases; PreMachining, Machining and Post-Machining. Here, data during on-going
machining are archived and recorded in the Pre-Machining and PostMachining phases. Each tab was designed to suit the parameters involved
for the case studies.
5. The treeview panel is used to display the structure of the .stp data file in a
graphical manner, displaying information on the entire process. The main
work plan includes all the Workingsteps that the machine tool will execute,
and these are displayed under its_elements with all the details such as
positioning, dimensions and tool properties.
6. There are four functions provided by this panel: MTConnect, Generate
CMC, Start Simulate and Start DAQ. The network data can be retrieved via
MTConnect where machine data are captured, processed and displayed in a
pop-up window. Generate CMC allows an interpreter to be initiated in
translating the updated Part 21 file into reliable CMC output in executing
the machine tool for machining operation. Start Simulate provides a
function to perform tool-path simulation where animation can be paused
and resumed. Finally, Start DAQ initiates the monitoring process and allows
signals to be acquired to represent the Actual Machine Status.
7. The user input panel allows machine tool updates to be entered by the user
according to the messages in the Actual Machine Status panel. The data can
be in either absolute or relative position.
8. The panel displays the report data log to the user. The report changes if
there are any modifications made by the user in the simulation system.
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Figure 6.1 Main interface of HFMS prototype system

6.1.2 iHFMS - Integrated tool life analysis system
iHFMS, an integrated system for tool life analysis was constructed based on the
available Cutting Tool Database, where its specifications were updated using
barcode identification. This platform was developed to perform remaining tool
life simulation and the system interface is shown in Figure 6.2. The integrated
system comprises four parts labelled from item 1 to 4, and their functionalities
are described as follows:
1. The machining strategy panel consists of various types of milling strategies
(uni-directional, bi-directional and contour spiral), milling features (pocket,
slot, and planar face), feature dimensions and machining parameters that
can be selected by the user to perform a variety of strategy combinations
2. Once the Start button is clicked, the DAQ is activated to begin Actual
Machine Status data acquisition process. The Enter barcode button is used
to detect the scanned barcode identification and the CTD is updated based
on the tool barcode ID. It also contains a Reset button to reset all the tools
specification into default mode
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3. The Cutting Tools Database consists of all the cutting tool specifications
including their ID, diameter, cutter material, allowable maximum depth of
cut, cutting edge length and the current tool life as recorded by the system
4. The summary of results panel was developed to display simulation results
such as the calculated cutting length, the new tool life value, current tool life
value and remaining tool life. The Calculate button is used to start the
simulation process and when the Execute button is clicked, the system will
advise the HFMS main programme of the simulation activities to allow
changes to be updated. The Machining History Database can also be
recorded for archiving purposes.

Figure 6.2 iHFMS - Integrated tool life analysis system

6.1.3 Overall HFMS system information flow
Once the STEP Part 21 file is loaded, the main programme is initiated and ready
to perform several tasks such as information extraction, displaying, updates and
interpretation. The overall information flow of the HFMS system, together with
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the interaction between one class file with another in the HFMS programme, is
illustrated in Figure 6.3.
Following that, Treeview is generated to display a tree-list consisting of
machining features and machining operation information extracted from the
native Part 21 file. The 3D visualisation generator then displays the 3D model
of the workpiece, its features, machine tool, and cutting tool. The data
acquisition process then takes place to represent the Actual Machine Status in
information updates. The aforementioned information is then updated based on
the Actual Machine Status as well as process planning activities conducted by
the user. Machining simulation that simulates the tool-path trajectory takes
place with the information obtained from the CMC file. CMC data
interpretation is performed to aid machining tool-path visualisation. Once
information updates are retrieved and stored, the system outputs an updated
STEP Part 21 file, concurrently displays the virtual-real interaction of the 3D
visualisation panel, saves the updated CMCs data and finally simulates the
adapted tool-path trajectory.

All these updates represent Post-Machining

information where these data were recorded in the Machining History Database.

Figure 6.3 HFMS system class files and information flow
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6.2 Case Studies
Three case studies were carried out to test various function of the HFMS
software prototype. The first case study was conducted to validate the HFMS
system’s performance in demonstrating concurrent 3D visualisation based on
Pre-Machining data updates. The aim of this case study was to show that the
simulation system is capable of detecting changes of workpiece position on the
shop-floor, simulating an adjusted tool-path trajectory and generating CMC
codes that correspond with the actual position. The second case study is to
demonstrate the ability of the system to support an interoperable manufacturing
environment, where data is alternatively captured using network protocols. The
third case study was undertaken to demonstrate the usability of the HFMS
integrated system (iHFMS) in simulating machining performance (e.g.
remaining tool life) based on the availability of an in-house cutting tool.

6.2.1 Case Study 1: Ingenuous machining simulation
Based on the initial Part 21 file of Example 1 ISO 14649 Part 11, the 3D view
of a 65 mm (width) × 75 mm (length) × 25 mm (height) workpiece and its
initial setup position of 34.0 mm (X-axis), 34.0 mm (Y-axis) and 50.0 mm (Zaxis) was displayed on the main interface of the HFMS system, as shown in
Figure 6.4 (a).
To limit the scope of the research, home position and worktable position were
monitored as the criteria to achieve the high-fidelity simulation objective. The
location of the workpiece virtual model was stored in the Part 21 file, and the
setup of the work plan contained the coordinates for the reference point. This
initial workpiece position and its tool-path were assigned by a set of coordinates
(e.g. A, B, C, D….n) that are relative to the WTCS of the machine tool. The
feature information, tolerance data, machine function, workplan, and other
process planning strategies contained in the data section of the file were then
interpreted into machining commands (CMCs). These initial NC commands
were pre-treated to acquire data information of the trajectory that generates an
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initial tool-path movement, as depicted in yellow lines rendered given in Figure
6.4 (b). The summary of information used for performing the tool-path
animation is shown in Table 6.2.

(a)

(b)

Figure 6.4 3D view of (a) workpiece initial setup position and (b) initial toolpath simulation
Table 6.2 Summary of machining data of Example 1
Items
Features

Description
Planar face1 (65mm × 75mm × 5mm)
Pocket1 (25mm × 40mm × 15 mm)
Hole1 (Ø6 mm × 30 mm)

Machining strategy

Contour_Bi-directional

Workingstep

Surface milling (WS Planar face1)
Hole drilling (WS drill Hole1)
Hole reaming (WS ream Hole 1)
Pocket roughing (WS rough Pocket1)
Pocket finishing (WS finish Pocket1)

Setup1 location (x, y, z)

(34.0, 34.0, 50.0)

Clamping position

Clamping position 1 (0.0, 20.0, 25.0)
Clamping position 2 (100.0, 20.0, 25.0)
Clamping position 3 (0.0, 100.0, 25.0)
Clamping position 4 (100.0, 100.0, 25.0)

Workpiece location (x, y, z)

Workpiece1 location (0.0, 0.0, 0.0)
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Let us suppose the workpiece is moved to a certain position along the
worktable. The HFMS system will compensate for the initial position moving
to a current workpiece location. Accordingly, the tool-path will also move to a
new position, expressed by a series of tool-path coordinates (A’, B’, C’,
D’…n’).
When the DAQ button is activated, data from the sensors are acquired when
detecting any deviation of the workpiece position. Figure 6.5 (a) shows an
interface indicating captured Pre-Machining data that contained actual values of
the home position (35.244, 75.142, 50.000) and worktable condition (32.541,
64.278, 50.000) being captured. Once the workpiece position button is
activated, the system then computes the changes through the User Input panel.
Using this panel, the user can add, adjust and modify relevant changes and
update the new position of the workpiece. The changes are mapped in a 3D
view configuration with transparent rendering about the updated workpiece
placement that moves correspondingly. A new set of information of the new
workpiece placement is fed back to the initial Part 21 file for necessary
information updates.
Confirmation message dialogue, shown in Figure 6.5 (b), is displayed for
advising the user of the changes, as well as updating and saving the
modifications into a new Part 21 file (Figure 6.6). Before saving the file, the
user can also gain help from the generated report data log that highlights the
detected changes.
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(a)

(b)

Figure 6.5 Captured Pre-Machining data (a) based on Actual Machine Status
(b) for saving setup information into new file

Figure 6.6 Updated Part 21 file
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The updated Part 21 file given in Figure 6.6 is again interpreted into a new set
of sequential machining instructions, where all the data are revised according to
the new set of information that represents the actual physical setup of the
machine tool. A complete set of the intial and updated Part 21 file is given in
Appendix III (A) and (B). An example of the CMC output demonstrating the
initial position of the workpiece is as follows:
1 USE_LENGTH_UNITS(CANON_UNITS_MM)
2 SET_ORIGIN_OFFSETS(0.0000, 0.0000, 0.0000)
3 SET_FEED_REFERENCE(CANON_XYZ)
4 SPINDLE_RETRACT()
5 STOP_SPINDLE_TURNING()
6 USE_TOOL_LENGTH_OFFSET(0.0000)
7 CHANGE_TOOL(MILL 18MM)
8 USE_TOOL_LENGTH_OFFSET(50.0000)
9 FLOOD_ON()
10 SET_SPINDLE_SPEED(720.0000)
11 START_SPINDLE_CLOCKWISE()
12 SET_FEED_RATE(2400.0000)
13 STRAIGHT_TRAVERSE(91.9000, -13.5000, 250.0000)
14 STRAIGHT_TRAVERSE(91.9000, -13.5000, 65.0000)
15 STRAIGHT_FEED(91.9000, -13.5000, 52.5000)
16 STRAIGHT_FEED(91.9000, 133.5000, 52.5000)
………………
138 ARC_FEED(224.2,109,217,109, -1, 32.3000)
139 ARC_FEED(217,109,220.6,109, -1, 32.3000)
………………

Line 1 explains the unit used. Lines 2 to 5 are to set the origin, reference point,
and spindle activation. Lines 6 to 8 instruct the tool specification. Line 9 is to
activate the coolant. Lines 10 to 12 are to set the spindle speed, its directions
and feed-rate values, respectively. Line 13 is the starting point of the tool
movement. Lines 14 onwards are the tool-path coordinates to machine each
feature of the workpiece. Figure 6.7 shows the updated CMC output with an
actual position of the workpiece placement. It can be seen that the deviations of
X and Y positions of the workpiece location have been incorporated and
updated as denoted by lines 13 onwards. The full set of initial and updated
CMC codes generated by the programme can be referred to in Appendix III (C)
and (D).
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Figure 6.7 Reliable and updated NC codes (CMC) output
Finally, the adjusted tool-path simulation is performed and this updated tool
trajectory is rendered using the red line shown in Figure 6.8.

Figure 6.8 Adjusted tool-path simulation and saving CMC output
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As a result, the initial tool-path is updated with the new realistic tool-path
information giving the scenario of the high-fidelity simulation environment.
Unlike a conventional G-code based machining simulation, the system
effectively enables a bi-directional data flow and generates a feature-based toolpaths simulation. It also means that the generated NC codes are reliable and
need no further alteration. Therefore, a near-real solution to assisting truthful
simulation with a higher level of accuracy is obtained.

6.2.2 Case Study 2: Monitoring of Actual Machine Status via
MTConnect
The alternative case study discussed here is part of the research corresponding
to the extraction of network data via MTConnect. At the shop-floor, the data are
recorded and sent to assist the machining simulation with updated information
of the shop-floor situation. Figure 6.9 provides a snapshot of the data streamed
via MTConnect. From the figure, the X, Y, and Z positions are utilised by the
simulation model in order to define the exact location of the position on the
worktable. From this value, the coordinates of the workpiece can be determined
using the WPCS and FECS transformation. Figure 6.10 shows an example of a
Part 21 file. The highlighted values (0.00, 17.76 and 0.02) in the figure are
referred from the actual value obtained from MTConnect. Thus, these values
represent the exact location of the worktable positions. When the MTConnect is
activated by the simulation model, it will give the user an option in capturing
this real-time data in order to perform simulation based on the Actual Machine
Status. The data are streamed continuously to form a machining database. A
portion of the recorded data is shown in Table 6.3. From the table, it can be
seen that the velocity and acceleration values derived from the feed-rate of
worktable movement can also be monitored. In this way, these data become
valuable in determining more advance analyses such as acceleration and
deceleration of the worktable as well as jerk analysis of the machine tool.
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Captured data

Figure 6.9 Snapshot of the output data obtained via MTConnect
.
:

#2188=AXIS2_PLACEMENT_3D('WORKTABLE',#2189,#2190,#2191);
#2189=CARTESIAN_POINT('WORKTABLE:LOCATION',(0.000,17.760,0.020));
#2190=DIRECTION('AXIS',(0.000,0.000,1.000));
#2191=DIRECTION('REF_DIRECTION',(1.000,0.000,0.000));

.
:

Figure 6.10 Example of a Part 21 file
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Table 6.3 Streamed data via MTConnect
Time

Px

Py

Pz

Vx

Vy

Vz

Ax

Ay

Az

…

…

…

…

…

…

…

…

2.124

1.002

1.124

0.002

0.006

1.261

0.000

0.003

0.594

0.000

2.457

1.004

1.544

0.002

0.009

-0.002

0.000

0.009

-3.794

0.000

2.899

1.008

1.543

0.002

-0.001

0.200

0.000

-0.024

0.458

-0.001

3.574

1.007

1.678

0.002

2.771

9.566

0.000

4.107

13.876

0.000

…

…

…

…

…

…

…

…

…

…

4.097

2.456

6.681

0.002

0.466

0.619

0.002

-4.406

-17.107

0.003

4.221

2.514

6.758

0.002

3.166

0.674

0.000

21.702

0.439

-0.010

4.548

3.548

6.978

0.002

1.263

0.130

0.001

-5.825

-1.665

0.001

4.810

3.879

7.012

0.003

0.831

0.061

0.000

-1.652

-0.264

-0.004

…

…

…

…

…

…

…

…

…

…

6.457

5.247

7.112

0.002

9.736

0.099

0.001

5.407

0.023

0.001

6.578

6.425

7.124

0.002

-4.106

0.000

-0.006

-114.393

-0.820

-0.057

6.644

6.154

7.124

0.002

1.182

0.003

0.000

80.119

0.046

0.096

6.974

6.544

7.125

0.002

0.778

0.639

0.000

-1.223

1.927

-0.001

…

…

…

…

…

…

…

…

…

…

10.102

8.978

9.124

0.002

2.552

1.897

-0.001

0.567

0.402

0.000

10.325

9.547

9.547

0.002

0.733

0.288

0.003

-8.156

-7.216

0.016

10.471

9.654

9.589

0.002

0.374

0.016

0.000

-2.458

-1.864

-0.020

10.987

9.847

9.597

0.002

0.559

0.483

0.000

0.359

0.905

0.000

…

…

…

…

…

…

…

…

…

…

17.100

13.265

12.547

0.002

40.556

0.812

0.004

6.543

0.054

0.001

17.123

14.214

12.566

0.002

0.786

-0.224

-0.001

-1699.549

-44.284

-0.213

17.547

14.547

12.471

0.002

0.340

0.723

0.000

-1.053

2.236

0.002

17.897

14.666

12.724

0.002

0.548

0.246

0.000

-0.971

-2.065

-0.001

…

…

…

…

…

…

…

…

…

…

Px, Py, Pz – Position at X, Y, Z axis ; Vx, Vy, Vz – Velocity at X, Y , Z axis ; Ax, Ay, Az – Acceleration at X, Y, Z axis
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6.2.3 Case Study 3: HFMS integrated system functions
This case study was designed to demonstrate how the HFMS integrated system
is utilised in tracking the remaining tool life of a mounted cutting tool, together
with its machining configurations. Three example parts, shown in Figures 6.11
(a) to 6.11 (c), were used as the part models. Each part was pre-specified with
information such as machining parameters, tooling requirements and
geometrical data extracted from Part 21 files.

(a)

(b)

(c)
Figure 6.11 Example parts in isometric and top view; (a) closed pocket,
(b) open pocket, and (c) slot
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The summary of the simulation criterions are given in Table 6.4 and the
calculation procedure is based on the algorithm discussed in Section 5.5.2.
From Table 6.3, four different cases were designed, with conditions marked A,
B, C, and D. Every case represents different types of parts where each feature
varies, depending on a set of candidate tools detected by the scanner. Every
type of tool is marked by a unique identification number. When the tool is
scanned, a specific CTD based on the identified barcode is generated. If the tool
ID is not recognised, an alert (Figure 6.12) will appear indicating that the tool
barcode was not detected.
Table 6.4 Summary of simulation criterions
Case

ID

A

7100

B

7400

C

30820

D

7100

Part

Strategy

Closed

Bi-

pocket

directional

Open

Bi-

pocket

directional

Slot

Unidirectional

Closed

Counter

pocket

milling

f
(mm/rev)

l
(mm)

D
(mm)

h
(mm)

d
(mm)

dmax
(mm)

15.00

40.00

1.59

0.3968

4.5

0.5

100.00

140.00

2.42

0.24

0.1

0.1

120.00

80.00

3.175

31.00

5.0

12.0

85.00

80.00

1.59

0.3968

0.1

0.6

f – feed-rate l – features length D – diameter h – cutting edge length d – cutting depth dmax – maximum depth of cut

Figure 6.12 CTD without scanned barcode identification
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Case A tested the situation when the tool ID is identified and the CTD displays
the tool specification successfully. However, calculation cannot be further
processed since the detected machining parameters, such as the cutting depth,
exceed the allowable maximum depth of cut. Here, the system will detect the
error and display a warning as shown in Figure 6.13 (a). Another notable
criterion, as considered in Case B, is related to the feature placement and
dimensions of the part with respect to the worktable working range of the
machine tool. When, for example, wrong dimensions for a feature’s length are
entered, the system will again display a warning message to indicate that the
feature is out of range, as described in Figure 6.13 (b). In Case C, the criterion
is set so that the feature size exceeds the depth of cut. Here, the system will
advise the user to modify the feature size accordingly before proceeding with
further calculation. The warning for this is shown in Figure 6.13 (c).

(a)
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(b)

(c)
Figure 6.13 Warning messages for (a) Case A, (b) Case B and (c) Case C
The criterion set in Case D demonstrates how the remaining tool life can be
successfully calculated with all the parameters assigned correctly. Information
such as cutting length, total cutting time, depth of cut, feed-rate, cutting speed,
tool life and fraction remaining were utilised and processed in tracking the
remaining tool life values. The current tool life value is also displayed to
indicate whether the tool is adequate to machine a certain feature. The
processed information in calculating the remaining tool life values for Case D is
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summarised in a spreadsheet shown in Table 6.5. It can be seen that the fraction
remaining of the life consumed over a period of time was obtained. As a result,
continuous tool life value of a current mounted tool was able to be monitored.
These values were then sent to the HFMS system for updating the information
via Part 21 file. Figure 6.14 shows how the tool information is updated.

Figure 6.14 Saving updated tool information
The system then updates the Part 21 file with current data from the cutting
tools. An excerpt of the updated Part 21 file for the part in Case D is as follows:
…
#390=MILLING_CUTTING_TOOL ('7100-Endmill',#455,(#450),80.0,$,$);
#450=CUTTING_COMPONENT(18.0,HSS,$,2400,$,2399.9);
…
#455=BULLNOSE_ENDMILL (#500,4,$,.F.,$,18.0);
#500=MILLING_TOOL_DIMENSION (1.59,9.0,4.0,0.3968,3.0,3.0,63.0);
…

Line #390 describes the basic information needed for a cutting tool description,
which includes its unique label to exactly identify the tool, the type of tool
body, its cutting edge, total assembly length, direction for spindle orientation
and tool holder diameter for spindle orientation. The detailed description of the
tool body is defined by Line #455. Here, the information includes the
dimensions, number of teeth, hand-of-cut, coolant availability and pilot length.
170

Chapter 6 ~ System Implementation and Case Studies

Line #500 gives the relevant data to describe the dimensions of tool body such
as diameter, top angle, circumference angle, cutting edge length, edge radius,
edge centre vertical and edge centre horizontal. Line #450 is used to specify the
cutting component data, composed of the tool offset length, its material,
technological data regarding cutting edge, expected tool life, the technology and
finally, the remaining hours of tool life.
Under the Post-Machining panel shown in Figure 6.15, the HFMS system then
generates MHD that contains recorded data such as simulation start and finish
time, cutting length, spindle speed, tool life, remaining tool life, tool ID and the
feature used for the particular tool used. The generated database is shown in
Table 6.6. The database archive shows several recorded simulation results of
various criterions. This Post-Machining information is continuously recorded to
assist decision-making in subsequent simulation activities. If, for example,
when a certain feature is about to be machined using an identified tool on the
shop-floor that has almost reached end of life, the system will indicate that the
tool is insufficient to perform the cutting operation and advise another tool that
is available, according to the recorded information in the CTD. Other
substantial analysis such as tool management, tool requirement analysis, tool
breakage analysis and surface quality analysis may also be performed.

Figure 6.15 Post-Machining panel for history data recording
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Table 6.5 Remaining tool life calculation spreadsheet (Case D)
Time in cut

Lt

Tc (min)

Ttotal (min)

Vc (mm/min)

Vf (mm/rev)

a (mm)

C

n

α

β

T (min)

FR (%)

TR (min)

0

0

0

0

64.7603

15.5344

0.1313

300

0.125

0.5

0.3

987848.66

100.00000

144000.000

0.9336

0.9336

0.0513

0.0513

59.6804

18.1940

0.1408

300

0.125

0.5

0.3

982651.98

99.99999

143999.992

1.8750

2.8085

0.1657

0.2170

67.7249

11.3131

0.1115

300

0.125

0.5

0.3

2835695.58

99.99999

143999.981

2.1979

5.0065

0.1119

0.3289

65.4232

19.6437

0.1358

300

0.125

0.5

0.3

452590.99

99.99993

143999.877

2.2981

7.3046

0.1521

0.4810

67.5032

15.1115

0.1270

300

0.125

0.5

0.3

864767.92

99.99994

143999.797

2.7366

10.0412

0.2603

0.7413

58.6479

10.5124

0.1324

300

0.125

0.5

0.3

5387891.46

99.99999

143999.777

3.1986

13.2398

0.1843

0.9257

60.1094

17.3519

0.1310

300

0.125

0.5

0.3

1385456.91

99.99993

143999.681

3.5142

16.7539

0.2326

1.1583

52.3697

15.1092

0.1457

300

0.125

0.5

0.3

3799860.78

99.99997

143999.637

4.0596

20.8135

0.2402

1.3984

55.4520

16.9035

0.1376

300

0.125

0.5

0.3

2310921.91

99.99994

143999.550

4.2238

25.0373

0.3240

1.7224

62.2103

13.0364

0.1031

300

0.125

0.5

0.3

5451492.44

99.99997

143999.504

4.3362

29.3734

0.2673

1.9897

66.0586

16.2200

0.1214

300

0.125

0.5

0.3

1038638.43

99.99981

143999.228

4.8171

34.1905

0.4107

2.4004

56.4254

11.7301

0.1069

300

0.125

0.5

0.3

13291268.93

99.99998

143999.202

5.4784

39.6689

0.4971

2.8976

58.7025

11.0197

0.1480

300

0.125

0.5

0.3

3061064.11

99.99991

143999.066

5.5841

45.2530

0.5411

3.4386

65.7597

10.3206

0.1038

300

0.125

0.5

0.3

5970239.54

99.99994

143998.983

6.5280

51.7810

0.6035

4.0421

56.9520

10.8169

0.1366

300

0.125

0.5

0.3

5615890.43

99.99993

143998.879

6.5944

58.3755

0.3573

4.3994

61.4213

18.4579

0.1085

300

0.125

0.5

0.3

2137818.45

99.99979

143998.583

7.0503

65.4257

0.6035

5.0029

54.7898

11.6829

0.1142

300

0.125

0.5

0.3

13003216.45

99.99996

143998.528

7.9209

73.3466

0.6943

5.6971

62.1732

11.4089

0.1117

300

0.125

0.5

0.3

5470545.47

99.99990

143998.378

8.1697

81.5163

0.5953

6.2924

61.7108

13.7237

0.1389

300

0.125

0.5

0.3

1560863.11

99.99960

143997.797

9.0028

90.5191

0.4692

6.7616

53.0404

19.1873

0.1313

300

0.125

0.5

0.3

2935226.30

99.99977

143997.465

9.4832

100.0023

0.8227

7.5843

50.6961

11.5270

0.1248

300

0.125

0.5

0.3

17529036.02

99.99996

143997.403

172

Chapter 6 ~ System Implementation and Case Studies

9.7659

109.7682

0.7730

8.3573

59.3678

12.6338

0.1076

300

0.125

0.5

0.3

7210633.88

99.99988

143997.236

10.3391

120.1073

0.7923

9.1496

57.5318

13.0501

0.1499

300

0.125

0.5

0.3

2275833.07

99.99960

143996.657

11.1708

131.2781

0.7307

9.8803

63.9589

15.2871

0.1193

300

0.125

0.5

0.3

1663598.09

99.99941

143995.802

11.4864

142.7644

0.8682

10.7485

55.8726

13.2307

0.1076

300

0.125

0.5

0.3

10464513.19

99.99990

143995.654

12.3523

155.1167

0.9271

11.6755

55.9752

13.3242

0.1415

300

0.125

0.5

0.3

3399303.89

99.99966

143995.160

12.9621

168.0788

1.1340

12.8095

52.8185

11.4306

0.1041

300

0.125

0.5

0.3

26625556.92

99.99995

143995.090

13.9581

182.0369

1.2837

14.0932

62.2173

10.8732

0.1415

300

0.125

0.5

0.3

2373492.45

99.99941

143994.235

Lt - Cutting length Tc - Cutting time

Ttotal - Total cutting time

Vc - Cutting speed a - Depth of cut T - Tool life

Vf - Feed-rate FR - Fraction remaining TR - Remaining tool life
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Table 6.6 Machining History Database
No.
1
2
3
4
5
6
7
8
9
10
11
12

Time
Start
2/01/2012
11:03
2/02/2012
9:03
3/02/2012
3:48
4/02/2012
10:33
4/02/2012
2:02
5/02/2012
3:22
5/02/2012
5:08
5/02/2012
7:00
6/02/2012
11:03
6/02/2012
8:04
7/02/2012
9:03
7/02/2012
9.30

Time
Finish
2/01/201
2 11:13
2/02/201
2 11:28
3/02/201
2 4:21
4/02/201
2 10:58
4/02/201
2 2:12
5/02/201
2 3:37
5/02/201
2 5:23
5/02/201
2 7:20
6/02/201
2 11:28
6/02/201
2 8:28
7/02/201
2 9:17
7/02/201
2 9:48

Lt
(mm)

S
(rpm)

T
(hours)

TR
(hours)

Tool
ID

1101.56

3157

2400.00

2399.904

7100

Closed
pocket

984.55

3100

1850.00

1849.925

7404

Slot

425.33

2800

1500.00

1499.980

7201

1101.56

3157

1849.925

1849.845

7404

Slot
Round hole
and pocket

122.01

2877

2399.904

2399.878

7100

Round hole

984.55

3157

1849.845

1849.744

7404

Open pocket

984.55

3157

1600.00

1599.657

7430

Open pocket

455.34

2800

1499.980

1499.976

7201

Slot

465.33

2800

1499.976

1499.851

7201

Slot

455.34

2800

1499.851

1499.842

7201

Slot

984.55

3157

1499.842

1499.574

7201

984.55

3157

1499.574

1499.304

7201

Open pocket
Closed
pocket

Feature

Lt - Cutting length S – Spindle speed T – Tool life T R - Remaining tool life
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Chapter 7
Conclusions and
Future Work
CHAPTER SUMMARY: This chapter concludes the work presented in this
thesis. In the first section, a recap of relevant research forming the background
of the study is presented. Next is the author’s vision for the main achievements
of the research; that leading to major contributions to this domain field. In
addition, the chapter also addresses some future research opportunities.

7.1 Conclusions
The work presented in this current study deals with machining simulation
performing in conjunction with a real machining system, as components of a
‘truthful’ simulation environment, from a completely new perspective.
The main focus is on Virtual Machining integrated with an online monitoring
system, providing functions for simulation of an adaptable tool-path trajectory,
generation of reliable NC codes for machining operation and the utilisation of
Post-Machining data for analysis of remaining tool life. The current study takes
a different approach by aggregating and extending various parts of STEP and
STEP-NC data models. Based on this approach, bi-directional information flow
from the real machining environment is used to support the high-fidelity
behaviour of a simulation system. The methodology allows us, in contrast with
the conventional simulation system, to bridge a gap in the virtual machining
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environment, bringing it closer to real machining operating circumstances.

7.1.1 Recap of the research
Over the years, CNC machining simulation has made great strides by allowing
manufacturers to emulate, predict, analyse and optimise machining operations.
The ability of this technology to imitate real machining conditions such as the
complex interaction of machining parameters, cutting tools, machine tools and
the control, has made it a powerful tool for decision making that assists
managers, engineers and process planners to continuously improve machining
performance. It can also perform simulation of cutter-workpiece motion as well
as acting as a verification tool for any NC part programme. This is evidenced by
a comprehensive number of virtual systems which have been developed in less
than two decades. Most research has focused on enhancing the capabilities of
simulation algorithms within a virtual context, targeted at a variety of functions
and applications. Taxonomy on this was developed to better illustrate the
overall concept.
However, it was observed that until now, in many situations, most managers
still need to deliver feasible solutions, process planners need to rely on their
experiences and expertise, and operators still need to perform final
modifications without reference to a simulation model when machining
commences. This is mainly due to the ever-changing atmosphere at shop-floor
level, where most of these activities are not being captured and considered in
the simulation model. Therefore, the simulation tool is largely isolated from the
machining domain and only regarded as an active form of visualisation display.
Motivated by the requirement to overcome these problems, this current research
envisaged generating an informative and truthful simulation environment
through a High-Fidelity Machining Simulation system. To achieve this, a series
of continuous and reliable information flows that took into account the entire
product life cycle developmental activities needed to be incorporated.
Specifically, a good compromise between monitoring a low-level environment
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at the shop-floor and a high-level design data were realised in implementing the
entire system.
The emergence of STEP, STEP-NC and MTConnect standards opens up new
possibilities that are considered to be possible solutions. They may hold
complete machining information as well as an exchange of data across the
design-machining chain. This complete information data model supersedes the
limitations of the legacy NC-programming approach that only provides
descriptions of machining methods, instead of allowing more intelligent
simulation analysis to be conducted. Therefore, STEP and STEP-NC as a data
model with extended entities to accommodate several simulation functions is
becoming the main backbone of the HFMS system.
Low-level information is represented by the Actual Machine Status and is
streamlined through the data obtained from a monitoring system of machine
tool and network protocols. The system consists of three different operational
phases of machining simulation process; Pre-Machining, Machining Simulation
and Post-Machining that can portray an all-inclusive simulation of machining
operations. A Machining Simulation of tool-path trajectory was adapted to the
Pre-Machining data, where information is updated based on machine status at
the shop-floor. Post-Machining phase is responsible for retaining up-to-date
machine tool activities and used to update any subsequent simulation analysis.
The significance of the HFMS system lies in the fact that it can shorten
machining time by performing simulation just ahead of an actual machining
operation, and is able to consider real behaviour of the machine tool and
preserve historical data for future simulation analysis.
From the research, eight papers have been published, consisting of three journal
papers and four conference papers. Comprehensive review work was conducted
to obtain the research gaps and motives. Based on this review work, a journal
paper was prepared at an early stage of the research and published in an
international journal, Robotics and Computer Integrated Manufacturing, 2010.
The second and third papers introduce the proposed research framework. The
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second paper was presented at the 2010 ASME-MSEC International
Manufacturing Science and Engineering Conference, Erie, Pennsylvania,
United States of America, and the third was published in the Journal of
Manufacturing Systems, 2010. To implement the system framework, a
kinematic study of the machine tool characteristics was performed and a fourth
paper was produced based on this development. The initial results of the
developed system were then published in a fifth paper. Following this, the
results of an alternative approach for online monitoring and simulation, utilising
the application of MTConnect technology, was described at two international
conferences. Finally, results from the development of the HFMS integrated
system was presented in an international conference.

7.1.2 The vision
Acknowledging, analysing and monitoring a real machining system’s
environment are crucial to the development of a smart simulation system. By
this means, the need to adjust and match the simulation output upon
commencing machining activities is greatly reduced. This means that one can
lessen the number of tasks that do not escalate the production’s added value.
Today, data exchange and information flow from CAD to CAM still remain a
sizeable challenge in manufacturing. Tying these two stages together, where
information can flow seamlessly from one end to another, is our main mission.
The specific vision addressed in this research is to demonstrate how this
information flow at every aspect can aid a trustworthy simulation that leads to
the next generation of ‘Smart Simulation for Smart Machining’ practice. Thus,
machining simulations that are performed in a virtual environment must be
complemented with criteria such as ‘truthful, informative, adaptable, integrative
and collaborative’, to assist fundamental requirements for high intelligence and
efficiency in the manufacturing sector. This is considered a long-term goal of
the research and this is proffered as a stepping stone to induce a paradigm shift
in manufacturing.
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7.1.3 Intellectual contributions
One of the major objectives of this research has been the formulation and
implementation of a High-Fidelity Machining Simulation environment whose
effectiveness for monitoring real machining system behaviour was extracted to
achieve truthful simulation capabilities. The following major intellectual
contributions concerning the achievements obtained in realisation of the above
objectives and visions are outlined as follows:
1. Taxonomy of virtual environment in manufacturing
The development of virtual systems in manufacturing is a multi-disciplinary
act and the literature shows there are many types of approaches,
interpretations, terminology and scope involved. Therefore, current research
taken synergistically encompasses various aspects of each approach used,
by developing taxonomy to represent the virtual environment in
manufacturing. In this manner, one can understand and correctly analyse
any interactive system in a more comprehensive, systematic and effective
way
2. Integrated data model environment for machining and simulation
STEP and STEP-NC encompasses all aspects of a product and its life cycle.
The implementation of product data modelling using these data models as a
standard of data exchange allows integration of segmented divisions of a
product cycle from design to manufacturing. The data model was extended
to suit HFMS architecture. In this way, simulation practice using virtual
systems was brought closer to the real machining environment. This mutual
communication between the virtual and real machining processes is an
important prerequisite for efficient machining operations
3. Ingenuous machining simulation to aid smart machining operation
Any machining simulation system model should be easily maintained,
shared and adapted in any machining environment without further
modifications. The combination of high-level data (STEP and STEP-NC),
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smart NC code (CMC) and online monitoring approach (MTConnect) has
shown positive potential for how an ingenuous machining simulation can be
used to aid a smart machining operation. Contributing factors include
integration across divisions and information sharing and agreements, as well
as collaboration opportunities between industries. The developed system
demonstrated that the updated data from a machine tool is valuable in terms
of advising the simulation environment with up-to-date information for
advising process planners to develop effective process plans, assisting
operators to perform machining setup and helping managers make instant
decisions. Consequently, the inter-working concept in a virtual-real systems
relationship allows smart machining practice to be performed in an
intelligent and interoperable manner
4. Tool-path adaptation and simulation
The developed system is able to process STEP-NC based information and
update it according to the dynamic environment of a shop-floor status,
giving a tool-path trajectory to be updated accordingly. This can be
considered as a proof of how bi-directional data flow can be utilised in
bridging the gap between the design and manufacturing divisions. Such
advantages encapsulate the vision of having a complete STEP-enabled
manufacturing environment
5. Smart and reliable NC code generation
Machining simulation nowadays has played an essential role in verifying
and generating NC part programmes prior to machining. Utilising a
simulation system for checking part programmes before actual machining
begins could be valuable. However, actual practice normally ends in
repeated tasks of adjusting the physical setup on the machine tool with the
generated NC codes. The smart and reliable NC code generated by this
system showed that the part programme modification for adaptation
between

design

data

and

shop-floor

integration

was

eliminated.

Verification and generation of codes are based on the conduct of the
machine tool. Thus, the time taken in modifying the codes, performing the
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setup operation and conducting the machining task could be greatly reduced
6. Integrated Post-Machining analysis
One time-consuming routine task is to realise static tool information using
available tool catalogues, often employed during process planning activities.
This activity hinders the possibility of more intelligent simulation analysis
being established. The integrated system developed in this research is able
to monitor dynamic tool life values based on the shop-floor status, which
supports the process planning tasks on the basis of simulating the remaining
tool life usage of a particular machining feature. The Post-Machining data
shows that the database can furnish all the information required to analyse
any machining performance.

7.2 Future research opportunities
It was observed that simulation has developed in leaps and bounds since the
1990s and it is predicted that developing industries not using virtual technology
may be faced with a challenge to stay afloat in this competitive world. The
developmental progress of virtual technology since its inception, provides a
spring board from which one can extrapolate a few expectations for what it is
capable of now, as well as in the future. The future of simulation may involve
integration with various techniques and approaches with a promising number of
applications.
It was noted that in recent research trends, there is a recognised need to
incorporate real environment knowledge and experience to assist process
planning in virtual systems. On the other hand, for industrial users and software
developers to fully adopt and exploit the potential of STEP-NC within a
machining simulation context to increase productivity and effectiveness
requires more research. Future prospects on incorporating the concept of
trustworthy machining simulation in the domain of STEP-NC as a medium for
data exchange itself, can be realised through a wide range of approaches and
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functions.
This current study has demonstrated the requirements for how virtual systems in
this century will be able to aid higher machining efficiency. The feasibility of
virtual tools being valuable in the manufacturing industry by allowing
machining and simulation to perform mutually cooperatively was presented.
What is developed in this research is only a prototype system that was used to
test the comprehensiveness of the proposed framework and still offers much
room for improvement. The path towards a commercialised virtual environment
based on this concept requires further foundational studies and trials. There
remains a long road to realising it completely. Thus, extended future
opportunities are presented as follows:
1. The new Application Protocol called AP242 (Managed Model-based 3D
Engineering) is currently on a fast track to standardisation and progressively
being developed. Its development and deliberation will lead to broader
acceptance of STEP and STEP-NC being used as the next generation of
model data exchange standards. Thus, the possibility of integrating this AP
with STEP-NC in the domain of HFMS is a question on which future
research should focus
2. Functionalities within the Virtual Machining scope could be further
extended to include material removal simulation and collision detection
analysis
3. Other functionalities can also be considered, including Virtual Machine
Tool functions such as machine tool design and virtual training. In machine
tool design, machine tool designers could assemble new design
configurations and verify the machining process simultaneously, based on
the HFMS fundamental concept. The newly developed machine tool data
model ISO 14649 Part 201 is seen as a useful platform for this undertaking.
Virtual training can also be one of the functions to include the shop-floor
environment in the training system. As a result, training would be
performed in a more intuitive manner, based on actual production layout
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4. This current research is only applicable for milling operations and 3-axis
milling machine tools. The data model used in the study could be expanded
to include other types of machining such as turning operations or to cater for
4 and 5-axis machine tools. ISO 14649 Parts 12 and 121 could be used for
turning operations, and kinematic studies need to be expanded to
accommodate 4 and 5-axis machine tools. Optimised algorithms using the
Artificial Intelligence approach could be integrated into a system where an
intelligent agent is used to manage and directly handle data coming from the
sensors. It is then fed into the entire system, eliminating the need for manual
input from the user
5. More advanced sensors with a range of functionalities could be incorporated
in the monitoring system. For example, smart sensors and wireless sensors
could benefit the system in terms of providing a cleaner signal, free of
dynamic effects, a higher accuracy output and bandwidth limitations. In
addition, the barcode identification technique used in identifying the
available cutting tool on the CNC machine could be upgraded using Radio
Frequency Identification (RFID) technology and this is considered an
effective method of tool management. Therefore, the interaction between
available tools with respect to their ability to perform a cutting operation for
a particular feature could be simulated at a higher level of accuracy
6. The existing system utilises the Boolean operation algorithm of
Constructive Solid Geometry approach and is adequate to develop a virtual
machining

environment.

However,

such

techniques

would

be

computationally intensive in space and time. Other techniques, such as a
surface-based approach employing a set of points on the surface to obtain
the boundary description of the swept volume, a line-based approach such
as Z-Map, Voxel, Dexel and Octree representation, as well as feature-based
methods could be considered in overcoming this problem
7. Tool life calculation is updated based on the available tool on the shopfloor, as well as the tracking of the number of hours left to perform
machining. A more accurate analysis could be performed by integrating a
force sensor into the monitoring system in order to obtain the value of
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cutting and without cutting, would lead to a more accurate cutting length
calculation
8. A statistical analysis of the acquired data based on various interactions
between features, cutting tools and machining parameters would be
beneficial to fully utilise the generated Machining History Database
9. An integrated decision support system for Post-Machining analysis,
equipped with an expert system, could be developed for effective utilisation
of knowledge within the product model data.
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A. Summary of VMfg research work
System capabilities
Author

System

Development tools

Peng, Q. et al.
(2007)

net-VM

VRML, Java, VRTP, OpenGL,
HTML, head mounted display, data
glove, EON Studio, EONX Plug-in,
MS Access, LDAP server

-/-/-/-

-/-/-/-/-/-/-/-//-/-/-

-/-

-/-/-/-

Shen, W. et al.
(2005)

iShopFloor

XML, Java, HTTP, TCP/IP

-/-/-/-

-/-/-/-/-/-/-/-//-/-/-

-/-

-/-/-/-

Wang, L. et al.
(2004)

WiseShopFloor

NC/-/-/-

-/-/-/-/-/-/-/-//-/-/-

-/-

MTD/-/-/-

Chryssolouris,
G. et al. (2002)

Virtual
Machine
Shop

Ehmann, K.F.
et al. (1997)

MT-AMRI

Java 3D, Java Servlets, HTTP
Streaming Protocol and
Transmission Control Protocol used
for security
AutoCAD V.14, dVise
V.6/Division Ltd., C++ in IRIX 6.5
operating system,
Silicon Graphics ONYX2
workstation with Infinite Reality 2
Graphics Pipeline, virtual research
FS5 helmet, 18 sensor CyberGlove
with Cybertouch and GesturePlus,
Division 3D mouse, Polhemus
Fastrack tracking system,
StereoGraphics CrystalEyes
-

Basic
functions

Parameters
prediction

Surface
analysis

System
objective(s)

Implementation
Method(s)

Additional function
Web-based, VR based,
peer-to-peer
communication,
CAPP, product data
retrieval interface,
robot design

Immersion typed VR

Web-based, plug-andplay operating
environment,
scheduling, process
planning, optimisation

Agent-based, Monte
Carlo method and
Genetic algorithm
for scheduling

Web-based, real-time

-

NC/-/MRS/CD

-/-/-/-/-/-/-/-//-/-/-

-/-

-/-/VT/VC

VR

Quadtree-based
Partitioning method
based on Spatial
Occupancy
Enumeration for
MRS

-/-/-/-

-/-/-/-/-/-/-/-//-/-/-

-/-

MTD/-/-/-

-

-
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Iwata, K. et al.
(1997)

Virtual
Factory

-/-/-/-

Web-based, virtualphysical system
models, behaviour
inference in shop-floor

-

-/-

-/-/-/-

Web-based, Material
and information flow

STEP

-/-/-/-/-/-/-/-//-/-/-

-/-

-/-/-/-

VR, virtual factory
layout

Immersion typed VR

-/-/-/-/-/-/-/-//-/-/-

-/-

-/-/-/-

Product life cycle
model

-

-/-/-/-

-/-/-/-/-/-/-/-//-/-/-

-/-

VRML 2.0

-/-/-/-

-/-/-/-/-/-/-/-//-/-/-

AMVE

Auto View, C languange, LISP,
VEOS, 10Mb/s ethernet

-/-/-/-

Virtualworks

SunWorkstation, SunOS(UNIX),
EUSLISP under SunView

-/-/-/-

Lee, K.I. &
Noh, S.D.
(1997)
Jones, K.C. et
al. (1993)
Onosata, M. &
Iwata, K.
(1993)

Java and Java(HORB), VR user
interface with stereo vision, 30sounds. and force

OpenVirtualWorks

Basic functions:
Parameter predictions:
Surface analysis:
System objective(s):

NC code interpretation (NC), ToolPath Simulation (TPS), Material Removal Simulation (MRS), Collision Detection (CD)
Feed-rate (FR), Force (F), Power (P), Torque (T), Spindle Speed (SS), Chatter (C), Tool Life (TL), Material Removal Rate (MRR), Temperature (TE),
Machining error (ME), Error compensation (E), Cost evaluation (Co)
Surface Roughness (Ra), Surface Prediction (S)
Machine Tool Design (MTD), Control and Monitoring (CM), Virtual Training (VT), Virtual controller (VC)
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B. Summary of Virtual Reality research
Author

System

Gracia-Plaze,
E. et al.
(2011)
Li, J. et al.
(2011)
Sanz, A.
(2011)

VMT

VMach

Development tools

System capabilities
Surface
System
analysis objective(s)

Implementation
Method(s)

Basic
functions

Parameters
prediction

-/-/MRS/-

-/-/-/-/-/-/-//-/-/-/-

-/-

-/-/VT/-

Teaching, peer-to-peer
learning

-

Additional function

√

Virtool Machine (Alecop s.
Coop)

CNC
Partner

√

Enhanced virtual control panel
(EVCP)consists of buttons,
knobs, LCD screen, index
lights, RS232 interface

NC//MRS/-

-/-/-/-/-/-/-//-/-/-/-

-/-

-/-/VT/-

Evaluation of NC skills
and operation sequence

Desktop VR
environment

CNCMT

√

-

NC//MRS/-

-/-/-/-/-/-/-//-/-/-/-

-/-

-/-/VT/-

-

Physical modelling,
logical modelling,

3DMAX, CATIA, Visual C++
6.0, OpenGL, Virtools Dev,
graphics accelerator card, VR
projectors, polaroid sheet and
crystaleyes

NC//MRS/CD

-/-/-/-/-/-/-//-/-/-/-

-/-

-/-/-/-

Real time, workpiece
clamping, workpiece
origin, tool adjustment,
alignment

Desktop and immersion
typed VR, cutter
sweeping body for MRS

-/-/MRS/-

-/-/-/-/-/-/-//-/-/-/-

Ra/-

-/-/-/-

Machine tool axes
kinematics visualisation

Milling Simulation by
Needles (MSN) model

NC/-/-/CD

-/-/-/-/-/-/-//-/-/-/-

-/-

-/-VT/-/

Luo et al.
(2010)

-

√

Bilalis et al.
(2009)

-

√

Sun et al.
(2008)

-

√

Open Inventor, Visual C++6.0,
3D Toolkit, OpenGL,
3DMAX, CATIA

-/-/-/-

-/-/-/-/-/-/-//-/-/-/-

-/-

-/-/-/-

-/-/-/-

-/-/-/-/-/-/-//-/-/-/-

-/-

MTD//VT/-

-

Module and structure
library, VR equipment

-/TPS/-/-

-/-/-/-/-/-/-//-/-/-/-

-/-

-/-/VT/VC

-

Interpolation algorithm
for TPS

VR platform PTC developer
Toolkit, ANSI C language,
OpenGL

Zhu et al.
(2008)

PVAS

√

C language, API, SGI Onyx4
graphic, UNIX, OCTANE2,
Unigraphic, IRIS Performer,
SGI Performer

Lin & Fu
(2006)

VMSM

√

OpenGL, VC++

Kao et al.
(2006)

VR
CNC

√

VRML, EON studio, Visual
Basic 6.0

Model rendering and
optimisation of machine
tool model, cutter
simulation
Data translation from
CAD to VR, dynamic
virtual design for
complex products

Immersion typed VR

Immersion typed VR
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Xiaoling et
al. (2004)

Chryssolouris
et al. (2002)

Wang, T.Y.
et al. (2002)

-

Virtual
Machine
Shop

-

VC 6.0, 3DS MAX, WTK API
Sense8 Corporation

√

AutoCAD V.14, dVise
V.6/Division Ltd., C++ in
IRIX 6.5 operating system, SG
ONYX2 workstation, FS5
helmet, CyberGlove with
Cybertouch and GesturePlus,
Division 3D mouse, Polhemus
Fastrack, StereoGraphics
CrystalEyes

√

√

-

NC/-/-CD

-/-/-/-/-/-/-//-/-/-/-

NC//MRS/CD

-/-/-/-/-/-/-//-/-/-/-

-/-/-/-

-/-/-/-/-/-/-//-/-/-/-

-/-

-/-

-/-

-/-/VT/-

-/-/VT/VC

-/-/-/VC

-

-

-

Quadtree-based
Partitioning method
based on Spatial
Occupancy Enumeration
for MRS

Chip simulation,
natural lighting effects

Global illumination
model, Local ray tracing
algorithm, whitted
lighting model
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C. Summary of Web-Based machining simulation research
System capabilities
Author

System

VMT

Afzeri, A.
et al.
(2011)

He & Wu
(2009)

Lee et al.
(2007)

VMach

√

-

VMIS

Development tools

LINUX OS, PCI 6251 DAQ, Screen
resolution for RDP supported by 8,
15, 16, and 24 and 32-bit color,
Transport Layer Security (TLS).
Secure Sockets Layer (SSL), LAN,
switch hub, TCP/IP
networks.
VRML and Cortona VRML client
4.0, VRMLPad, HTML, Javascript,
Java Applet, Dreamweaver MX

√

√

Visual C++, OpenGL, SolidWorks

VRML and Cortona 3.0, CORBA,
IIS4.0, VC++ 6.0 for the interpreter,
VisiBroker 3.3 for C++ wrapper,
VisiBroker 3.4 for Java for CORBA,
Cortona 3.0

Seo et al.
(2006)

WCAM

Xu et al.
(2006)

HVMSII

√

VRML 2.0 and Cortona VRML
Client based on Tomcat service
platform

Yao et al.
(2005)

VMMC

√

VRML, .Net, UG

√

Basic
functions

Parameters
prediction

Surface
analysis

System
objective(s)

-/-/MRS/-

-/-/-/-/-/-/-//-/-/-/-

-/-

-/-/-/-

-/-/MRS/-

-/-/-/-/-/-/-//-/-/-/-

-/-

-/-/VT/-

-/TPS/MRS/-

FR/-/-//SS/-/-/-/-//E/-

Ra/S

-/-/-/-

Additional
function

Implementation
Method(s)

Remote
operation,
reconfigurable
pin type setup
free technology

Z-map method,
ElevationGrid node for
MRS

-

Z-map method,
ElevationGrid node for
MRS

-

Lexical Analyser and
Syntax Parser to check
syntax error in CL data
file, lumped parameter
representation for MRS

NC/TPS/MRS/-

-/-/-/-/-/-/-//-/-/-/-

-/-

-/-/-/-

-

-/-/MRS/-

-/F/-/-/-/C//-/-/-/-/-

-/S

-/-/-/-

-

NC/-/-/-

-/F/-/-/-/-/-//-/-/E/Co

Ra/-

-/-/-/-

-

Z-map structure,
IndexedFaceSet node for
MRS based on
calculation of bounding
boxes and height
variation of meshes
Dexel model,
ElevationGrid node for
MRS
CTA-Rep for geometrical
and error information
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Suh et al.
(2003)

WVMT

VRML, Java applets, Visual C++ for
the interpreter wrapping with
CORBA, EAI

√

Ong et al.
(2002)

VNC

√

VRML and Java applets, Common
Gateway Interface (CGI) to access
the databases, EAI for G-code
interpreter

Kong et
al. (2002)

-

√

VRML and Java applets, CORBA,
EAI for Java, Win32 API

Yao et al.
(2002)

VMMC

√

VRML, Visual C++, OpenGL, MGA
G400 Dualhead MAX display card

Qiu et al.
(2001)

-

√

VRML 2.0, Java, EAI

WVMT

√

VRML, Java, Microsoft SQL Server
6.5, CosmoPlayer 2.1, IDC, EAI

Seo et al.
(2000)

Visualisation of
the machining
time, tool
position

Connectivity graph for
kinematic links
ElevationGrid node for
MRS. Real-time
simulation using Script
node without the EAI

-/TPS/MRS/-

-/-/-/-/-/-/-//-/-/-/-

NC/-/MRS/CD

-/F/P/T/-//TL/-/-/-/-/-

-/-

MTD/-/-/-

Real-time

-/TPS/-/CD

-/-/-/-/-/-/-//-/-/-/-

-/-

-/CM/-/-

Real-time

NC/-/-/-

-/F/-/-/-/-/-//-/-/E/Co

Ra/-

-/-/-/-

-

-/-/MRS/-

-/-/-/-/-/-/-//-/-/-/-

-/-

-/-/-/-

-

NC/-/-/-

-/-/-/-/-/-/-//-/-/-/-

-/-

MTD/CM//-

-/-

-/-/-/-

Visualisation

IndexedLineSet for linestyle tool-path,
ElevationGrid node for
solid-style tool-path
CTA-Rep for
geometrical and error
information of machined
surface
ElevationGrid node for
MRS
Connectivity graph for
kinematic links
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D. Summary of Mathematical Modelling research
Author

System

Fan, K.C. et
al. (2011)

-

√

-

√

Sui et al.
(2010)
Wong &
Erkorkmaz
(2010)

VMT

Development
tools

VMach

System capabilities
Surface
System
analysis objective(s)

Basic
functions

Parameters
prediction

-

-/-/-/-

-/F/-/-/-/-/-/-//ME/-/-

-/S

-/-/-/-

Wear analysis under cutting
forces condition

MATLAB,
Visual Basic

-/-/-/-

-/-/-/-/-/-/-//TE/ME/-/-

-/S

-/-/-/-

Heat deformation of tool

Additional function

HTM, Abbe principle
Joint modelling of
exponentially fitting and
least square method

VCNC

√

-

NC/-/-/-

-/-/-/-/-/-/-/-/-//E/-

-/-

-/-/-/VC

Li et al.
(2008)

-

√

-

-//MRS/CD

-/F/-/-/-/C/-/-//ME/-/-

-/-

-/-/-/-

-

Merdol &
Altintas
(2008)

-

√

-

-/-/-/-

FR/-/-/-/-/-//MRR/-/-/-/-

-/-

-/-/-/-

-

Integration of differential
forces

-

√

-

-/-/-/-

FR/-/-/-/-/-//MRR/-/-/-/-

-/-

-/-/-/-

-

-

Fuzzy logic for SMC

Boolean operation such as
CSG and B-Rep

Altintas &
Merdol
(2007)
Erkorkmaz
et al. (2007)
Zhu et al.
(2007)

VCNC

√

-

-

√

Visual C++,
OpenGL,
CATIA

Machine tool tracking, rapid
drive identification and
contouring error

Implementation Method(s)

NC/-/-/-

-/-/-/-/-/-/-/-/-/-//-

-/-

-/-/-/-

Adaptive Sliding Mode
Control (SMC), sharp corner
tracking, rapid drive
identification and
contouring error

-//MRS/CD

-/F/-/T/-/C/-/-//ME/-/-

-/-

-/-/-/-

-

Genetic Algorithm for
machine tool drives
Genetic Algorithm for
optimisation, least square
algorithm for roundness
prediction
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Yeung et al.
&
Erkorkmaz
et al. (2006)

VCNC

√

MATLAB,
SIMULINK

-/-/-/-

-/-/-/-/-/-/-/-/-//E/-

-/-

-/-/-/VC

Controller auto tuning, sharp
corner path planning, rapid
drive identification

Fuzzy logic for Adaptive
Sliding Mode Control

-

Boolean subtraction
operation

Testing the Generalized
Predictive Control (GPC)
law for positioning system

-

VMIS

√

OpenGL

-/-/-/-

-/-/-/-/-/-/-/-//ME/-/-

-/S

-/-/-/-

Susanu
(2004)

-

√

MATLAB,
SIMULINK

-/-/-/-

-/-/-/-/-/-/-/-/-//E/-

-/S

-/-/-/VC

Ko (2002)

-

√

-

-/-/-/-

FR/F/-/-/-/-/-//TE/ME/-/-

-/-

-/-/-/-

Mechanistic cutting force
model

Yun (2003)

-

√

-

-/-/-/-

FR/F/-/-/-/-/-//TE/ME/-/-

-/-

-/-/-/-

-

-

Narita et al.
(2002)

VMSim

-/TPS/-/-

-/F/-/T/-/-//MRR/-/ME/-/-

-/-

-/-/-/-

-

Boolean subtraction for TPS

Ko (2003)

-

√

-

-/-/-/-

FR/F/-/-/-/-/-//TE/ME/-/-

-/-

-/-/-/-

-

Fuzzy logic for adaptive
control of cutting force

Yun (2002)

-

√

-

NC/-/-/-

FR/F/-/-/-/-/-//TE/ME/-/-

-/-

-/-/-/-

-

-/-/-/-

-/-/-/-/-/-/-/-/-/-//-

Ra/S

-/-/-/-

Li et al.
(2005)

Cheung and
Lee (2000)

√

OpenGL

√
-

-

Improved instantaneous
cutting coefficients

Moving-Edge node (ME) Zmap model for cutting force
prediction
Equi-contour mapping
techniques
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E. Summary of Hardware Interaction research

System capabilities
Author

System

Brecher
(2009)
Butala et al.
(2008)

VML
150

Rock and
Pritschow
(2007)
Zaeh et al.
(2005)
Pritschow
and Rock
(2004)
Mintchell
(2001)
Meier and
Kreusch
(1998)

VMT

Development
tools

VMach

√

-

-

√

.NET, CORBA
OpenGL, C#,
.net

Basic
functions

Parameters
prediction

Surface
analysis

System
objective(s)

-/-/-/-

-/-/-/-/-/-/-/-/-/-/-/-

-/-

-/-/-/VC

NC/-/-/-

-/-/-/-/-/-/-/-/-/-/-/-

-/-

-/-/-/VC

Additional function

Machine tool testing
RT communication
between VMT and VC
Simulating the
influence of actual
control system on the
structural dynamics in
real-time

√

-

-/-/-/-

-/F/-/-/-/-/-/-/-/-/-/-

-/-

-/-/-/VC

√

Unified
Modelling
Language
(UML)

-/-/-/-

-/-/-/-/-/-/-/-/-/-/-/-

-/-

MTD/-//VC

-

Real-time machine
dynamics

-

√

eM-PLC

√

-

√

-

-

-/-/-/-

-/-/-/-/-/-/-/-/-/-/-/-

-/-

-/-/-/VC

-/-/-/-

-/-/-/-/-/-/-/-/-/-/-/-

-/-

-/-/-/VC

-/-/-/-

-/-/-/-/-/-/-/-/-/-/-/-

-/-

MTD/-//VC

CNC testing

Implementation
Method(s)

Hardware-in-the-loop
system
Coupled FEA and HiL
simulation system

System-theory approach
for MTD
Hardware-in-the-loop
system, Time
deterministic solver
algorithms
Hardware-in-the-loop
system
Hardware-in-the-loop
system
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F. Summary of STEP-NC based research

VMach

Development
tools

-

√

-

Author

System

Zhang et
al. (2011)
Chen and
Zhang
(2008)

VMT

Matsuda
et al.
(2008)

Zhu et al.
(2006)

System
objective(s)

Implementation
Method(s)

Parameters
prediction

Surface
analysis

EXPRESS, C++,
ST-Developer

-/TPS/-/-

-/-/-/-/-/-/-/-/-/-//-

-/-

√

EXPRESS, C++,
ST-Developer

NC/TPS/-/-

-/-/-/-/-/-/-/-/-/-//-

Ra/S

√

UGNX4, VC++,
ST-Developer

NC/TPS/-/-

-/-/-/-/-/-/-/-/-/-//-

-/-

NC/TPS/MRS/-

-/-/-/-/-/-/-/-/-/-//-

-/-

-/-/-/-

Machine tool
kinematics

-

NC/TPS/-/-

-/-/-/-/-/-/-/-/-/-//-

-/-

-/-/-/-

-

-

OpenGL, C++

-/TPS/-/-

-/-/-/-/-/-/-/-/-/-//-

-/-

-/-/-/-

-

Z-map
representation

-/TPS/-/-

-/-/-/-/-/-/-/-/-/-//-

-/-

-/-/-/-

-

-

NC/-/MRS/-

-/-/-/-/-/-/-/-/-/-//-

-/-

-/-/-/-

-

-

Additional function
-

-/-/-/-

-

-

Liu et al.
(2008)

Jun et al.
(2007)

System capabilities
Basic
functions

√

3DMMSS

-

√

√

STIX, EXPRESS,
ST-Developer,
OpenGL, VC++
6.0

Liu et al.
(2005)

-

√

STIX, EXPRESS,
C++, STDeveloper

Chen et al.
(2005)

-

√

OpenGL, VC++
6.0

-/-/-/-

-
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A. Barcode scanner installation procedures
The scanner is programmed by scanning barcodes from the operation manual
and successful scanning shall be obtained by tilting the scanner with respect to
the barcode to avoid direct reflections that impair reading performance. Make
sure that the power is disconnected from the equipment before connecting the
scanner. Then, connect the USB cable between scanner and PC. The scanner
will make a long music and light the LED to indicate the power is on. Below
are the recommended steps to set programming configuration settings of the
scanner:
1. Set the right interface of scanner according to the host. For example, to
enable USB keyboard emulation, scan the appropriate barcode below:

2. Set the interface protocol to optimise the scanner with the host.
3. Set system control of scanner such as indicator, code ID and scanning mode
e.g. barcode below is used to activate power-on music indicator:

4. Set code option of scanner (Min./Max. code length, symbols or truncate
digits) depending on the needed usage.
5. Set string format of the scanner pre-amble, post-amble, prefix or suffix for
the application. For pre-amble transmission, the following barcode is used:
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6. The required configuration settings are stored in non-volatile memory of the
scanner after reading the EXIT barcode label below:

B. Barcode identification labels
Labels

Cutting tools ID
30820-EndmillShort

7100-EndmillLong

7201-EndmillBall

7404-EndmillDouble

7413-EndmillDouble

7430-EndmillSingle

7400-EndmillDouble
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A. STEP Part 21 File for Example 1 of ISO 14649 – Part 11

ISO-10303-21;
HEADER;
FILE_DESCRIPTION(('ISO 14649-11 EXAMPLE 1','SIMPLE PROGRAMME
WITH A PLANAR_FACE, A POCKET, AND A ROUND_HOLE'),'2;1');
FILE_NAME('Example1','2012-02-17T12:06:59+13:00',(AINI ZUHRA
ABDUL KADIR','XUN XU'),('UOA, AUCKLAND-NEW ZEALAND'),'STDeveloper for Java 1.0','ISO 14649','');
FILE_SCHEMA(('ISO14649_10_11_111_105_201_SCHEMA'));
ENDSEC;
DATA;
#1=PROJECT('EXECUTE EXAMPLE1',#2,(#4),$,$,$);
#2=WORKPLAN('MAIN WORKPLAN',(#10,#11,#12,#13,#14),$,#8,$);
#4=WORKPIECE('SIMPLE
WORKPIECE',#6,0.01,$,$,#1160,(#66,#67,#68,#69));
#6=MATERIAL('ST-50','STEEL',(#7));
#7=PROPERTY_PARAMETER('E=200000N/M2');
#8=SETUP('SETUP1',#71,#62,(#9));
#9=WORKPIECE_SETUP(#4,#74,$,$,());
#10=MACHINING_WORKINGSTEP('WS FINISH PLANAR
FACE1',#62,#16,#19,$);
#11=MACHINING_WORKINGSTEP('WS DRILL HOLE1',#62,#17,#20,$);
#12=MACHINING_WORKINGSTEP('WS REAM HOLE1',#62,#17,#21,$);
#13=MACHINING_WORKINGSTEP('WS ROUGH POCKET1',#62,#18,#22,$);
#14=MACHINING_WORKINGSTEP('WS FINISH POCKET1',#62,#18,#23,$);
#16=PLANAR_FACE('PLANAR FACE1',#4,(#19),#77,#63,#24,#25,$,());
#17=ROUND_HOLE('HOLE1 D=22MM',#4,(#20,#21),#81,#64,#58,$,#26);
#18=CLOSED_POCKET('POCKET1',#4,(#22,#23),#84,#65,(),$,#27,#35,#3
7,#28);
#19=PLANE_FINISH_MILLING($,$,'FINISH PLANAR
FACE1',10.0,$,#39,#40,#41,$,#60,#61,#42,2.5,$);
#20=DRILLING($,$,'DRILL
HOLE1',10.0,$,#44,#45,#41,$,$,$,$,$,#46);
#21=REAMING($,$,'REAM
HOLE1',10.0,$,#47,#48,#41,$,$,$,$,$,#49,.T.,$,$);
#22=BOTTOM_AND_SIDE_ROUGH_MILLING($,$,'ROUGH
POCKET1',15.0,$,#39,#50,#41,$,$,$,#51,2.5,5.0,1.0,0.5);
#23=BOTTOM_AND_SIDE_FINISH_MILLING($,$,'FINISH
POCKET1',15.0,$,#39,#52,#41,$,$,$,#53,2.0,10.0,$,$);
#24=LINEAR_PATH($,#54,#55);
#25=LINEAR_PROFILE($,#57);
#26=THROUGH_BOTTOM_CONDITION();
#27=PLANAR_POCKET_BOTTOM_CONDITION();
#28=GENERAL_CLOSED_PROFILE($,#59);
#29=TAPERED_ENDMILL(#30,4,$,.F.,$,$);
#30=MILLING_TOOL_DIMENSION(20.0,$,$,$,1.5,$,$);
#31=TWIST_DRILL(#32,2,.RIGHT.,.F.,0.84);
#32=MILLING_TOOL_DIMENSION(20.0,31.0,0.1,45.0,2.0,5.0,8.0);
#33=TAPERED_REAMER(#34,6,$,.F.,$,$);
#34=MILLING_TOOL_DIMENSION(22.0,$,$,$,$,$,$);
#35=TOLERANCED_LENGTH_MEASURE(1.0,#36);
#36=PLUS_MINUS_VALUE(0.1,0.1,3);
#37=TOLERANCED_LENGTH_MEASURE(10.0,#38);
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#38=PLUS_MINUS_VALUE(0.1,0.1,3);
#39=MILLING_CUTTING_TOOL('MILL 20MM',#29,(#125),80.0,$,$);
#40=MILLING_TECHNOLOGY(0.04,.TCP.,$,12.0,$,.F.,.F.,.F.,$);
#41=MILLING_MACHINE_FUNCTIONS(.T.,$,$,.F.,$,(),.T.,$,$,());
#42=BIDIRECTIONAL_MILLING(5.0,.T.,#43,.LEFT.,$);
#43=DIRECTION('STRATEGY PLANAR FACE1:
1.DIRECTION',(0.0,1.0,0.0));
#44=MILLING_CUTTING_TOOL('SPIRAL_DRILL_20MM',#31,(#126),90.0,$,$
);
#45=MILLING_TECHNOLOGY(0.03,.TCP.,$,16.0,$,.F.,.F.,.F.,$);
#46=DRILLING_TYPE_STRATEGY(75.0,50.0,2.0,50.0,75.0,8.0);
#47=MILLING_CUTTING_TOOL('REAMER_22MM',#33,(#127),100.0,$,$);
#48=MILLING_TECHNOLOGY(0.03,.TCP.,$,18.0,$,.F.,.F.,.F.,$);
#49=DRILLING_TYPE_STRATEGY($,$,$,$,$,$);
#50=MILLING_TECHNOLOGY($,.TCP.,$,20.0,$,.F.,.F.,.F.,$);
#51=CONTOUR_BIDIRECTIONAL($,$,$,$,$,$);
#52=MILLING_TECHNOLOGY($,.TCP.,$,20.0,$,.F.,.F.,.F.,$);
#53=CONTOUR_PARALLEL(5.0,.T.,.CW.,.CONVENTIONAL.);
#54=TOLERANCED_LENGTH_MEASURE(120.0,#56);
#55=DIRECTION('COURSE OF TRAVEL DIRECTION',(0.0,1.0,0.0));
#56=PLUS_MINUS_VALUE(0.3,0.3,3);
#57=NUMERIC_PARAMETER('PROFILE LENGTH',100.0,'MM');
#58=TOLERANCED_LENGTH_MEASURE(22.0,#56);
#59=POLYLINE('CONTOUR OF POCKET1',(#121,#122,#123,#124,#121));
#60=PLUNGE_RAMP($,45.0);
#61=PLUNGE_RAMP($,45.0);
#62=ELEMENTARY_SURFACE('SECURITY PLANE',#73);
#63=ELEMENTARY_SURFACE('PLANAR FACE1-DEPTH PLANE',#80);
#64=ELEMENTARY_SURFACE('DEPTH SURFACE FOR ROUND HOLE1',#83);
#65=ELEMENTARY_SURFACE('DEPTH SURFACE FOR POCKET1',#94);
#66=CARTESIAN_POINT('CLAMPING_POSITION1',(0.0,20.0,25.0));
#67=CARTESIAN_POINT('CLAMPING_POSITION2',(100.0,20.0,25.0));
#68=CARTESIAN_POINT('CLAMPING_POSITION3',(0.0,100.0,25.0));
#69=CARTESIAN_POINT('CLAMPING_POSITION4',(100.0,100.0,25.0));
#71=AXIS2_PLACEMENT_3D('SETUP1',#95,#96,#97);
#73=AXIS2_PLACEMENT_3D('PLANE1',#98,#99,#100);
#74=AXIS2_PLACEMENT_3D('WORKPIECE',#101,#102,#103);
#77=AXIS2_PLACEMENT_3D('PLANAR FACE1',#104,#105,#106);
#80=AXIS2_PLACEMENT_3D('PLANAR FACE1',#107,#108,#109);
#81=AXIS2_PLACEMENT_3D('HOLE1',#110,#111,$);
#83=AXIS2_PLACEMENT_3D('HOLE1',#112,#113,#114);
#84=AXIS2_PLACEMENT_3D('POCKET1',#115,#116,#117);
#94=AXIS2_PLACEMENT_3D('POCKET1',#118,#119,#120);
#95=CARTESIAN_POINT('SETUP1: LOCATION ',(34.0,34.0,50.0));
#96=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#97=DIRECTION(' REF_DIRECTION',(1.0,0.0,0.0));
#98=CARTESIAN_POINT('SECPLANE1: LOCATION ',(0.0,0.0,30.0));
#99=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#100=DIRECTION(' REF_DIRECTION',(1.0,0.0,0.0));
#101=CARTESIAN_POINT('WORKPIECE1:LOCATION ',(0.0,0.0,0.0));
#102=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#103=DIRECTION(' REF_DIRECTION',(1.0,0.0,0.0));
#104=CARTESIAN_POINT('PLANAR FACE1:LOCATION ',(0.0,0.0,5.0));
#105=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#106=DIRECTION(' REF_DIRECTION',(1.0,0.0,0.0));
#107=CARTESIAN_POINT('PLANAR FACE1:DEPTH ',(0.0,0.0,-5.0));
#108=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#109=DIRECTION(' REF_DIRECTION',(1.0,0.0,0.0));

218

Appendix III – HFMS Software Files

#110=CARTESIAN_POINT('HOLE1: LOCATION ',(20.0,60.0,0.0));
#111=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#112=CARTESIAN_POINT('HOLE1: DEPTH ',(0.0,0.0,-30.0));
#113=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#114=DIRECTION(' REF_DIRECTION',(1.0,0.0,0.0));
#115=CARTESIAN_POINT('POCKET1: LOCATION ',(45.0,110.0,0.0));
#116=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#117=DIRECTION(' REF_DIRECTION',(-1.0,0.0,0.0));
#118=CARTESIAN_POINT('POCKET1: DEPTH ',(0.0,0.0,-30.0));
#119=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#120=DIRECTION(' REF_DIRECTION',(1.0,0.0,0.0));
#121=CARTESIAN_POINT('P1',(0.0,0.0,0.0));
#122=CARTESIAN_POINT('P2',(0.0,80.0,0.0));
#123=CARTESIAN_POINT('P3',(-50.0,80.0,0.0));
#124=CARTESIAN_POINT('P4',(-50.0,0.0,0.0));
#125=CUTTING_COMPONENT(80.0,$,$,$,$,$);
#126=CUTTING_COMPONENT(90.0,$,$,$,$,$);
#127=CUTTING_COMPONENT(100.0,$,$,$,$,$);
#820=CARTESIAN_POINT('block position',(0.0,0.0,-50.0));
#1160=BLOCK('my block',#1290,100.0,120.0,55.0);
#1290=AXIS2_PLACEMENT_3D('my placement',#820,$,$);
ENDSEC;
END-ISO-10303-21;
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B. Updated STEP Part 21 File for Example 1 of ISO 14649 –
Part 11

ISO-10303-21;
HEADER;
FILE_DESCRIPTION(('ISO 14649-11 EXAMPLE 1','SIMPLE PROGRAMME
WITH A PLANAR_FACE, A POCKET, AND A ROUND_HOLE'),'2;1');
FILE_NAME('Example1_updated.stp','2012-0705T17:27:00+12:00',(AINI ZUHRA ABDUL KADIR','XUN XU'),('UOA,
AUCKLAND-NEW ZEALAND'),'ST-Developer for Java 1.0','ISO
14649','');
FILE_SCHEMA(('ISO14649_10_11_111_105_201_SCHEMA'));
ENDSEC;
DATA;
#1=PROJECT('EXECUTE EXAMPLE1',#2,(#4),$,$,$);
#2=WORKPLAN('MAIN WORKPLAN',(#10,#11,#12,#13,#14),$,#8,$);
#4=WORKPIECE('SIMPLE
WORKPIECE',#6,0.01,$,$,#1160,(#66,#67,#68,#69));
#6=MATERIAL('ST-50','STEEL',(#7));
#7=PROPERTY_PARAMETER('E=200000N/M2');
#8=SETUP('SETUP1',#71,#62,(#9));
#9=WORKPIECE_SETUP(#4,#74,$,$,());
#10=MACHINING_WORKINGSTEP('WS FINISH PLANAR
FACE1',#62,#16,#19,$);
#11=MACHINING_WORKINGSTEP('WS DRILL HOLE1',#62,#17,#20,$);
#12=MACHINING_WORKINGSTEP('WS REAM HOLE1',#62,#17,#21,$);
#13=MACHINING_WORKINGSTEP('WS ROUGH POCKET1',#62,#18,#22,$);
#14=MACHINING_WORKINGSTEP('WS FINISH POCKET1',#62,#18,#23,$);
#16=PLANAR_FACE('PLANAR FACE1',#4,(#19),#77,#63,#24,#25,$,());
#17=ROUND_HOLE('HOLE1 D=22MM',#4,(#20,#21),#81,#64,#58,$,#26);
#18=CLOSED_POCKET('POCKET1',#4,(#22,#23),#84,#65,(),$,#27,#35,#3
7,#28);
#19=PLANE_FINISH_MILLING($,$,'FINISH PLANAR
FACE1',10.0,$,#39,#40,#41,$,#60,#61,#42,2.5,$);
#20=DRILLING($,$,'DRILL
HOLE1',10.0,$,#44,#45,#41,$,$,$,$,$,#46);
#21=REAMING($,$,'REAM
HOLE1',10.0,$,#47,#48,#41,$,$,$,$,$,#49,.T.,$,$);
#22=BOTTOM_AND_SIDE_ROUGH_MILLING($,$,'ROUGH
POCKET1',15.0,$,#39,#50,#41,$,$,$,#51,2.5,5.0,1.0,0.5);
#23=BOTTOM_AND_SIDE_FINISH_MILLING($,$,'FINISH
POCKET1',15.0,$,#39,#52,#41,$,$,$,#53,2.0,10.0,$,$);
#24=LINEAR_PATH($,#54,#55);
#25=LINEAR_PROFILE($,#57);
#26=THROUGH_BOTTOM_CONDITION();
#27=PLANAR_POCKET_BOTTOM_CONDITION();
#28=GENERAL_CLOSED_PROFILE($,#59);
#29=TAPERED_ENDMILL(#30,4,$,.F.,$,$);
#30=MILLING_TOOL_DIMENSION(20.0,$,$,$,1.5,$,$);
#31=TWIST_DRILL(#32,2,.RIGHT.,.F.,0.84);
#32=MILLING_TOOL_DIMENSION(20.0,31.0,0.1,45.0,2.0,5.0,8.0);
#33=TAPERED_REAMER(#34,6,$,.F.,$,$);
#34=MILLING_TOOL_DIMENSION(22.0,$,$,$,$,$,$);
#35=TOLERANCED_LENGTH_MEASURE(1.0,#36);
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#36=PLUS_MINUS_VALUE(0.1,0.1,3);
#37=TOLERANCED_LENGTH_MEASURE(10.0,#38);
#38=PLUS_MINUS_VALUE(0.1,0.1,3);
#39=MILLING_CUTTING_TOOL('MILL 20MM',#29,(#125),80.0,$,$);
#40=MILLING_TECHNOLOGY(0.04,.TCP.,$,12.0,$,.F.,.F.,.F.,$);
#41=MILLING_MACHINE_FUNCTIONS(.T.,$,$,.F.,$,(),.T.,$,$,());
#42=BIDIRECTIONAL_MILLING(5.0,.T.,#43,.LEFT.,$);
#43=DIRECTION('STRATEGY PLANAR FACE1:
1.DIRECTION',(0.0,1.0,0.0));
#44=MILLING_CUTTING_TOOL('SPIRAL_DRILL_20MM',#31,(#126),90.0,$,$
);
#45=MILLING_TECHNOLOGY(0.03,.TCP.,$,16.0,$,.F.,.F.,.F.,$);
#46=DRILLING_TYPE_STRATEGY(75.0,50.0,2.0,50.0,75.0,8.0);
#47=MILLING_CUTTING_TOOL('REAMER_22MM',#33,(#127),100.0,$,$);
#48=MILLING_TECHNOLOGY(0.03,.TCP.,$,18.0,$,.F.,.F.,.F.,$);
#49=DRILLING_TYPE_STRATEGY($,$,$,$,$,$);
#50=MILLING_TECHNOLOGY($,.TCP.,$,20.0,$,.F.,.F.,.F.,$);
#51=CONTOUR_BIDIRECTIONAL($,$,$,$,$,$);
#52=MILLING_TECHNOLOGY($,.TCP.,$,20.0,$,.F.,.F.,.F.,$);
#53=CONTOUR_PARALLEL(5.0,.T.,.CW.,.CONVENTIONAL.);
#54=TOLERANCED_LENGTH_MEASURE(120.0,#56);
#55=DIRECTION('COURSE OF TRAVEL DIRECTION',(0.0,1.0,0.0));
#56=PLUS_MINUS_VALUE(0.3,0.3,3);
#57=NUMERIC_PARAMETER('PROFILE LENGTH',100.0,'MM');
#58=TOLERANCED_LENGTH_MEASURE(22.0,#56);
#59=POLYLINE('CONTOUR OF POCKET1',(#121,#122,#123,#124,#121));
#60=PLUNGE_RAMP($,45.0);
#61=PLUNGE_RAMP($,45.0);
#62=ELEMENTARY_SURFACE('SECURITY PLANE',#73);
#63=ELEMENTARY_SURFACE('PLANAR FACE1-DEPTH PLANE',#80);
#64=ELEMENTARY_SURFACE('DEPTH SURFACE FOR ROUND HOLE1',#83);
#65=ELEMENTARY_SURFACE('DEPTH SURFACE FOR POCKET1',#94);
#66=CARTESIAN_POINT('CLAMPING_POSITION1',(0.0,20.0,25.0));
#67=CARTESIAN_POINT('CLAMPING_POSITION2',(100.0,20.0,25.0));
#68=CARTESIAN_POINT('CLAMPING_POSITION3',(0.0,100.0,25.0));
#69=CARTESIAN_POINT('CLAMPING_POSITION4',(100.0,100.0,25.0));
#71=AXIS2_PLACEMENT_3D('SETUP1',#95,#96,#97);
#73=AXIS2_PLACEMENT_3D('PLANE1',#98,#99,#100);
#74=AXIS2_PLACEMENT_3D('WORKPIECE',#101,#102,#103);
#77=AXIS2_PLACEMENT_3D('PLANAR FACE1',#104,#105,#106);
#80=AXIS2_PLACEMENT_3D('PLANAR FACE1',#107,#108,#109);
#81=AXIS2_PLACEMENT_3D('HOLE1',#110,#111,$);
#83=AXIS2_PLACEMENT_3D('HOLE1',#112,#113,#114);
#84=AXIS2_PLACEMENT_3D('POCKET1',#115,#116,#117);
#94=AXIS2_PLACEMENT_3D('POCKET1',#118,#119,#120);
#95=CARTESIAN_POINT('SETUP1: LOCATION ',(32.541,64.278,50.0));
#96=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#97=DIRECTION(' REF_DIRECTION',(1.0,0.0,0.0));
#98=CARTESIAN_POINT('SECPLANE1: LOCATION ',(0.0,0.0,30.0));
#99=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#100=DIRECTION(' REF_DIRECTION',(1.0,0.0,0.0));
#101=CARTESIAN_POINT('WORKPIECE1:LOCATION ',(0.0,0.0,0.0));
#102=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#103=DIRECTION(' REF_DIRECTION',(1.0,0.0,0.0));
#104=CARTESIAN_POINT('PLANAR FACE1:LOCATION ',(0.0,0.0,5.0));
#105=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#106=DIRECTION(' REF_DIRECTION',(1.0,0.0,0.0));
#107=CARTESIAN_POINT('PLANAR FACE1:DEPTH ',(0.0,0.0,-5.0));
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#108=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#109=DIRECTION(' REF_DIRECTION',(1.0,0.0,0.0));
#110=CARTESIAN_POINT('HOLE1: LOCATION ',(20.0,60.0,0.0));
#111=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#112=CARTESIAN_POINT('HOLE1: DEPTH ',(0.0,0.0,-30.0));
#113=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#114=DIRECTION(' REF_DIRECTION',(1.0,0.0,0.0));
#115=CARTESIAN_POINT('POCKET1: LOCATION ',(45.0,110.0,0.0));
#116=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#117=DIRECTION(' REF_DIRECTION',(-1.0,0.0,0.0));
#118=CARTESIAN_POINT('POCKET1: DEPTH ',(0.0,0.0,-30.0));
#119=DIRECTION(' AXIS ',(0.0,0.0,1.0));
#120=DIRECTION(' REF_DIRECTION',(1.0,0.0,0.0));
#121=CARTESIAN_POINT('P1',(0.0,0.0,0.0));
#122=CARTESIAN_POINT('P2',(0.0,80.0,0.0));
#123=CARTESIAN_POINT('P3',(-50.0,80.0,0.0));
#124=CARTESIAN_POINT('P4',(-50.0,0.0,0.0));
#125=CUTTING_COMPONENT(80.0,$,$,$,$,$);
#126=CUTTING_COMPONENT(90.0,$,$,$,$,$);
#127=CUTTING_COMPONENT(100.0,$,$,$,$,$);
#820=CARTESIAN_POINT('block position',(0.0,0.0,-50.0));
#1160=BLOCK('my block',#1290,100.0,120.0,55.0);
#1290=AXIS2_PLACEMENT_3D('my placement',#820,$,$);
ENDSEC;
END-ISO-10303-21;
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C. Initial NC part programme (CMC) file
1 USE_LENGTH_UNITS(CANON_UNITS_MM)
2 SET_ORIGIN_OFFSETS(0.0000, 0.0000, 0.0000)
3 SET_FEED_REFERENCE(CANON_XYZ)
4 SPINDLE_RETRACT()
5 STOP_SPINDLE_TURNING()
6 USE_TOOL_LENGTH_OFFSET(0.0000)
7 CHANGE_TOOL(MILL 18MM)
8 USE_TOOL_LENGTH_OFFSET(50.0000)
9 FLOOD_ON()
10 SET_SPINDLE_SPEED(720.0000)
11 START_SPINDLE_CLOCKWISE()
12 SET_FEED_RATE(2400.0000)
13 STRAIGHT_TRAVERSE(91.9000, -13.5000, 250.0000)
14 STRAIGHT_TRAVERSE(91.9000, -13.5000, 65.0000)
15 STRAIGHT_FEED(91.9000, -13.5000, 52.5000)
16 STRAIGHT_FEED(91.9000, 133.5000, 52.5000)
17 STRAIGHT_FEED(74.8000, 133.5000, 52.5000)
18 STRAIGHT_FEED(74.8000, -13.5000, 52.5000)
19 STRAIGHT_FEED(57.7000, -13.5000, 52.5000)
20 STRAIGHT_FEED(57.7000, 133.5000, 52.5000)
21 STRAIGHT_FEED(40.6000, 133.5000, 52.5000)
22 STRAIGHT_FEED(40.6000, -13.5000, 52.5000)
23 STRAIGHT_FEED(23.5000, -13.5000, 52.5000)
24 STRAIGHT_FEED(23.5000, 133.5000, 52.5000)
25 STRAIGHT_FEED(6.4000, 133.5000, 52.5000)
26 STRAIGHT_FEED(6.4000, -13.5000, 52.5000)
27 STRAIGHT_TRAVERSE(6.4000, -13.5000, 65.0000)
28 STRAIGHT_TRAVERSE(91.9000, -13.5000, 65.0000)
29 STRAIGHT_FEED(91.9000, -13.5000, 50.0000)
30 STRAIGHT_FEED(91.9000, 133.5000, 50.0000)
31 STRAIGHT_FEED(74.8000, 133.5000, 50.0000)
32 STRAIGHT_FEED(74.8000, -13.5000, 50.0000)
33 STRAIGHT_FEED(57.7000, -13.5000, 50.0000)
34 STRAIGHT_FEED(57.7000, 133.5000, 50.0000)
35 STRAIGHT_FEED(40.6000, 133.5000, 50.0000)
36 STRAIGHT_FEED(40.6000, -13.5000, 50.0000)
37 STRAIGHT_FEED(23.5000, -13.5000, 50.0000)
38 STRAIGHT_FEED(23.5000, 133.5000, 50.0000)
39 STRAIGHT_FEED(6.4000, 133.5000, 50.0000)
40 STRAIGHT_FEED(6.4000, -13.5000, 50.0000)
41 STRAIGHT_TRAVERSE(6.4000, -13.5000, 65.0000)
42 STOP_SPINDLE_TURNING()
43 FLOOD_OFF()
44 SPINDLE_RETRACT()
45 USE_TOOL_LENGTH_OFFSET(0.0000)
46 CHANGE_TOOL(SPIRAL_DRILL_20MM)
47 USE_TOOL_LENGTH_OFFSET(70.0000)
48 FLOOD_ON()
49 SET_SPINDLE_SPEED(960.0000)
50 START_SPINDLE_CLOCKWISE()
51 SET_FEED_RATE(1800.0000)
52 STRAIGHT_TRAVERSE(6.4000, -13.5000, 130.0000)
53 STRAIGHT_TRAVERSE(20.0000, 60.0000, 130.0000)
54 STRAIGHT_TRAVERSE(20.0000, 60.0000, 60.0000)
55 SET_SPINDLE_SPEED(720.0000)
56 SET_FEED_RATE(900.0000)
57 STRAIGHT_FEED(20.0000, 60.0000, 40.8622)
58 SET_FEED_RATE(1800.0000)
59 SET_SPINDLE_SPEED(960.0000)
60 STRAIGHT_FEED(20.0000, 60.0000, 34.8622)
61 SET_SPINDLE_SPEED(480.0000)
62 SET_FEED_RATE(1350.0000)

63 STRAIGHT_FEED(20.0000, 60.0000, 12.8622)
64 SET_FEED_RATE(1800.0000)
65 STRAIGHT_FEED(20.0000, 60.0000, 60.0000)
66 STOP_SPINDLE_TURNING()
67 FLOOD_OFF()
68 SPINDLE_RETRACT()
69 USE_TOOL_LENGTH_OFFSET(0.0000)
70 CHANGE_TOOL(REAMER_22MM)
71 USE_TOOL_LENGTH_OFFSET(50.0000)
72 FLOOD_ON()
73 SET_SPINDLE_SPEED(1080.0000)
74 START_SPINDLE_CLOCKWISE()
75 STRAIGHT_FEED(20.0000, 60.0000, 20.0000)
76 STOP_SPINDLE_TURNING()
77 STRAIGHT_FEED(20.0000, 60.0000, 60.0000)
78 FLOOD_OFF()
79 SPINDLE_RETRACT()
80 USE_TOOL_LENGTH_OFFSET(0.0000)
81 CHANGE_TOOL(MILL 18MM)
82 USE_TOOL_LENGTH_OFFSET(50.0000)
83 FLOOD_ON()
84 SET_SPINDLE_SPEED(1200.0000)
85 START_SPINDLE_CLOCKWISE()
86 SET_FEED_RATE(2400.0000)
87 STRAIGHT_TRAVERSE(20.0000, 60.0000, 130.0000)
88 STRAIGHT_TRAVERSE(64.7540, 50.0685, 130.0000)
89 STRAIGHT_TRAVERSE(64.7540, 50.0685, 65.0000)
90 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -3,
44.1000)
91 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
44.1000)
92 STRAIGHT_FEED(70.0000, 85.0000, 44.1000)
93 STRAIGHT_FEED(70.0000, 90.0000, 44.1000)
94 STRAIGHT_FEED(75.0000, 90.0000, 44.1000)
95 STRAIGHT_FEED(75.0000, 50.0000, 44.1000)
96 STRAIGHT_FEED(65.0000, 50.0000, 44.1000)
97 STRAIGHT_FEED(65.0000, 90.0000, 44.1000)
98 STRAIGHT_FEED(70.0000, 90.0000, 44.1000)
99 STRAIGHT_FEED(70.0000, 95.0000, 44.1000)
100 STRAIGHT_FEED(80.0000, 95.0000, 44.1000)
101 STRAIGHT_FEED(80.0000, 45.0000, 44.1000)
102 STRAIGHT_FEED(60.0000, 45.0000, 44.1000)
103 STRAIGHT_FEED(60.0000, 95.0000, 44.1000)
104 STRAIGHT_FEED(70.0000, 95.0000, 44.1000)
105 STRAIGHT_FEED(70.0000, 100.0000, 44.1000)
106 STRAIGHT_FEED(85.0000, 100.0000, 44.1000)
107 STRAIGHT_FEED(85.0000, 40.0000, 44.1000)
108 STRAIGHT_FEED(55.0000, 40.0000, 44.1000)
109 STRAIGHT_FEED(55.0000, 100.0000, 44.1000)
110 STRAIGHT_FEED(70.0000, 100.0000, 44.1000)
111 STRAIGHT_FEED(70.0000, 100.0000, 50.0000)
112 STRAIGHT_TRAVERSE(69.5317, 47.8152, 50.0000)
113 STRAIGHT_FEED(69.5317, 47.8152, 44.1000)
114 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
38.2000)
115 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
38.2000)
116 STRAIGHT_FEED(70.0000, 85.0000, 38.2000)
117 STRAIGHT_FEED(70.0000, 90.0000, 38.2000)
118 STRAIGHT_FEED(75.0000, 90.0000, 38.2000)
119 STRAIGHT_FEED(75.0000, 50.0000, 38.2000)
120 STRAIGHT_FEED(65.0000, 50.0000, 38.2000)
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121 STRAIGHT_FEED(65.0000, 90.0000, 38.2000)
122 STRAIGHT_FEED(70.0000, 90.0000, 38.2000)
123 STRAIGHT_FEED(70.0000, 95.0000, 38.2000)
124 STRAIGHT_FEED(80.0000, 95.0000, 38.2000)
125 STRAIGHT_FEED(80.0000, 45.0000, 38.2000)
126 STRAIGHT_FEED(60.0000, 45.0000, 38.2000)
127 STRAIGHT_FEED(60.0000, 95.0000, 38.2000)
128 STRAIGHT_FEED(70.0000, 95.0000, 38.2000)
129 STRAIGHT_FEED(70.0000, 100.0000, 38.2000)
130 STRAIGHT_FEED(85.0000, 100.0000, 38.2000)
131 STRAIGHT_FEED(85.0000, 40.0000, 38.2000)
132 STRAIGHT_FEED(55.0000, 40.0000, 38.2000)
133 STRAIGHT_FEED(55.0000, 100.0000, 38.2000)
134 STRAIGHT_FEED(70.0000, 100.0000, 38.2000)
135 STRAIGHT_FEED(70.0000, 100.0000, 44.1000)
136 STRAIGHT_TRAVERSE(69.5317, 47.8152, 44.1000)
137 STRAIGHT_FEED(69.5317, 47.8152, 38.2000)
138 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
32.3000)
139 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
32.3000)
140 STRAIGHT_FEED(70.0000, 85.0000, 32.3000)
141 STRAIGHT_FEED(70.0000, 90.0000, 32.3000)
142 STRAIGHT_FEED(75.0000, 90.0000, 32.3000)
143 STRAIGHT_FEED(75.0000, 50.0000, 32.3000)
144 STRAIGHT_FEED(65.0000, 50.0000, 32.3000)
145 STRAIGHT_FEED(65.0000, 90.0000, 32.3000)
146 STRAIGHT_FEED(70.0000, 90.0000, 32.3000)
147 STRAIGHT_FEED(70.0000, 95.0000, 32.3000)
148 STRAIGHT_FEED(80.0000, 95.0000, 32.3000)
149 STRAIGHT_FEED(80.0000, 45.0000, 32.3000)
150 STRAIGHT_FEED(60.0000, 45.0000, 32.3000)
151 STRAIGHT_FEED(60.0000, 95.0000, 32.3000)
152 STRAIGHT_FEED(70.0000, 95.0000, 32.3000)
153 STRAIGHT_FEED(70.0000, 100.0000, 32.3000)
154 STRAIGHT_FEED(85.0000, 100.0000, 32.3000)
155 STRAIGHT_FEED(85.0000, 40.0000, 32.3000)
156 STRAIGHT_FEED(55.0000, 40.0000, 32.3000)
157 STRAIGHT_FEED(55.0000, 100.0000, 32.3000)
158 STRAIGHT_FEED(70.0000, 100.0000, 32.3000)
159 STRAIGHT_FEED(70.0000, 100.0000, 38.2000)
160 STRAIGHT_TRAVERSE(69.5317, 47.8152, 38.2000)
161 STRAIGHT_FEED(69.5317, 47.8152, 32.3000)
162 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
26.4000)
163 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
26.4000)
164 STRAIGHT_FEED(70.0000, 85.0000, 26.4000)
165 STRAIGHT_FEED(70.0000, 90.0000, 26.4000)
166 STRAIGHT_FEED(75.0000, 90.0000, 26.4000)
167 STRAIGHT_FEED(75.0000, 50.0000, 26.4000)
168 STRAIGHT_FEED(65.0000, 50.0000, 26.4000)
169 STRAIGHT_FEED(65.0000, 90.0000, 26.4000)
170 STRAIGHT_FEED(70.0000, 90.0000, 26.4000)
171 STRAIGHT_FEED(70.0000, 95.0000, 26.4000)
172 STRAIGHT_FEED(80.0000, 95.0000, 26.4000)
173 STRAIGHT_FEED(80.0000, 45.0000, 26.4000)
174 STRAIGHT_FEED(60.0000, 45.0000, 26.4000)
175 STRAIGHT_FEED(60.0000, 95.0000, 26.4000)
176 STRAIGHT_FEED(70.0000, 95.0000, 26.4000)
177 STRAIGHT_FEED(70.0000, 100.0000, 26.4000)
178 STRAIGHT_FEED(85.0000, 100.0000, 26.4000)
179 STRAIGHT_FEED(85.0000, 40.0000, 26.4000)
180 STRAIGHT_FEED(55.0000, 40.0000, 26.4000)
181 STRAIGHT_FEED(55.0000, 100.0000, 26.4000)
182 STRAIGHT_FEED(70.0000, 100.0000, 26.4000)
183 STRAIGHT_FEED(70.0000, 100.0000, 32.3000)
184 STRAIGHT_TRAVERSE(69.5317, 47.8152, 32.3000)

185 STRAIGHT_FEED(69.5317, 47.8152, 26.4000)
186 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
20.5000)
187 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
20.5000)
188 STRAIGHT_FEED(70.0000, 85.0000, 20.5000)
189 STRAIGHT_FEED(70.0000, 90.0000, 20.5000)
190 STRAIGHT_FEED(75.0000, 90.0000, 20.5000)
191 STRAIGHT_FEED(75.0000, 50.0000, 20.5000)
192 STRAIGHT_FEED(65.0000, 50.0000, 20.5000)
193 STRAIGHT_FEED(65.0000, 90.0000, 20.5000)
194 STRAIGHT_FEED(70.0000, 90.0000, 20.5000)
195 STRAIGHT_FEED(70.0000, 95.0000, 20.5000)
196 STRAIGHT_FEED(80.0000, 95.0000, 20.5000)
197 STRAIGHT_FEED(80.0000, 45.0000, 20.5000)
198 STRAIGHT_FEED(60.0000, 45.0000, 20.5000)
199 STRAIGHT_FEED(60.0000, 95.0000, 20.5000)
200 STRAIGHT_FEED(70.0000, 95.0000, 20.5000)
201 STRAIGHT_FEED(70.0000, 100.0000, 20.5000)
202 STRAIGHT_FEED(85.0000, 100.0000, 20.5000)
203 STRAIGHT_FEED(85.0000, 40.0000, 20.5000)
204 STRAIGHT_FEED(55.0000, 40.0000, 20.5000)
205 STRAIGHT_FEED(55.0000, 100.0000, 20.5000)
206 STRAIGHT_FEED(70.0000, 100.0000, 20.5000)
207 STRAIGHT_FEED(70.0000, 100.0000, 65.0000)
208 STRAIGHT_TRAVERSE(70.0000, 100.0000, 130.0000)
209 STRAIGHT_TRAVERSE(74.8901, 60.2846, 130.0000)
210 STRAIGHT_TRAVERSE(74.8901, 60.2846, 65.0000)
211 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -3,
48.0000)
212 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
48.0000)
213 STRAIGHT_FEED(70.0000, 85.0000, 48.0000)
214 STRAIGHT_FEED(70.0000, 93.0000, 48.0000)
215 STRAIGHT_FEED(78.0000, 93.0000, 48.0000)
216 STRAIGHT_FEED(78.0000, 47.0000, 48.0000)
217 STRAIGHT_FEED(62.0000, 47.0000, 48.0000)
218 STRAIGHT_FEED(62.0000, 93.0000, 48.0000)
219 STRAIGHT_FEED(70.0000, 93.0000, 48.0000)
220 STRAIGHT_FEED(70.0000, 101.0000, 48.0000)
221 STRAIGHT_FEED(85.0000, 101.0000, 48.0000)
222 ARC_FEED(86.0000, 100.0000, 85.0000, 100.0000, -1,
48.0000)
223 STRAIGHT_FEED(86.0000, 40.0000, 48.0000)
224 ARC_FEED(85.0000, 39.0000, 85.0000, 40.0000, -1,
48.0000)
225 STRAIGHT_FEED(55.0000, 39.0000, 48.0000)
226 ARC_FEED(54.0000, 40.0000, 55.0000, 40.0000, -1,
48.0000)
227 STRAIGHT_FEED(54.0000, 100.0000, 48.0000)
228 ARC_FEED(55.0000, 101.0000, 55.0000, 100.0000, -1,
48.0000)
229 STRAIGHT_FEED(70.0000, 101.0000, 48.0000)
230 STRAIGHT_FEED(70.0000, 101.0000, 50.0000)
231 STRAIGHT_TRAVERSE(69.9672, 62.1999, 50.0000)
232 STRAIGHT_FEED(69.9672, 62.1999, 48.0000)
233 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
46.0000)
234 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
46.0000)
235 STRAIGHT_FEED(70.0000, 85.0000, 46.0000)
236 STRAIGHT_FEED(70.0000, 93.0000, 46.0000)
237 STRAIGHT_FEED(78.0000, 93.0000, 46.0000)
238 STRAIGHT_FEED(78.0000, 47.0000, 46.0000)
239 STRAIGHT_FEED(62.0000, 47.0000, 46.0000)
240 STRAIGHT_FEED(62.0000, 93.0000, 46.0000)
241 STRAIGHT_FEED(70.0000, 93.0000, 46.0000)
242 STRAIGHT_FEED(70.0000, 101.0000, 46.0000)
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243 STRAIGHT_FEED(85.0000, 101.0000, 46.0000)
244 ARC_FEED(86.0000, 100.0000, 85.0000, 100.0000, -1,
46.0000)
245 STRAIGHT_FEED(86.0000, 40.0000, 46.0000)
246 ARC_FEED(85.0000, 39.0000, 85.0000, 40.0000, -1,
46.0000)
247 STRAIGHT_FEED(55.0000, 39.0000, 46.0000)
248 ARC_FEED(54.0000, 40.0000, 55.0000, 40.0000, -1,
46.0000)
249 STRAIGHT_FEED(54.0000, 100.0000, 46.0000)
250 ARC_FEED(55.0000, 101.0000, 55.0000, 100.0000, -1,
46.0000)
251 STRAIGHT_FEED(70.0000, 101.0000, 46.0000)
252 STRAIGHT_FEED(70.0000, 101.0000, 48.0000)
253 STRAIGHT_TRAVERSE(69.9672, 62.1999, 48.0000)
254 STRAIGHT_FEED(69.9672, 62.1999, 46.0000)
255 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
44.0000)
256 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
44.0000)
257 STRAIGHT_FEED(70.0000, 85.0000, 44.0000)
258 STRAIGHT_FEED(70.0000, 93.0000, 44.0000)
259 STRAIGHT_FEED(78.0000, 93.0000, 44.0000)
260 STRAIGHT_FEED(78.0000, 47.0000, 44.0000)
261 STRAIGHT_FEED(62.0000, 47.0000, 44.0000)
262 STRAIGHT_FEED(62.0000, 93.0000, 44.0000)
263 STRAIGHT_FEED(70.0000, 93.0000, 44.0000)
264 STRAIGHT_FEED(70.0000, 101.0000, 44.0000)
265 STRAIGHT_FEED(85.0000, 101.0000, 44.0000)
266 ARC_FEED(86.0000, 100.0000, 85.0000, 100.0000, -1,
44.0000)
267 STRAIGHT_FEED(86.0000, 40.0000, 44.0000)
268 ARC_FEED(85.0000, 39.0000, 85.0000, 40.0000, -1,
44.0000)
269 STRAIGHT_FEED(55.0000, 39.0000, 44.0000)
270 ARC_FEED(54.0000, 40.0000, 55.0000, 40.0000, -1,
44.0000)
271 STRAIGHT_FEED(54.0000, 100.0000, 44.0000)
272 ARC_FEED(55.0000, 101.0000, 55.0000, 100.0000, -1,
44.0000)
273 STRAIGHT_FEED(70.0000, 101.0000, 44.0000)
274 STRAIGHT_FEED(70.0000, 101.0000, 46.0000)
275 STRAIGHT_TRAVERSE(69.9672, 62.1999, 46.0000)
276 STRAIGHT_FEED(69.9672, 62.1999, 44.0000)
277 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
42.0000)
278 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
42.0000)
279 STRAIGHT_FEED(70.0000, 85.0000, 42.0000)
280 STRAIGHT_FEED(70.0000, 93.0000, 42.0000)
281 STRAIGHT_FEED(78.0000, 93.0000, 42.0000)
282 STRAIGHT_FEED(78.0000, 47.0000, 42.0000)
283 STRAIGHT_FEED(62.0000, 47.0000, 42.0000)
284 STRAIGHT_FEED(62.0000, 93.0000, 42.0000)
285 STRAIGHT_FEED(70.0000, 93.0000, 42.0000)
286 STRAIGHT_FEED(70.0000, 101.0000, 42.0000)
287 STRAIGHT_FEED(85.0000, 101.0000, 42.0000)
288 ARC_FEED(86.0000, 100.0000, 85.0000, 100.0000, -1,
42.0000)
289 STRAIGHT_FEED(86.0000, 40.0000, 42.0000)
290 ARC_FEED(85.0000, 39.0000, 85.0000, 40.0000, -1,
42.0000)
291 STRAIGHT_FEED(55.0000, 39.0000, 42.0000)
292 ARC_FEED(54.0000, 40.0000, 55.0000, 40.0000, -1,
42.0000)
293 STRAIGHT_FEED(54.0000, 100.0000, 42.0000)
294 ARC_FEED(55.0000, 101.0000, 55.0000, 100.0000, -1,
42.0000)

295 STRAIGHT_FEED(70.0000, 101.0000, 42.0000)
296 STRAIGHT_FEED(70.0000, 101.0000, 44.0000)
297 STRAIGHT_TRAVERSE(69.9672, 62.1999, 44.0000)
298 STRAIGHT_FEED(69.9672, 62.1999, 42.0000)
299 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
40.0000)
300 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
40.0000)
301 STRAIGHT_FEED(70.0000, 85.0000, 40.0000)
302 STRAIGHT_FEED(70.0000, 93.0000, 40.0000)
303 STRAIGHT_FEED(78.0000, 93.0000, 40.0000)
304 STRAIGHT_FEED(78.0000, 47.0000, 40.0000)
305 STRAIGHT_FEED(62.0000, 47.0000, 40.0000)
306 STRAIGHT_FEED(62.0000, 93.0000, 40.0000)
307 STRAIGHT_FEED(70.0000, 93.0000, 40.0000)
308 STRAIGHT_FEED(70.0000, 101.0000, 40.0000)
309 STRAIGHT_FEED(85.0000, 101.0000, 40.0000)
310 ARC_FEED(86.0000, 100.0000, 85.0000, 100.0000, -1,
40.0000)
311 STRAIGHT_FEED(86.0000, 40.0000, 40.0000)
312 ARC_FEED(85.0000, 39.0000, 85.0000, 40.0000, -1,
40.0000)
313 STRAIGHT_FEED(55.0000, 39.0000, 40.0000)
314 ARC_FEED(54.0000, 40.0000, 55.0000, 40.0000, -1,
40.0000)
315 STRAIGHT_FEED(54.0000, 100.0000, 40.0000)
316 ARC_FEED(55.0000, 101.0000, 55.0000, 100.0000, -1,
40.0000)
317 STRAIGHT_FEED(70.0000, 101.0000, 40.0000)
318 STRAIGHT_FEED(70.0000, 101.0000, 42.0000)
319 STRAIGHT_TRAVERSE(69.9672, 62.1999, 42.0000)
320 STRAIGHT_FEED(69.9672, 62.1999, 40.0000)
321 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
38.0000)
322 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
38.0000)
323 STRAIGHT_FEED(70.0000, 85.0000, 38.0000)
324 STRAIGHT_FEED(70.0000, 93.0000, 38.0000)
325 STRAIGHT_FEED(78.0000, 93.0000, 38.0000)
326 STRAIGHT_FEED(78.0000, 47.0000, 38.0000)
327 STRAIGHT_FEED(62.0000, 47.0000, 38.0000)
328 STRAIGHT_FEED(62.0000, 93.0000, 38.0000)
329 STRAIGHT_FEED(70.0000, 93.0000, 38.0000)
330 STRAIGHT_FEED(70.0000, 101.0000, 38.0000)
331 STRAIGHT_FEED(85.0000, 101.0000, 38.0000)
332 ARC_FEED(86.0000, 100.0000, 85.0000, 100.0000, -1,
38.0000)
333 STRAIGHT_FEED(86.0000, 40.0000, 38.0000)
334 ARC_FEED(85.0000, 39.0000, 85.0000, 40.0000, -1,
38.0000)
335 STRAIGHT_FEED(55.0000, 39.0000, 38.0000)
336 ARC_FEED(54.0000, 40.0000, 55.0000, 40.0000, -1,
38.0000)
337 STRAIGHT_FEED(54.0000, 100.0000, 38.0000)
338 ARC_FEED(55.0000, 101.0000, 55.0000, 100.0000, -1,
38.0000)
339 STRAIGHT_FEED(70.0000, 101.0000, 38.0000)
340 STRAIGHT_FEED(70.0000, 101.0000, 40.0000)
341 STRAIGHT_TRAVERSE(69.9672, 62.1999, 40.0000)
342 STRAIGHT_FEED(69.9672, 62.1999, 38.0000)
343 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
36.0000)
344 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
36.0000)
345 STRAIGHT_FEED(70.0000, 85.0000, 36.0000)
346 STRAIGHT_FEED(70.0000, 93.0000, 36.0000)
347 STRAIGHT_FEED(78.0000, 93.0000, 36.0000)
348 STRAIGHT_FEED(78.0000, 47.0000, 36.0000)
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349 STRAIGHT_FEED(62.0000, 47.0000, 36.0000)
350 STRAIGHT_FEED(62.0000, 93.0000, 36.0000)
351 STRAIGHT_FEED(70.0000, 93.0000, 36.0000)
352 STRAIGHT_FEED(70.0000, 101.0000, 36.0000)
353 STRAIGHT_FEED(85.0000, 101.0000, 36.0000)
354 ARC_FEED(86.0000, 100.0000, 85.0000, 100.0000, -1,
36.0000)
355 STRAIGHT_FEED(86.0000, 40.0000, 36.0000)
356 ARC_FEED(85.0000, 39.0000, 85.0000, 40.0000, -1,
36.0000)
357 STRAIGHT_FEED(55.0000, 39.0000, 36.0000)
358 ARC_FEED(54.0000, 40.0000, 55.0000, 40.0000, -1,
36.0000)
359 STRAIGHT_FEED(54.0000, 100.0000, 36.0000)
360 ARC_FEED(55.0000, 101.0000, 55.0000, 100.0000, -1,
36.0000)
361 STRAIGHT_FEED(70.0000, 101.0000, 36.0000)
362 STRAIGHT_FEED(70.0000, 101.0000, 38.0000)
363 STRAIGHT_TRAVERSE(69.9672, 62.1999, 38.0000)
364 STRAIGHT_FEED(69.9672, 62.1999, 36.0000)
365 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
34.0000)
366 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
34.0000)
367 STRAIGHT_FEED(70.0000, 85.0000, 34.0000)
368 STRAIGHT_FEED(70.0000, 93.0000, 34.0000)
369 STRAIGHT_FEED(78.0000, 93.0000, 34.0000)
370 STRAIGHT_FEED(78.0000, 47.0000, 34.0000)
371 STRAIGHT_FEED(62.0000, 47.0000, 34.0000)
372 STRAIGHT_FEED(62.0000, 93.0000, 34.0000)
373 STRAIGHT_FEED(70.0000, 93.0000, 34.0000)
374 STRAIGHT_FEED(70.0000, 101.0000, 34.0000)
375 STRAIGHT_FEED(85.0000, 101.0000, 34.0000)
376 ARC_FEED(86.0000, 100.0000, 85.0000, 100.0000, -1,
34.0000)
377 STRAIGHT_FEED(86.0000, 40.0000, 34.0000)
378 ARC_FEED(85.0000, 39.0000, 85.0000, 40.0000, -1,
34.0000)
379 STRAIGHT_FEED(55.0000, 39.0000, 34.0000)
380 ARC_FEED(54.0000, 40.0000, 55.0000, 40.0000, -1,
34.0000)
381 STRAIGHT_FEED(54.0000, 100.0000, 34.0000)
382 ARC_FEED(55.0000, 101.0000, 55.0000, 100.0000, -1,
34.0000)
383 STRAIGHT_FEED(70.0000, 101.0000, 34.0000)
384 STRAIGHT_FEED(70.0000, 101.0000, 36.0000)
385 STRAIGHT_TRAVERSE(69.9672, 62.1999, 36.0000)
386 STRAIGHT_FEED(69.9672, 62.1999, 34.0000)
387 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
32.0000)
388 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
32.0000)
389 STRAIGHT_FEED(70.0000, 85.0000, 32.0000)
390 STRAIGHT_FEED(70.0000, 93.0000, 32.0000)
391 STRAIGHT_FEED(78.0000, 93.0000, 32.0000)
392 STRAIGHT_FEED(78.0000, 47.0000, 32.0000)
393 STRAIGHT_FEED(62.0000, 47.0000, 32.0000)
394 STRAIGHT_FEED(62.0000, 93.0000, 32.0000)
395 STRAIGHT_FEED(70.0000, 93.0000, 32.0000)
396 STRAIGHT_FEED(70.0000, 101.0000, 32.0000)
397 STRAIGHT_FEED(85.0000, 101.0000, 32.0000)
398 ARC_FEED(86.0000, 100.0000, 85.0000, 100.0000, -1,
32.0000)
399 STRAIGHT_FEED(86.0000, 40.0000, 32.0000)
400 ARC_FEED(85.0000, 39.0000, 85.0000, 40.0000, -1,
32.0000)
401 STRAIGHT_FEED(55.0000, 39.0000, 32.0000)
402 ARC_FEED(54.0000, 40.0000, 55.0000, 40.0000, -1,

32.0000)
403 STRAIGHT_FEED(54.0000, 100.0000, 32.0000)
404 ARC_FEED(55.0000, 101.0000, 55.0000, 100.0000, -1,
32.0000)
405 STRAIGHT_FEED(70.0000, 101.0000, 32.0000)
406 STRAIGHT_FEED(70.0000, 101.0000, 34.0000)
407 STRAIGHT_TRAVERSE(69.9672, 62.1999, 34.0000)
408 STRAIGHT_FEED(69.9672, 62.1999, 32.0000)
409 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
30.0000)
410 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
30.0000)
411 STRAIGHT_FEED(70.0000, 85.0000, 30.0000)
412 STRAIGHT_FEED(70.0000, 93.0000, 30.0000)
413 STRAIGHT_FEED(78.0000, 93.0000, 30.0000)
414 STRAIGHT_FEED(78.0000, 47.0000, 30.0000)
415 STRAIGHT_FEED(62.0000, 47.0000, 30.0000)
416 STRAIGHT_FEED(62.0000, 93.0000, 30.0000)
417 STRAIGHT_FEED(70.0000, 93.0000, 30.0000)
418 STRAIGHT_FEED(70.0000, 101.0000, 30.0000)
419 STRAIGHT_FEED(85.0000, 101.0000, 30.0000)
420 ARC_FEED(86.0000, 100.0000, 85.0000, 100.0000, -1,
30.0000)
421 STRAIGHT_FEED(86.0000, 40.0000, 30.0000)
422 ARC_FEED(85.0000, 39.0000, 85.0000, 40.0000, -1,
30.0000)
423 STRAIGHT_FEED(55.0000, 39.0000, 30.0000)
424 ARC_FEED(54.0000, 40.0000, 55.0000, 40.0000, -1,
30.0000)
425 STRAIGHT_FEED(54.0000, 100.0000, 30.0000)
426 ARC_FEED(55.0000, 101.0000, 55.0000, 100.0000, -1,
30.0000)
427 STRAIGHT_FEED(70.0000, 101.0000, 30.0000)
428 STRAIGHT_FEED(70.0000, 101.0000, 32.0000)
429 STRAIGHT_TRAVERSE(69.9672, 62.1999, 32.0000)
430 STRAIGHT_FEED(69.9672, 62.1999, 30.0000)
431 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
28.0000)
432 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
28.0000)
433 STRAIGHT_FEED(70.0000, 85.0000, 28.0000)
434 STRAIGHT_FEED(70.0000, 93.0000, 28.0000)
435 STRAIGHT_FEED(78.0000, 93.0000, 28.0000)
436 STRAIGHT_FEED(78.0000, 47.0000, 28.0000)
437 STRAIGHT_FEED(62.0000, 47.0000, 28.0000)
438 STRAIGHT_FEED(62.0000, 93.0000, 28.0000)
439 STRAIGHT_FEED(70.0000, 93.0000, 28.0000)
440 STRAIGHT_FEED(70.0000, 101.0000, 28.0000)
441 STRAIGHT_FEED(85.0000, 101.0000, 28.0000)
442 ARC_FEED(86.0000, 100.0000, 85.0000, 100.0000, -1,
28.0000)
443 STRAIGHT_FEED(86.0000, 40.0000, 28.0000)
444 ARC_FEED(85.0000, 39.0000, 85.0000, 40.0000, -1,
28.0000)
445 STRAIGHT_FEED(55.0000, 39.0000, 28.0000)
446 ARC_FEED(54.0000, 40.0000, 55.0000, 40.0000, -1,
28.0000)
447 STRAIGHT_FEED(54.0000, 100.0000, 28.0000)
448 ARC_FEED(55.0000, 101.0000, 55.0000, 100.0000, -1,
28.0000)
449 STRAIGHT_FEED(70.0000, 101.0000, 28.0000)
450 STRAIGHT_FEED(70.0000, 101.0000, 30.0000)
451 STRAIGHT_TRAVERSE(69.9672, 62.1999, 30.0000)
452 STRAIGHT_FEED(69.9672, 62.1999, 28.0000)
453 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
26.0000)
454 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
26.0000)
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455 STRAIGHT_FEED(70.0000, 85.0000, 26.0000)
456 STRAIGHT_FEED(70.0000, 93.0000, 26.0000)
457 STRAIGHT_FEED(78.0000, 93.0000, 26.0000)
458 STRAIGHT_FEED(78.0000, 47.0000, 26.0000)
459 STRAIGHT_FEED(62.0000, 47.0000, 26.0000)
460 STRAIGHT_FEED(62.0000, 93.0000, 26.0000)
461 STRAIGHT_FEED(70.0000, 93.0000, 26.0000)
462 STRAIGHT_FEED(70.0000, 101.0000, 26.0000)
463 STRAIGHT_FEED(85.0000, 101.0000, 26.0000)
464 ARC_FEED(86.0000, 100.0000, 85.0000, 100.0000, -1,
26.0000)
465 STRAIGHT_FEED(86.0000, 40.0000, 26.0000)
466 ARC_FEED(85.0000, 39.0000, 85.0000, 40.0000, -1,
26.0000)
467 STRAIGHT_FEED(55.0000, 39.0000, 26.0000)
468 ARC_FEED(54.0000, 40.0000, 55.0000, 40.0000, -1,
26.0000)
469 STRAIGHT_FEED(54.0000, 100.0000, 26.0000)
470 ARC_FEED(55.0000, 101.0000, 55.0000, 100.0000, -1,
26.0000)
471 STRAIGHT_FEED(70.0000, 101.0000, 26.0000)
472 STRAIGHT_FEED(70.0000, 101.0000, 28.0000)
473 STRAIGHT_TRAVERSE(69.9672, 62.1999, 28.0000)
474 STRAIGHT_FEED(69.9672, 62.1999, 26.0000)
475 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
24.0000)
476 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
24.0000)
477 STRAIGHT_FEED(70.0000, 85.0000, 24.0000)
478 STRAIGHT_FEED(70.0000, 93.0000, 24.0000)
479 STRAIGHT_FEED(78.0000, 93.0000, 24.0000)
480 STRAIGHT_FEED(78.0000, 47.0000, 24.0000)
481 STRAIGHT_FEED(62.0000, 47.0000, 24.0000)
482 STRAIGHT_FEED(62.0000, 93.0000, 24.0000)
483 STRAIGHT_FEED(70.0000, 93.0000, 24.0000)
484 STRAIGHT_FEED(70.0000, 101.0000, 24.0000)
485 STRAIGHT_FEED(85.0000, 101.0000, 24.0000)
486 ARC_FEED(86.0000, 100.0000, 85.0000, 100.0000, -1,
24.0000)
487 STRAIGHT_FEED(86.0000, 40.0000, 24.0000)
488 ARC_FEED(85.0000, 39.0000, 85.0000, 40.0000, -1,
24.0000)
489 STRAIGHT_FEED(55.0000, 39.0000, 24.0000)
490 ARC_FEED(54.0000, 40.0000, 55.0000, 40.0000, -1,
24.0000)
491 STRAIGHT_FEED(54.0000, 100.0000, 24.0000)
492 ARC_FEED(55.0000, 101.0000, 55.0000, 100.0000, -1,
24.0000)
493 STRAIGHT_FEED(70.0000, 101.0000, 24.0000)
494 STRAIGHT_FEED(70.0000, 101.0000, 26.0000)
495 STRAIGHT_TRAVERSE(69.9672, 62.1999, 26.0000)
496 STRAIGHT_FEED(69.9672, 62.1999, 24.0000)
497 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
22.0000)
498 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
22.0000)
499 STRAIGHT_FEED(70.0000, 85.0000, 22.0000)
500 STRAIGHT_FEED(70.0000, 93.0000, 22.0000)
501 STRAIGHT_FEED(78.0000, 93.0000, 22.0000)
502 STRAIGHT_FEED(78.0000, 47.0000, 22.0000)
503 STRAIGHT_FEED(62.0000, 47.0000, 22.0000)
504 STRAIGHT_FEED(62.0000, 93.0000, 22.0000)
505 STRAIGHT_FEED(70.0000, 93.0000, 22.0000)
506 STRAIGHT_FEED(70.0000, 101.0000, 22.0000)
507 STRAIGHT_FEED(85.0000, 101.0000, 22.0000)
508 ARC_FEED(86.0000, 100.0000, 85.0000, 100.0000, -1,
22.0000)
509 STRAIGHT_FEED(86.0000, 40.0000, 22.0000)

510 ARC_FEED(85.0000, 39.0000, 85.0000, 40.0000, -1,
22.0000)
511 STRAIGHT_FEED(55.0000, 39.0000, 22.0000)
512 ARC_FEED(54.0000, 40.0000, 55.0000, 40.0000, -1,
22.0000)
513 STRAIGHT_FEED(54.0000, 100.0000, 22.0000)
514 ARC_FEED(55.0000, 101.0000, 55.0000, 100.0000, -1,
22.0000)
515 STRAIGHT_FEED(70.0000, 101.0000, 22.0000)
516 STRAIGHT_FEED(70.0000, 101.0000, 24.0000)
517 STRAIGHT_TRAVERSE(69.9672, 62.1999, 24.0000)
518 STRAIGHT_FEED(69.9672, 62.1999, 22.0000)
519 ARC_FEED(77.2000, 55.0000, 70.0000, 55.0000, -1,
20.0000)
520 ARC_FEED(70.0000, 55.0000, 73.6000, 55.0000, -1,
20.0000)
521 STRAIGHT_FEED(70.0000, 85.0000, 20.0000)
522 STRAIGHT_FEED(70.0000, 93.0000, 20.0000)
523 STRAIGHT_FEED(78.0000, 93.0000, 20.0000)
524 STRAIGHT_FEED(78.0000, 47.0000, 20.0000)
525 STRAIGHT_FEED(62.0000, 47.0000, 20.0000)
526 STRAIGHT_FEED(62.0000, 93.0000, 20.0000)
527 STRAIGHT_FEED(70.0000, 93.0000, 20.0000)
528 STRAIGHT_FEED(70.0000, 101.0000, 20.0000)
529 STRAIGHT_FEED(85.0000, 101.0000, 20.0000)
530 ARC_FEED(86.0000, 100.0000, 85.0000, 100.0000, -1,
20.0000)
531 STRAIGHT_FEED(86.0000, 40.0000, 20.0000)
532 ARC_FEED(85.0000, 39.0000, 85.0000, 40.0000, -1,
20.0000)
533 STRAIGHT_FEED(55.0000, 39.0000, 20.0000)
534 ARC_FEED(54.0000, 40.0000, 55.0000, 40.0000, -1,
20.0000)
535 STRAIGHT_FEED(54.0000, 100.0000, 20.0000)
536 ARC_FEED(55.0000, 101.0000, 55.0000, 100.0000, -1,
20.0000)
537 STRAIGHT_FEED(70.0000, 101.0000, 20.0000)
538 STRAIGHT_FEED(70.0000, 101.0000, 65.0000)
539 OGRAM_END()

227

Appendix III – HFMS Software Files

D. Updated and revised NC part programme (CMC) file
1 USE_LENGTH_UNITS(CANON_UNITS_MM)
2 SET_ORIGIN_OFFSETS(32.541,64.278,0)
3 SET_FEED_REFERENCE(CANON_XYZ)
4 SPINDLE_RETRACT()
5 STOP_SPINDLE_TURNING()
6 USE_TOOL_LENGTH_OFFSET(0.0000)
7 CHANGE_TOOL(MILL 18MM)
8 USE_TOOL_LENGTH_OFFSET(50.0000)
9 FLOOD_ON()
10 SET_SPINDLE_SPEED(720.0000)
11 START_SPINDLE_CLOCKWISE()
12 SET_FEED_RATE(2400.0000)
13 STRAIGHT_TRAVERSE(124.441,50.778,250)
14 STRAIGHT_TRAVERSE(124.441,50.778,65)
15 STRAIGHT_FEED(124.441,50.778,52.5)
16 STRAIGHT_FEED(124.441,197.778,52.5)
17 STRAIGHT_FEED(107.341,197.778,52.5)
18 STRAIGHT_FEED(107.341,50.778,52.5)
19 STRAIGHT_FEED(90.241,50.778,52.5)
20 STRAIGHT_FEED(90.241,197.778,52.5)
21 STRAIGHT_FEED(73.141,197.778,52.5)
22 STRAIGHT_FEED(73.141,50.778,52.5)
23 STRAIGHT_FEED(56.041,50.778,52.5)
24 STRAIGHT_FEED(56.041,197.778,52.5)
25 STRAIGHT_FEED(38.941,197.778,52.5)
26 STRAIGHT_FEED(38.941,50.778,52.5)
27 STRAIGHT_TRAVERSE(38.941,50.778,65)
28 STRAIGHT_TRAVERSE(124.441,50.778,65)
29 STRAIGHT_FEED(124.441,50.778,50)
30 STRAIGHT_FEED(124.441,197.778,50)
31 STRAIGHT_FEED(107.341,197.778,50)
32 STRAIGHT_FEED(107.341,50.778,50)
33 STRAIGHT_FEED(90.241,50.778,50)
34 STRAIGHT_FEED(90.241,197.778,50)
35 STRAIGHT_FEED(73.141,197.778,50)
36 STRAIGHT_FEED(73.141,50.778,50)
37 STRAIGHT_FEED(56.041,50.778,50)
38 STRAIGHT_FEED(56.041,197.778,50)
39 STRAIGHT_FEED(38.941,197.778,50)
40 STRAIGHT_FEED(38.941,50.778,50)
41 STRAIGHT_TRAVERSE(38.941,50.778,65)
42 STOP_SPINDLE_TURNING()
43 FLOOD_OFF()
44 SPINDLE_RETRACT()
45 USE_TOOL_LENGTH_OFFSET(0.0000)
46 CHANGE_TOOL(SPIRAL_DRILL_20MM)
47 USE_TOOL_LENGTH_OFFSET(70.0000)
48 FLOOD_ON()
49 SET_SPINDLE_SPEED(960.0000)
50 START_SPINDLE_CLOCKWISE()
51 SET_FEED_RATE(1800.0000)
52 STRAIGHT_TRAVERSE(38.941,50.778,130)
53 STRAIGHT_TRAVERSE(52.541,124.278,130)
54 STRAIGHT_TRAVERSE(52.541,124.278,60)
55 SET_SPINDLE_SPEED(720.0000)
56 SET_FEED_RATE(900.0000)
57 STRAIGHT_FEED(52.541,124.278,40.8622)
58 SET_FEED_RATE(1800.0000)
59 SET_SPINDLE_SPEED(960.0000)
60 STRAIGHT_FEED(52.541,124.278,34.8622)
61 SET_SPINDLE_SPEED(480.0000)
62 SET_FEED_RATE(1350.0000)
63 STRAIGHT_FEED(52.541,124.278,12.8622)

64 SET_FEED_RATE(1800.0000)
65 STRAIGHT_FEED(52.541,124.278,60)
66 STOP_SPINDLE_TURNING()
67 FLOOD_OFF()
68 SPINDLE_RETRACT()
69 USE_TOOL_LENGTH_OFFSET(0.0000)
70 CHANGE_TOOL(REAMER_22MM)
71 USE_TOOL_LENGTH_OFFSET(50.0000)
72 FLOOD_ON()
73 SET_SPINDLE_SPEED(1080.0000)
74 START_SPINDLE_CLOCKWISE()
75 STRAIGHT_FEED(52.541,124.278,20)
76 STOP_SPINDLE_TURNING()
77 STRAIGHT_FEED(52.541,124.278,60)
78 FLOOD_OFF()
79 SPINDLE_RETRACT()
80 USE_TOOL_LENGTH_OFFSET(0.0000)
81 CHANGE_TOOL(MILL 18MM)
82 USE_TOOL_LENGTH_OFFSET(50.0000)
83 FLOOD_ON()
84 SET_SPINDLE_SPEED(1200.0000)
85 START_SPINDLE_CLOCKWISE()
86 SET_FEED_RATE(2400.0000)
87 STRAIGHT_TRAVERSE(52.541,124.278,130)
88 STRAIGHT_TRAVERSE(97.295,114.3465,130)
89 STRAIGHT_TRAVERSE(97.295,114.3465,65)
90 ARC_FEED(109.741,119.278,102.541,119.278, -3,
44.1000)
91 ARC_FEED(102.541,119.278,106.141,119.278, -1,
44.1000)
92 STRAIGHT_FEED(102.541,149.278,44.1)
93 STRAIGHT_FEED(102.541,154.278,44.1)
94 STRAIGHT_FEED(107.541,154.278,44.1)
95 STRAIGHT_FEED(107.541,114.278,44.1)
96 STRAIGHT_FEED(97.541,114.278,44.1)
97 STRAIGHT_FEED(97.541,154.278,44.1)
98 STRAIGHT_FEED(102.541,154.278,44.1)
99 STRAIGHT_FEED(102.541,159.278,44.1)
100 STRAIGHT_FEED(112.541,159.278,44.1)
101 STRAIGHT_FEED(112.541,109.278,44.1)
102 STRAIGHT_FEED(92.541,109.278,44.1)
103 STRAIGHT_FEED(92.541,159.278,44.1)
104 STRAIGHT_FEED(102.541,159.278,44.1)
105 STRAIGHT_FEED(102.541,164.278,44.1)
106 STRAIGHT_FEED(117.541,164.278,44.1)
107 STRAIGHT_FEED(117.541,104.278,44.1)
108 STRAIGHT_FEED(87.541,104.278,44.1)
109 STRAIGHT_FEED(87.541,164.278,44.1)
110 STRAIGHT_FEED(102.541,164.278,44.1)
111 STRAIGHT_FEED(102.541,164.278,50)
112 STRAIGHT_TRAVERSE(102.0727,112.0932,50)
113 STRAIGHT_FEED(102.0727,112.0932,44.1)
114 ARC_FEED(109.741,119.278,102.541,119.278, -1,
38.2000)
115 ARC_FEED(102.541,119.278,106.141,119.278, -1,
38.2000)
116 STRAIGHT_FEED(102.541,149.278,38.2)
117 STRAIGHT_FEED(102.541,154.278,38.2)
118 STRAIGHT_FEED(107.541,154.278,38.2)
119 STRAIGHT_FEED(107.541,114.278,38.2)
120 STRAIGHT_FEED(97.541,114.278,38.2)
121 STRAIGHT_FEED(97.541,154.278,38.2)
122 STRAIGHT_FEED(102.541,154.278,38.2)
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123 STRAIGHT_FEED(102.541,159.278,38.2)
124 STRAIGHT_FEED(112.541,159.278,38.2)
125 STRAIGHT_FEED(112.541,109.278,38.2)
126 STRAIGHT_FEED(92.541,109.278,38.2)
127 STRAIGHT_FEED(92.541,159.278,38.2)
128 STRAIGHT_FEED(102.541,159.278,38.2)
129 STRAIGHT_FEED(102.541,164.278,38.2)
130 STRAIGHT_FEED(117.541,164.278,38.2)
131 STRAIGHT_FEED(117.541,104.278,38.2)
132 STRAIGHT_FEED(87.541,104.278,38.2)
133 STRAIGHT_FEED(87.541,164.278,38.2)
134 STRAIGHT_FEED(102.541,164.278,38.2)
135 STRAIGHT_FEED(102.541,164.278,44.1)
136 STRAIGHT_TRAVERSE(102.0727,112.0932,44.1)
137 STRAIGHT_FEED(102.0727,112.0932,38.2)
138 ARC_FEED(109.741,119.278,102.541,119.278, -1,
32.3000)
139 ARC_FEED(102.541,119.278,106.141,119.278, -1,
32.3000)
140 STRAIGHT_FEED(102.541,149.278,32.3)
141 STRAIGHT_FEED(102.541,154.278,32.3)
142 STRAIGHT_FEED(107.541,154.278,32.3)
143 STRAIGHT_FEED(107.541,114.278,32.3)
144 STRAIGHT_FEED(97.541,114.278,32.3)
145 STRAIGHT_FEED(97.541,154.278,32.3)
146 STRAIGHT_FEED(102.541,154.278,32.3)
147 STRAIGHT_FEED(102.541,159.278,32.3)
148 STRAIGHT_FEED(112.541,159.278,32.3)
149 STRAIGHT_FEED(112.541,109.278,32.3)
150 STRAIGHT_FEED(92.541,109.278,32.3)
151 STRAIGHT_FEED(92.541,159.278,32.3)
152 STRAIGHT_FEED(102.541,159.278,32.3)
153 STRAIGHT_FEED(102.541,164.278,32.3)
154 STRAIGHT_FEED(117.541,164.278,32.3)
155 STRAIGHT_FEED(117.541,104.278,32.3)
156 STRAIGHT_FEED(87.541,104.278,32.3)
157 STRAIGHT_FEED(87.541,164.278,32.3)
158 STRAIGHT_FEED(102.541,164.278,32.3)
159 STRAIGHT_FEED(102.541,164.278,38.2)
160 STRAIGHT_TRAVERSE(102.0727,112.0932,38.2)
161 STRAIGHT_FEED(102.0727,112.0932,32.3)
162 ARC_FEED(109.741,119.278,102.541,119.278, -1,
26.4000)
163 ARC_FEED(102.541,119.278,106.141,119.278, -1,
26.4000)
164 STRAIGHT_FEED(102.541,149.278,26.4)
165 STRAIGHT_FEED(102.541,154.278,26.4)
166 STRAIGHT_FEED(107.541,154.278,26.4)
167 STRAIGHT_FEED(107.541,114.278,26.4)
168 STRAIGHT_FEED(97.541,114.278,26.4)
169 STRAIGHT_FEED(97.541,154.278,26.4)
170 STRAIGHT_FEED(102.541,154.278,26.4)
171 STRAIGHT_FEED(102.541,159.278,26.4)
172 STRAIGHT_FEED(112.541,159.278,26.4)
173 STRAIGHT_FEED(112.541,109.278,26.4)
174 STRAIGHT_FEED(92.541,109.278,26.4)
175 STRAIGHT_FEED(92.541,159.278,26.4)
176 STRAIGHT_FEED(102.541,159.278,26.4)
177 STRAIGHT_FEED(102.541,164.278,26.4)
178 STRAIGHT_FEED(117.541,164.278,26.4)
179 STRAIGHT_FEED(117.541,104.278,26.4)
180 STRAIGHT_FEED(87.541,104.278,26.4)
181 STRAIGHT_FEED(87.541,164.278,26.4)
182 STRAIGHT_FEED(102.541,164.278,26.4)
183 STRAIGHT_FEED(102.541,164.278,32.3)
184 STRAIGHT_TRAVERSE(102.0727,112.0932,32.3)
185 STRAIGHT_FEED(102.0727,112.0932,26.4)
186 ARC_FEED(109.741,119.278,102.541,119.278, -1,

20.5000)
187 ARC_FEED(102.541,119.278,106.141,119.278, -1,
20.5000)
188 STRAIGHT_FEED(102.541,149.278,20.5)
189 STRAIGHT_FEED(102.541,154.278,20.5)
190 STRAIGHT_FEED(107.541,154.278,20.5)
191 STRAIGHT_FEED(107.541,114.278,20.5)
192 STRAIGHT_FEED(97.541,114.278,20.5)
193 STRAIGHT_FEED(97.541,154.278,20.5)
194 STRAIGHT_FEED(102.541,154.278,20.5)
195 STRAIGHT_FEED(102.541,159.278,20.5)
196 STRAIGHT_FEED(112.541,159.278,20.5)
197 STRAIGHT_FEED(112.541,109.278,20.5)
198 STRAIGHT_FEED(92.541,109.278,20.5)
199 STRAIGHT_FEED(92.541,159.278,20.5)
200 STRAIGHT_FEED(102.541,159.278,20.5)
201 STRAIGHT_FEED(102.541,164.278,20.5)
202 STRAIGHT_FEED(117.541,164.278,20.5)
203 STRAIGHT_FEED(117.541,104.278,20.5)
204 STRAIGHT_FEED(87.541,104.278,20.5)
205 STRAIGHT_FEED(87.541,164.278,20.5)
206 STRAIGHT_FEED(102.541,164.278,20.5)
207 STRAIGHT_FEED(102.541,164.278,65)
208 STRAIGHT_TRAVERSE(102.541,164.278,130)
209 STRAIGHT_TRAVERSE(107.4311,124.5626,130)
210 STRAIGHT_TRAVERSE(107.4311,124.5626,65)
211 ARC_FEED(109.741,119.278,102.541,119.278, -3,
48.0000)
212 ARC_FEED(102.541,119.278,106.141,119.278, -1,
48.0000)
213 STRAIGHT_FEED(102.541,149.278,48)
214 STRAIGHT_FEED(102.541,157.278,48)
215 STRAIGHT_FEED(110.541,157.278,48)
216 STRAIGHT_FEED(110.541,111.278,48)
217 STRAIGHT_FEED(94.541,111.278,48)
218 STRAIGHT_FEED(94.541,157.278,48)
219 STRAIGHT_FEED(102.541,157.278,48)
220 STRAIGHT_FEED(102.541,165.278,48)
221 STRAIGHT_FEED(117.541,165.278,48)
222 ARC_FEED(118.541,164.278,117.541,164.278, -1,
48.0000)
223 STRAIGHT_FEED(118.541,104.278,48)
224 ARC_FEED(117.541,103.278,117.541,104.278, -1,
48.0000)
225 STRAIGHT_FEED(87.541,103.278,48)
226 ARC_FEED(86.541,104.278,87.541,104.278, -1,
48.0000)
227 STRAIGHT_FEED(86.541,164.278,48)
228 ARC_FEED(87.541,165.278,87.541,164.278, -1,
48.0000)
229 STRAIGHT_FEED(102.541,165.278,48)
230 STRAIGHT_FEED(102.541,165.278,50)
231 STRAIGHT_TRAVERSE(102.5082,126.4779,50)
232 STRAIGHT_FEED(102.5082,126.4779,48)
233 ARC_FEED(109.741,119.278,102.541,119.278, -1,
46.0000)
234 ARC_FEED(102.541,119.278,106.141,119.278, -1,
46.0000)
235 STRAIGHT_FEED(102.541,149.278,46)
236 STRAIGHT_FEED(102.541,157.278,46)
237 STRAIGHT_FEED(110.541,157.278,46)
238 STRAIGHT_FEED(110.541,111.278,46)
239 STRAIGHT_FEED(94.541,111.278,46)
240 STRAIGHT_FEED(94.541,157.278,46)
241 STRAIGHT_FEED(102.541,157.278,46)
242 STRAIGHT_FEED(102.541,165.278,46)
243 STRAIGHT_FEED(117.541,165.278,46)
244 ARC_FEED(118.541,164.278,117.541,164.278, -1,
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46.0000)
245 STRAIGHT_FEED(118.541,104.278,46)
246 ARC_FEED(117.541,103.278,117.541,104.278, -1,
46.0000)
247 STRAIGHT_FEED(87.541,103.278,46)
248 ARC_FEED(86.541,104.278,87.541,104.278, -1,
46.0000)
249 STRAIGHT_FEED(86.541,164.278,46)
250 ARC_FEED(87.541,165.278,87.541,164.278, -1,
46.0000)
251 STRAIGHT_FEED(102.541,165.278,46)
252 STRAIGHT_FEED(102.541,165.278,48)
253 STRAIGHT_TRAVERSE(102.5082,126.4779,48)
254 STRAIGHT_FEED(102.5082,126.4779,46)
255 ARC_FEED(109.741,119.278,102.541,119.278, -1,
44.0000)
256 ARC_FEED(102.541,119.278,106.141,119.278, -1,
44.0000)
257 STRAIGHT_FEED(102.541,149.278,44)
258 STRAIGHT_FEED(102.541,157.278,44)
259 STRAIGHT_FEED(110.541,157.278,44)
260 STRAIGHT_FEED(110.541,111.278,44)
261 STRAIGHT_FEED(94.541,111.278,44)
262 STRAIGHT_FEED(94.541,157.278,44)
263 STRAIGHT_FEED(102.541,157.278,44)
264 STRAIGHT_FEED(102.541,165.278,44)
265 STRAIGHT_FEED(117.541,165.278,44)
266 ARC_FEED(118.541,164.278,117.541,164.278, -1,
44.0000)
267 STRAIGHT_FEED(118.541,104.278,44)
268 ARC_FEED(117.541,103.278,117.541,104.278, -1,
44.0000)
269 STRAIGHT_FEED(87.541,103.278,44)
270 ARC_FEED(86.541,104.278,87.541,104.278, -1,
44.0000)
271 STRAIGHT_FEED(86.541,164.278,44)
272 ARC_FEED(87.541,165.278,87.541,164.278, -1,
44.0000)
273 STRAIGHT_FEED(102.541,165.278,44)
274 STRAIGHT_FEED(102.541,165.278,46)
275 STRAIGHT_TRAVERSE(102.5082,126.4779,46)
276 STRAIGHT_FEED(102.5082,126.4779,44)
277 ARC_FEED(109.741,119.278,102.541,119.278, -1,
42.0000)
278 ARC_FEED(102.541,119.278,106.141,119.278, -1,
42.0000)
279 STRAIGHT_FEED(102.541,149.278,42)
280 STRAIGHT_FEED(102.541,157.278,42)
281 STRAIGHT_FEED(110.541,157.278,42)
282 STRAIGHT_FEED(110.541,111.278,42)
283 STRAIGHT_FEED(94.541,111.278,42)
284 STRAIGHT_FEED(94.541,157.278,42)
285 STRAIGHT_FEED(102.541,157.278,42)
286 STRAIGHT_FEED(102.541,165.278,42)
287 STRAIGHT_FEED(117.541,165.278,42)
288 ARC_FEED(118.541,164.278,117.541,164.278, -1,
42.0000)
289 STRAIGHT_FEED(118.541,104.278,42)
290 ARC_FEED(117.541,103.278,117.541,104.278, -1,
42.0000)
291 STRAIGHT_FEED(87.541,103.278,42)
292 ARC_FEED(86.541,104.278,87.541,104.278, -1,
42.0000)
293 STRAIGHT_FEED(86.541,164.278,42)
294 ARC_FEED(87.541,165.278,87.541,164.278, -1,
42.0000)
295 STRAIGHT_FEED(102.541,165.278,42)
296 STRAIGHT_FEED(102.541,165.278,44)

297 STRAIGHT_TRAVERSE(102.5082,126.4779,44)
298 STRAIGHT_FEED(102.5082,126.4779,42)
299 ARC_FEED(109.741,119.278,102.541,119.278, -1,
40.0000)
300 ARC_FEED(102.541,119.278,106.141,119.278, -1,
40.0000)
301 STRAIGHT_FEED(102.541,149.278,40)
302 STRAIGHT_FEED(102.541,157.278,40)
303 STRAIGHT_FEED(110.541,157.278,40)
304 STRAIGHT_FEED(110.541,111.278,40)
305 STRAIGHT_FEED(94.541,111.278,40)
306 STRAIGHT_FEED(94.541,157.278,40)
307 STRAIGHT_FEED(102.541,157.278,40)
308 STRAIGHT_FEED(102.541,165.278,40)
309 STRAIGHT_FEED(117.541,165.278,40)
310 ARC_FEED(118.541,164.278,117.541,164.278, -1,
40.0000)
311 STRAIGHT_FEED(118.541,104.278,40)
312 ARC_FEED(117.541,103.278,117.541,104.278, -1,
40.0000)
313 STRAIGHT_FEED(87.541,103.278,40)
314 ARC_FEED(86.541,104.278,87.541,104.278, -1,
40.0000)
315 STRAIGHT_FEED(86.541,164.278,40)
316 ARC_FEED(87.541,165.278,87.541,164.278, -1,
40.0000)
317 STRAIGHT_FEED(102.541,165.278,40)
318 STRAIGHT_FEED(102.541,165.278,42)
319 STRAIGHT_TRAVERSE(102.5082,126.4779,42)
320 STRAIGHT_FEED(102.5082,126.4779,40)
321 ARC_FEED(109.741,119.278,102.541,119.278, -1,
38.0000)
322 ARC_FEED(102.541,119.278,106.141,119.278, -1,
38.0000)
323 STRAIGHT_FEED(102.541,149.278,38)
324 STRAIGHT_FEED(102.541,157.278,38)
325 STRAIGHT_FEED(110.541,157.278,38)
326 STRAIGHT_FEED(110.541,111.278,38)
327 STRAIGHT_FEED(94.541,111.278,38)
328 STRAIGHT_FEED(94.541,157.278,38)
329 STRAIGHT_FEED(102.541,157.278,38)
330 STRAIGHT_FEED(102.541,165.278,38)
331 STRAIGHT_FEED(117.541,165.278,38)
332 ARC_FEED(118.541,164.278,117.541,164.278, -1,
38.0000)
333 STRAIGHT_FEED(118.541,104.278,38)
334 ARC_FEED(117.541,103.278,117.541,104.278, -1,
38.0000)
335 STRAIGHT_FEED(87.541,103.278,38)
336 ARC_FEED(86.541,104.278,87.541,104.278, -1,
38.0000)
337 STRAIGHT_FEED(86.541,164.278,38)
338 ARC_FEED(87.541,165.278,87.541,164.278, -1,
38.0000)
339 STRAIGHT_FEED(102.541,165.278,38)
340 STRAIGHT_FEED(102.541,165.278,40)
341 STRAIGHT_TRAVERSE(102.5082,126.4779,40)
342 STRAIGHT_FEED(102.5082,126.4779,38)
343 ARC_FEED(109.741,119.278,102.541,119.278, -1,
36.0000)
344 ARC_FEED(102.541,119.278,106.141,119.278, -1,
36.0000)
345 STRAIGHT_FEED(102.541,149.278,36)
346 STRAIGHT_FEED(102.541,157.278,36)
347 STRAIGHT_FEED(110.541,157.278,36)
348 STRAIGHT_FEED(110.541,111.278,36)
349 STRAIGHT_FEED(94.541,111.278,36)
350 STRAIGHT_FEED(94.541,157.278,36)
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351 STRAIGHT_FEED(102.541,157.278,36)
352 STRAIGHT_FEED(102.541,165.278,36)
353 STRAIGHT_FEED(117.541,165.278,36)
354 ARC_FEED(118.541,164.278,117.541,164.278, -1,
36.0000)
355 STRAIGHT_FEED(118.541,104.278,36)
356 ARC_FEED(117.541,103.278,117.541,104.278, -1,
36.0000)
357 STRAIGHT_FEED(87.541,103.278,36)
358 ARC_FEED(86.541,104.278,87.541,104.278, -1,
36.0000)
359 STRAIGHT_FEED(86.541,164.278,36)
360 ARC_FEED(87.541,165.278,87.541,164.278, -1,
36.0000)
361 STRAIGHT_FEED(102.541,165.278,36)
362 STRAIGHT_FEED(102.541,165.278,38)
363 STRAIGHT_TRAVERSE(102.5082,126.4779,38)
364 STRAIGHT_FEED(102.5082,126.4779,36)
365 ARC_FEED(109.741,119.278,102.541,119.278, -1,
34.0000)
366 ARC_FEED(102.541,119.278,106.141,119.278, -1,
34.0000)
367 STRAIGHT_FEED(102.541,149.278,34)
368 STRAIGHT_FEED(102.541,157.278,34)
369 STRAIGHT_FEED(110.541,157.278,34)
370 STRAIGHT_FEED(110.541,111.278,34)
371 STRAIGHT_FEED(94.541,111.278,34)
372 STRAIGHT_FEED(94.541,157.278,34)
373 STRAIGHT_FEED(102.541,157.278,34)
374 STRAIGHT_FEED(102.541,165.278,34)
375 STRAIGHT_FEED(117.541,165.278,34)
376 ARC_FEED(118.541,164.278,117.541,164.278, -1,
34.0000)
377 STRAIGHT_FEED(118.541,104.278,34)
378 ARC_FEED(117.541,103.278,117.541,104.278, -1,
34.0000)
379 STRAIGHT_FEED(87.541,103.278,34)
380 ARC_FEED(86.541,104.278,87.541,104.278, -1,
34.0000)
381 STRAIGHT_FEED(86.541,164.278,34)
382 ARC_FEED(87.541,165.278,87.541,164.278, -1,
34.0000)
383 STRAIGHT_FEED(102.541,165.278,34)
384 STRAIGHT_FEED(102.541,165.278,36)
385 STRAIGHT_TRAVERSE(102.5082,126.4779,36)
386 STRAIGHT_FEED(102.5082,126.4779,34)
387 ARC_FEED(109.741,119.278,102.541,119.278, -1,
32.0000)
388 ARC_FEED(102.541,119.278,106.141,119.278, -1,
32.0000)
389 STRAIGHT_FEED(102.541,149.278,32)
390 STRAIGHT_FEED(102.541,157.278,32)
391 STRAIGHT_FEED(110.541,157.278,32)
392 STRAIGHT_FEED(110.541,111.278,32)
393 STRAIGHT_FEED(94.541,111.278,32)
394 STRAIGHT_FEED(94.541,157.278,32)
395 STRAIGHT_FEED(102.541,157.278,32)
396 STRAIGHT_FEED(102.541,165.278,32)
397 STRAIGHT_FEED(117.541,165.278,32)
398 ARC_FEED(118.541,164.278,117.541,164.278, -1,
32.0000)
399 STRAIGHT_FEED(118.541,104.278,32)
400 ARC_FEED(117.541,103.278,117.541,104.278, -1,
32.0000)
401 STRAIGHT_FEED(87.541,103.278,32)
402 ARC_FEED(86.541,104.278,87.541,104.278, -1,
32.0000)
403 STRAIGHT_FEED(86.541,164.278,32)

404 ARC_FEED(87.541,165.278,87.541,164.278, -1,
32.0000)
405 STRAIGHT_FEED(102.541,165.278,32)
406 STRAIGHT_FEED(102.541,165.278,34)
407 STRAIGHT_TRAVERSE(102.5082,126.4779,34)
408 STRAIGHT_FEED(102.5082,126.4779,32)
409 ARC_FEED(109.741,119.278,102.541,119.278, -1,
30.0000)
410 ARC_FEED(102.541,119.278,106.141,119.278, -1,
30.0000)
411 STRAIGHT_FEED(102.541,149.278,30)
412 STRAIGHT_FEED(102.541,157.278,30)
413 STRAIGHT_FEED(110.541,157.278,30)
414 STRAIGHT_FEED(110.541,111.278,30)
415 STRAIGHT_FEED(94.541,111.278,30)
416 STRAIGHT_FEED(94.541,157.278,30)
417 STRAIGHT_FEED(102.541,157.278,30)
418 STRAIGHT_FEED(102.541,165.278,30)
419 STRAIGHT_FEED(117.541,165.278,30)
420 ARC_FEED(118.541,164.278,117.541,164.278, -1,
30.0000)
421 STRAIGHT_FEED(118.541,104.278,30)
422 ARC_FEED(117.541,103.278,117.541,104.278, -1,
30.0000)
423 STRAIGHT_FEED(87.541,103.278,30)
424 ARC_FEED(86.541,104.278,87.541,104.278, -1,
30.0000)
425 STRAIGHT_FEED(86.541,164.278,30)
426 ARC_FEED(87.541,165.278,87.541,164.278, -1,
30.0000)
427 STRAIGHT_FEED(102.541,165.278,30)
428 STRAIGHT_FEED(102.541,165.278,32)
429 STRAIGHT_TRAVERSE(102.5082,126.4779,32)
430 STRAIGHT_FEED(102.5082,126.4779,30)
431 ARC_FEED(109.741,119.278,102.541,119.278, -1,
28.0000)
432 ARC_FEED(102.541,119.278,106.141,119.278, -1,
28.0000)
433 STRAIGHT_FEED(102.541,149.278,28)
434 STRAIGHT_FEED(102.541,157.278,28)
435 STRAIGHT_FEED(110.541,157.278,28)
436 STRAIGHT_FEED(110.541,111.278,28)
437 STRAIGHT_FEED(94.541,111.278,28)
438 STRAIGHT_FEED(94.541,157.278,28)
439 STRAIGHT_FEED(102.541,157.278,28)
440 STRAIGHT_FEED(102.541,165.278,28)
441 STRAIGHT_FEED(117.541,165.278,28)
442 ARC_FEED(118.541,164.278,117.541,164.278, -1,
28.0000)
443 STRAIGHT_FEED(118.541,104.278,28)
444 ARC_FEED(117.541,103.278,117.541,104.278, -1,
28.0000)
445 STRAIGHT_FEED(87.541,103.278,28)
446 ARC_FEED(86.541,104.278,87.541,104.278, -1,
28.0000)
447 STRAIGHT_FEED(86.541,164.278,28)
448 ARC_FEED(87.541,165.278,87.541,164.278, -1,
28.0000)
449 STRAIGHT_FEED(102.541,165.278,28)
450 STRAIGHT_FEED(102.541,165.278,30)
451 STRAIGHT_TRAVERSE(102.5082,126.4779,30)
452 STRAIGHT_FEED(102.5082,126.4779,28)
453 ARC_FEED(109.741,119.278,102.541,119.278, -1,
26.0000)
454 ARC_FEED(102.541,119.278,106.141,119.278, -1,
26.0000)
455 STRAIGHT_FEED(102.541,149.278,26)
456 STRAIGHT_FEED(102.541,157.278,26)
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457 STRAIGHT_FEED(110.541,157.278,26)
458 STRAIGHT_FEED(110.541,111.278,26)
459 STRAIGHT_FEED(94.541,111.278,26)
460 STRAIGHT_FEED(94.541,157.278,26)
461 STRAIGHT_FEED(102.541,157.278,26)
462 STRAIGHT_FEED(102.541,165.278,26)
463 STRAIGHT_FEED(117.541,165.278,26)
464 ARC_FEED(118.541,164.278,117.541,164.278, -1,
26.0000)
465 STRAIGHT_FEED(118.541,104.278,26)
466 ARC_FEED(117.541,103.278,117.541,104.278, -1,
26.0000)
467 STRAIGHT_FEED(87.541,103.278,26)
468 ARC_FEED(86.541,104.278,87.541,104.278, -1,
26.0000)
469 STRAIGHT_FEED(86.541,164.278,26)
470 ARC_FEED(87.541,165.278,87.541,164.278, -1,
26.0000)
471 STRAIGHT_FEED(102.541,165.278,26)
472 STRAIGHT_FEED(102.541,165.278,28)
473 STRAIGHT_TRAVERSE(102.5082,126.4779,28)
474 STRAIGHT_FEED(102.5082,126.4779,26)
475 ARC_FEED(109.741,119.278,102.541,119.278, -1,
24.0000)
476 ARC_FEED(102.541,119.278,106.141,119.278, -1,
24.0000)
477 STRAIGHT_FEED(102.541,149.278,24)
478 STRAIGHT_FEED(102.541,157.278,24)
479 STRAIGHT_FEED(110.541,157.278,24)
480 STRAIGHT_FEED(110.541,111.278,24)
481 STRAIGHT_FEED(94.541,111.278,24)
482 STRAIGHT_FEED(94.541,157.278,24)
483 STRAIGHT_FEED(102.541,157.278,24)
484 STRAIGHT_FEED(102.541,165.278,24)
485 STRAIGHT_FEED(117.541,165.278,24)
486 ARC_FEED(118.541,164.278,117.541,164.278, -1,
24.0000)
487 STRAIGHT_FEED(118.541,104.278,24)
488 ARC_FEED(117.541,103.278,117.541,104.278, -1,
24.0000)
489 STRAIGHT_FEED(87.541,103.278,24)
490 ARC_FEED(86.541,104.278,87.541,104.278, -1,
24.0000)
491 STRAIGHT_FEED(86.541,164.278,24)
492 ARC_FEED(87.541,165.278,87.541,164.278, -1,
24.0000)
493 STRAIGHT_FEED(102.541,165.278,24)
494 STRAIGHT_FEED(102.541,165.278,26)
495 STRAIGHT_TRAVERSE(102.5082,126.4779,26)
496 STRAIGHT_FEED(102.5082,126.4779,24)
497 ARC_FEED(109.741,119.278,102.541,119.278, -1,
22.0000)
498 ARC_FEED(102.541,119.278,106.141,119.278, -1,
22.0000)
499 STRAIGHT_FEED(102.541,149.278,22)
500 STRAIGHT_FEED(102.541,157.278,22)
501 STRAIGHT_FEED(110.541,157.278,22)
502 STRAIGHT_FEED(110.541,111.278,22)
503 STRAIGHT_FEED(94.541,111.278,22)
504 STRAIGHT_FEED(94.541,157.278,22)
505 STRAIGHT_FEED(102.541,157.278,22)
506 STRAIGHT_FEED(102.541,165.278,22)
507 STRAIGHT_FEED(117.541,165.278,22)
508 ARC_FEED(118.541,164.278,117.541,164.278, -1,
22.0000)
509 STRAIGHT_FEED(118.541,104.278,22)
510 ARC_FEED(117.541,103.278,117.541,104.278, -1,
22.0000)

511 STRAIGHT_FEED(87.541,103.278,22)
512 ARC_FEED(86.541,104.278,87.541,104.278, -1,
22.0000)
513 STRAIGHT_FEED(86.541,164.278,22)
514 ARC_FEED(87.541,165.278,87.541,164.278, -1,
22.0000)
515 STRAIGHT_FEED(102.541,165.278,22)
516 STRAIGHT_FEED(102.541,165.278,24)
517 STRAIGHT_TRAVERSE(102.5082,126.4779,24)
518 STRAIGHT_FEED(102.5082,126.4779,22)
519 ARC_FEED(109.741,119.278,102.541,119.278, -1,
20.0000)
520 ARC_FEED(102.541,119.278,106.141,119.278, -1,
20.0000)
521 STRAIGHT_FEED(102.541,149.278,20)
522 STRAIGHT_FEED(102.541,157.278,20)
523 STRAIGHT_FEED(110.541,157.278,20)
524 STRAIGHT_FEED(110.541,111.278,20)
525 STRAIGHT_FEED(94.541,111.278,20)
526 STRAIGHT_FEED(94.541,157.278,20)
527 STRAIGHT_FEED(102.541,157.278,20)
528 STRAIGHT_FEED(102.541,165.278,20)
529 STRAIGHT_FEED(117.541,165.278,20)
530 ARC_FEED(118.541,164.278,117.541,164.278, -1,
20.0000)
531 STRAIGHT_FEED(118.541,104.278,20)
532 ARC_FEED(117.541,103.278,117.541,104.278, -1,
20.0000)
533 STRAIGHT_FEED(87.541,103.278,20)
534 ARC_FEED(86.541,104.278,87.541,104.278, -1,
20.0000)
535 STRAIGHT_FEED(86.541,164.278,20)
536 ARC_FEED(87.541,165.278,87.541,164.278, -1,
20.0000)
537 STRAIGHT_FEED(102.541,165.278,20)
538 STRAIGHT_FEED(102.541,165.278,65)
539 PROGRAMME_END
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