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Abstract

In the recent decades, advances in design of 3D waldels have been obtained due to
the novel software and computing developments iditad to innovative design

possibilities by using Computer Aid Design (CAD)new product design. One of the
superior methods to optimize the design proces3bfshapes is reusing of existing
knowledge to assist in the design of new partghis concept, a classification system
makes use of this huge amount of existing knowlealgglable and possible for the

design as well as for the manufacturing. The adgabf using these knowledge results
in reducing time and cost in the design procesa @hrt. To achieve this goal, the
philosophy of Group Technology that aims to grood alassify parts has been applied.
As a well-known approach of Group Technology, theit© Code System has been
selected for this project which classifies manufeng features of rotational and non-
rotational solid models generating a shape sigeatlihis Thesis aims to analyze,
develop and realize the non-rotational sectionhef ©Opitz Code. To recognize and
extract the features of non-rotational parts, IG&$nat has been implemented. This
format identifies the boundary representation afhape and generates a file with all
their values. For the similarity comparison, a ndigtance function to compare Opitz

codes has been implemented. To conclude this @seaGraphic User Interface (GUI)

has been implemented to manage properly the fuleldped system including the
database.
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Chapter 1

INTRODUCTION
1.1 Background

Design and manufacturing of solid models have hekl changes along the last
decades. One of the immense leading factors ipdlsibility of new technologies as
computers and software that are advancing the mlgsigcess of solid models. In the
topic of design, Computer Aid Design (CAD) has adluced the use of computer
systems to assist in the creation, modificatioralysis or optimization of a 3D model
design beside Computer Aid Manufacture (CAM) whscipports computer software to
control machine tools and related machinery innttaaufacturing of workpieces. These
technologies generate several advantages in thetiameprocess of solid models,
reducing cost and time of design and manufacturing.

As a connection between CAD and CAM, techniquek wie goal of part classification
and grouping have been developed by researchespGiechnology (GT) is one of the
effective techniques with the aim of grouping padsoptimize some manufacturing
problems; the philosophy of GT is improve the mawtiring efficiency identifying
and grouping parts.

One possible classification technique to obtainoadgconnection between CAD and
CAM that follows the GT philosophy is the generatiof a shape signature for each
part. A shape signature is a vector of digits basedittributes or characteristics of a
solid model. There are several methods to extradt generate shape signatures, for
example; manufacturing feature recognition, graplsed techniques, global feature
techniques, methods based in histograms, etc. RO

Opitz Code System is a classification system ugkigtechnique to generate a five
digits vector based on features of the part. Opdde is divided in two main categories
from the beginning; rotational parts and non-rotaai parts. This thesis and research
work focuses on studying and realization of nomtiohal parts. This category includes
classification of parts as flat, long or cubic slathe main shape that can be rectangular,
angular, triangular, etc. The amount or directiohsain bores, machining surface and
auxiliary holes can be classified as well in thdeco

Once the classification of parts is done by shapeature as the Opitz code, the
similarity measure between shape signatures habetaleveloped. The similarity
measurement aims to optimize the design due teevatrof similar designs which
results design time reduction and consequently aesfuction. With similarity
techniques, the possibility of storing shape sigrest in form of Opitz codes in a
database and comparing them using distance furscigosn important advantage for the
design process of 3D shapes.

15



1.2 Motivation and problem statement

As a motivation, the achievement of develop a pigpgystem able to classify and
compare non-rotational parts to reuse the existegign knowledge of 3D shapes with
the aim of reducing time and cost in the designcgss of parts is going to be
developed. For the classification part, a featuxgaetion method is developed to
generate a shape signature based on Opitz CodengyBor the comparison between
parts, the development of a new distance functioassess similarities between Opitz
codes is performed.

The amount of possibilities to extract the properharacteristics of the part and to
perform a properly distance function difficult ttesk to execute. On one hand, the big
amount of techniques to generate shape signatuakesrthe choice of one difficult.
Focusing in the literature review, the use of feagxtraction methods could be a good
application; but the amount of possible featureshef part is a big issue too. On the
other hand, the classification of non-rotationat f@not as common as rotational parts.
The amount of possibilities of features in non-tiotzal parts and the variation of the
part according to the perspective and position leg part in the axis difficult
considerably the task; also the amount of researftrenon-rotational parts is much
lesser than for rotational-parts. Finally, the depment of a distance function for
similarity assessment for Opitz Code System isllfoteew, there aren’t any research
focusing in this topic.

1.3 Objectives of the thesis

The main objective of this Thesis is to developyateam to recognize and extract

features for non-rotational parts; with this infatmon generate a shape signature of
each part to classify them and compare them widbweeloped distance function. In the

next steps the objective is presented better spdcif

» Study and review the different methodologies ofpghsignature generation and
classification, especially different models of GidaOpitz coding system.

* Investigate the feature recognition and extractidnnon-rotational parts of
products based on Opitz code.

» Automatic Opitz code generation for non-rotatiopaits.

e Study and implementation of an optimum distancection for Opitz Code
System.

« Validate the system generating a database of padsesting them.

1.4 Organization of the thesis

Based on the objectives defined for the resealtih,thesis consists of seven chapters
explained as following:
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Chapter 1: The introduction with the background, the motigatiand the
objectives of the thesis.

Chapter 2: The literature review of several 3D shape seagchacthniques
based on shape signatures is presented in thiersect

Chapter 3: Introduction and explanation of Group Technolodmlgsophy and
Opitz Code System.

Chapter 4: Introduction and explanation of the technique Hasa feature
recognition and extraction for solid models. Instiohapter, the functionality of
IGES format is presented too.

Chapter 5: A literature review of similarity measures for themparison of
shape signatures is presented. The new implemergthce function for Opitz
Code System is explained too in this chapter.

Chapter 6: The developed system for classification and comparof non-
rotational parts is presented in this chapter.

Chapter 7: This chapter attaches a final example of the dgesl program with
the validation and a classified database.

Chapter 8: The conclusion of the research is presented sndimapter.

Appendix A, an additional appendix explaining ti8ES file entities used in the
developed system is included to this Thesis.
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Chapter 2

3D SHAPE SEARCHING TECHNIQUES BASED ON
SHAPE SIGNATURES

2.1 Introduction

One of the efficient ways to asses shape simil@ity first abstract 3D object parts into
a shape signature that could be a graph, a vectan ordered collection of numeric
values [CGKO03] and use these shape signaturesrtoripesimilarity comparison. So,
one of the most important points of comparing 3Bp&Es is the techniques that generate
a shape signature of a 3D model. These signattlniadds describe the features of the
3D model needed for similarity assessment. Theofoilg criteria are important to
generate a proper shape signature [IJLKRO4]:

» Scope: the shape signature must be able to desdritlasses of shapes.

» Uniqueness: there should be only one possibilitwben the part and the shape
signature.

» Stability: the shape signature must be stablerfallschanges in the shape.

» Sensitivity: the shape signature must be capabéajpturing even details of the
part.

» Efficiency: it should be easy to compare shapeaiges.

There are different ways to classify the techniqiines generate shape signature of 3D
models; different researches that categorize thiaads with different approaches; all
of these categorizations are similar because threybased on the same idea of
classification methods focus in shape signaturethé following research it is possible
to see the difference [CGKO03, IJLKRO4]. This surveyes to give an idea of this
categorization focus in the paper [IJLKR04].

2.2 Categories of the 3d shape searching techniques
In the following section a classification of diféeit techniques to extract shape
signatures of 3D models that is based on [IJLKR§4Fesented.

2.2.1 Global-feature-based-techniques

The global properties of 3D model such as momemisriants, Fourier descriptors or
geometry ratios are used in this technique. Theestsagnature usually is a feature
vector with parameters, moments, spherical harnsomtc. One of the most important
advantages of this technique is the high computatiefficiency. In the other hand the
disadvantage of this technique is that the teclenfgil to capture the specific details of
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a shape because the technique is not very robukitdail to discriminate among
locally dissimilar shapes too.

Cybenko et al. [CBC97] developed a 3D base syshatina series of feature vectors are
extracted, namely, second order moment invariaptserical-kernel moment invariants,
bounding box dimensions, the object centroid amthsa areas.

2.2.1.1 Moments

3D Moments are defined in terms of the Riemanrgnate IJLKRO4].

The most important advantage of this techniquaedast computation and comparison,
one of the important characteristics of this metisodlassification of a big amount of
shapes. On the other hand the disadvantage otdatimique is the low stability for
some classes of shapes due to the big amount sibf@snoments that are able to be
calculated in the shapes.

CAD model Voxel model

Mogr = .[ j _[ XXX (% X, X,) degde, my, =200 N X NX p(X 5 X))

) =T =
Momennts in continuous space Moments in discrete space

Figure 1: 3D moments in continuous and discrete spa [IJLKR04]

2.2.1.2 Spherical harmonics

Spherical harmonics are a decomposition of spheftucetions by finding the Fourier
transform on a shape. The spherical harmonic @efiis can be used to reconstruct an
approximation of the underlying object at differémtels. Similar to moments, a partial
yet accurate description of the part can be obtiabeusing a limited subset of Fourier
coefficients.

Amplitude graphs

E.- if; — |

Spherical Harmonic Spherical Invariant

3D Voxel Model . : 3 4
Functions Functions Signatures Signatures

Figure 2: Spherical Harmonics-based representatioof a 3D model [IJLKR04]
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2.2.1.3 Geometric parameters

Geometric parameters such as surface area to valatoe compactness, crinkliness,
convex hull features, bounding box aspect ratial Bnler numbers are also used as
shape representations.

2.2.2 Manufacturing feature recognition-based techiques

The shape representation for a 3D model is detewdhiby various properties of
extracted machining and manufacturing featuresettieatures usually are holes, slots
or pockets. The shape signature can be a vectogmph [IJLKRO4].

Code 3 L0 =30
5 Stepped with thread (external)
4 Stepped by smadth (internal)
0 Mo surface machining
O Mo auxiliary holes

LING thread

o O

JE20

N e e ——

|
| 4

FL 1.260 =

Figure 3: Example of Opitz code that extracts shapteatures [Hawo68]

The advantage of this technique is that uses metwiiag domain knowledge in the

process of the creation of the shape signature.th@nother hand there are some
disadvantages; for example, if there are same shajpey may have different

recognized features and the technique may requireh intervention.

A feature recognition-based technique to identifgnilarities between parts was
developed by Ramesh et al. [RYDO1].

2.2.3 Graph-based techniques

The topology of 3D models is represented in thenfof a relational data structure such
as graphs and trees. Tree comparison tends tosber fand easier compared to graph
comparison. However, most engineering componentsiatabe represented as trees
[IJLKRO4].

One of the most important advantages of this metredirst that the technique allow
representation at multiple levels of detail andlités matching of local geometry and
second that graphs can be matched based on ex@metxact matching techniques. On
the other hand the most important disadvantagethatehe technique is intractable for
large graphs because of the high complexity of lyragatching problems and graph
comparison costs increase proportionally with grsigh.
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2.2.3.1 B-rep graph matching

3D models are usually represented as Boundary BRemaion (B-Rep), the most
common formats are IGES (Initial Graphics Excharfeecification) and STEP
(Standard for Exchange for Product Data). The B-Remat represents a shape as a
graph in terms of bounded B-Spline surface.

The most important advantages of this representatie that the graphs contain
detailed shape information and a partial matchsgassible. On the other hand the
disadvantages of this technique are that a largphgsize may affect efficiency or
sometimes could happen that similar 3D models dohawe the same graph. Other
important disadvantage is that sometimes a simpi¢ {gends to have a large and
complicate shape signature.

El-Mehalawi and Miller [EMO3] used the attributedagh matching approach to
compare CAD models of engineering parts in the ST&at. The models are
converted from the STEP format to graphs with geamattributes.

2.2.3.2 Spectral graph theory

Spectral graph theory is a branch of mathematiasriates the Eigenvalue spectra of
the adjacency matrix of graphs with other geomeimariants of the graphs. One
example of this technique was developed by McCWh@M@RS01].

2.2.3.3 Reeb graphs

Reeb graphs define a skeleton structure (tree)hwisicletermined using a continuous
scalar function on an object; this function is greged over the whole body to make it
invariant to the starting point. Multi-Resolutiore@ Graph is a 3D model divided into
a numbers of levels based on the value of the isttalation [IJLKRO4].

q".
(A
i\ |

left
arm

rignt
arm

right laft
leg leg
Reeb Graph Arnotated Reel Graph

Figure 4: Reeb Graph of a 3D human model [JS12]

This graph representation has the advantage ofgh®iore simple than the B-Rep
representation and the matching and the comparisofaster than B-Rep too.

22



Otherwise, the main disadvantages are that thiseseptation is not applicable to all
classes of 3D models and the choice of Reeb fumcbald affect results significantly.

Hilaga et al. [HSKKO1] used Multi-resolution Reelvaghs (MRGs) for representing
the topology of 3D shapes as an extension of tiggnat Reeb Graphs.

2.2.3.4 Skeletal graphs

Skeletal graphs techniques compute the skeletoa ofodel and convert it into a
skeletal graph (tree) as its shape representafikeletonization can be performed by
various methods such as distance transform, Thynmi/oronoi-based [IJLKRO4].

This graph representation has the advantages ofjliepology preserving and being
smaller in size than B-Rep so they can be usedubgraph isomorphism at a very low
computational cost. Other important advantage & the local part attributes can be
stored for a more accurate comparison. Otherwieentain disadvantage is that many
engineering 3D model parts are not amenable toegkakation by Thinning so this
representation is not applicable for all kind ogés.

Sundar et al. [SSGDO03] presented a skeletal gragkéb method using distance
transform.

3D Voxel Model 3D Skeleton Skeletal Graph
@ Closed Loop Entitics O Edge entities (straight or curved)

Figure 5: Skeletal Graph based representation [IILKFR4]

2.2.4 Histogram-based-techniques

Histogram-based methods sample points on the suda¢he 3D model and extract
characteristics from the sampled points. The shapeesentation is a histogram or
distribution and the characteristics are organinatl

Histogram-based methods have a tradeoff betweemputational cost and number of
sampled points. Sampling a lower number of poiesi$ to very low accuracy.

Ankerst et al. [AKKS99] used shape histograms iard@ng or 3D protein structures.
Before the computing of shape histograms, modeds rmrmalized with respect to
translation and rotation.
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2.2.4.1 Shape histograms

Shape histograms are based on a partitioning afespawhich 3D model reside. The
space is decomposed into disjoint cells, whichespond to the bins of the histogram.
Three techniques are suggested for space pamitjorshell, sector and spiderweb
model.

The main advantages of shape histograms are tlzagod method for general shape

classification and the possible quick comparisolaige databases. On the other hand a
large number of bins are required to accuratelgmas a shape and this may be a good
disadvantage [IJLKRO4].

2.2.4.2 Shape distributions

The shape representation is a probability distidmusampled from a shape function
measuring the geometric properties of a 3D moddéle Tain problem of these
distributions is that sometimes different 3D mopletts can have similar distributions.

. J

——— L

a) Line segment. b] Circle.

c) Triangle. d) Cube.
/\ _,_,_,_—'—"_'_'_'_'______'_F
€) Cylinder {(without caps). f) Sphere.
£} Two adjacent unit h} Two unit spheres separated
spheres. by 1.2, 3, and 4 units,

Figure 6: Shape Distributions of 3D models [OFCDO01]

2.2.5 Product information-based techniques

These techniques are specifically designed fordiiain of engineering parts. Part
designs are described either based on their manufag attributes or on their
geometry.

A system for exchanging of product information bet¢w designers and manufacturing
service providers over the Internet in a distriduteetting was developed by
Kalyanapasupathy et al. [KLM97].

2.2.5.1 Group Technology

Group Technology is a manufacturing philosophy ol the parts having similarities
(geometry or manufacturing process) are groupedtheg to achieve higher level of
integration between the design and manufacturimgetions of a firm. The shape
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descriptor will be a GT Code [GT12]. In the nextapter, a full description of this
philosophy will be explained.

The main advantage of GT is using enterprise Speatifmain knowledge but otherwise
this technique is difficult to automate becausetltd high dependence on human
intervention.

Part
|

[

A if bent B if machined C if flat
1l straight 2 il curved
1 if single 2 if multiple
bend bentds -_—
[
[ ]
B if Bend H if Holes
==
1if 2if 3if Aif Bif
=90° =00° =00 haolles no holess AlIBIHA

Figure 7: Example of a Group Technology Code [IJLKR0O%
2.2.5.2 Section image-based

These methods rely on the 2D silhouette representaif parts of their sections to
determine similarity. The shape descriptor is ofideature vector.

This technique works well for legacy drawings in 28Bd it is useful for searching 3D
models from 2D drawings. Otherwise, this technigeed a large amount of data or
time required for training neural network for coewkhapes.

2.2.6 3D object recognition-based techniques

In the section is presented three methods that h@em used for detecting shape
similarity from a database of models [IJLKRO4]. Tim@st important disadvantage of
these techniques is that have been tested for elimishapes and have high
storage/computational costs.

2.2.6.1 Aspect graph

The aspect graph representation indentifies regwinghe viewing sphere where
equivalent views and neighborhood relations orvtbeing sphere generate a graphical
structure of views.

The main advantage of this representation is thigt technique is useful for image
based recognition of components. On the other hbhedmain problem is that this
technique requires a very high storage space.

Cyr and Kimia [CKO01] used aspect graphs to assessimilarity between 3D models.
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2.2.6.2 Extended Gaussian Images (EGI)
Depth maps or needle maps computed for real-waedes are processed to create an
orientation histogram for the visible half of thawsian sphere in segmented objects.

This technique has a unique representation for eonmebjects, which is a good
advantage, but on the other hand an infinite nurob@&on-convex objects can possess
the same EGI.

Shum proposed a variant of the EGI in [SHI96].

2.2.6.3 Geometric hashing
A 3D object is parsed into basic geometric featsresh as surface points.

This technique has the advantage that it is veejuli$or extract matching between 3D
models. Otherwise the main problem is the very Htgitage space that this technique
requires.

Wolfson and Rigoustos [WR97] described the 3D impatation aspects of the
geometric hashing algorithm.
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Chapter 3

GROUP TECHNOLOGY & OPITZ CODE
3.1 Group Technology

3.1.1 Definition

Nowadays due to the huge amount of data that huimasso manage, it is important to
find ways to organize this data for reducing ac@ess searching time. To accomplish
this, lot of methods have been developed. Focusthis Thesis, in the field of
manufacturing parts; a method that classifies pats organizes them could be a good
idea to reduce time and costs in design and matunéaof shapes.

Group Technology is a design and manufacturingogbphy in which parts having

similarities (geometry, manufacturing process orction) used to be categorized into
groups in order to achieve economies of scale nibyraasociated with high-volume

production. For the grouping of the parts a Groaphhology Code is used [GT12].

3.1.2 Applications
The Group Technology technique has a large amomgifcation but the major role of
GT is in design systems and manufacturing systdims.most important categories of
application of GT are:

» Systems based on part design attributes.
» Systems based on part manufacturing attributes.
» Systems based on both design and manufacturiniguats.

With Group Technology it is possible to developigessystems that are useful to
design shapes models with retrieval information anoimote design standardization
and manufacturing systems that lead to similar faanturing machines or process for
similar parts, called Cellular Manufacturing [ToGj1

3.1.3 Classification of shapes
Based on [Sund94], there are three ways for claatn of parts that have been
identified.

1. Visual inspection: may use photos or part printsl #imese methods utilize
subjective judgment.

2. Grouping by parts coding (PCA): coding systemsusiel to classify the shapes.

3. Production flow analysis (PFA): information contaghon the route sheet is used
in these methods.
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3.1.4 Advantages of group technology

In this section, some of the most important advgedahat can be resulted using GT in
design and manufacture of parts are listed as [TR84ws:

* Reduce engineering costs.

* Enable cellular manufacturing.

* Accelerate product development.
* Improve costing accuracy.

e Simplify process planning with design standard@adi and similar
manufacturing systems.

* Reduce tooling costs.

3.1.5 Structure of Group Technology codes

A Group Technology (GT) code is an alphanumerimgtwhich represents important
information about the products (features, volunmeg,scharacteristic, etc.). Comparing
the GT codes of two products is a quick and efficimethod for estimating product
similarity. GT codes can be used to search a ds¢albé products and retrieve the
designs and process plans of those products whlsimilar to a given design, to
generate new process plans automatically using avlkdge-based system, and to
assess manufacturability of a product design.

Group Technology codes can be made with differemctires. Three main structures
for creating GT codes based on [GT12] are discussed

3.1.5.1 Hierarchical structures (monocodes)

Here, each digit (or position) in the code repréesarfeature/sub-group. For example, in
the figure 8, one digit divide the parts in two gps, rotational and prismatic shapes and
other digit divide the parts in different featuresth or without holes [LMS08].

In this sense, each subsequent digit is qualifiethb preceding digits (or, in an object-
oriented sense, each subsequent digit inheritgribpgerties of the previous digits).

rotationa “eprisrmatic
L

l_.-" -
has holes “na hales has holes no holes

@ @ @

Figure 8: Monocode structure [LMS08]
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Advantages of monocodes:
* With just a few digits, a very large amount of infation can be stored.

* The hierarchical structure allows parts of theectmlbe used for information at
different levels of abstraction.

Disadvantages:
* Impossible to get a good hierarchical structurariost features/groups.

» Different sub-groups may have different levels soib-sub-groups, thereby
leading to blank codes in some positions.

3.1.5.2 Chain codes (polycodes)
In this method, the code digit represents one feaflihus, the value of any given digit
(or position) within the code has no relation te tther digits [LMSO08].

Advantages:
* Easy to formulate
Disadvantages:

e Less information is stored per digit; thereforey& a meaningful comparison of,
say, shape, very long codes will be required.

» Comparison of coded parts (to check for similangquires more work.

3.1.5.3 Hybrid codes

In this case, the code for a part is a mixtureaygodes and monocodes. It retains the
advantage of both structures. This is the most contynused method of coding and
classification. One important example is the Opilede that is a Hybrid Code
[LMSO08].

Poly code Mono code Poly code

Figure 9: Hybrid structure [LMS08]
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3.1.6 Different GT codes

Some of the most famous GT codes are explainedeiméxt section [CM 7, MS, CG
07].

3.1.6.1 Opitz code

Opitz code is one of the most important codes fassifications shapes in Group
Technology. It can have 3 sections; it starts wvaithive-digit “geometric form code”
followed by a four-digit “supplementary code” ariteh at the end it may be followed
by a company-specific four-digit “secondary coder’ dlescribing production operations
and sequencing [Hawo68].

In the next table is represented the basic straatithe first nine digits of the code.

Form code Supplimentary

code
Digit 1 Digit 2 Digit 3 Digit 4 Digit 5 Digit
Part class 6 7 8 0
Main shape Rotational Plane surface Additional hol_es
9 L/D<0.5 \ machining machining teeth and forming
—_— External [nternal Machining Other
1 05<L/D<3 shape shape ——  of plane holes and
|| element element L  surfaces teeth
2 é LD=3 :ﬁ
3 g With deviation — Machinin Other holes, g
®| Lbpea Main Ratational | | 7 planeg teeth and 5
. Wit deviation shape machining e forming HE iy
L/D>2 2|5 |5 |E
. "é‘ = 218
5 Special Main 5 Z S|«
shape &
AB=3 k=
6 AIC= 4 — 5
1= Main Main bore and Machining Other holes, E
7| 8 A/B=3 sha rotational of plane teeth and =
2 pe “hini rf formi
e el machining surfaces orming
8 B A/B=3
s <4
b 2 aabic \ Main
9 Special shape

Figure 10: Basic structure of the Opitz Code [Opit8]

3.1.6.2 DCLASS code

Design and Classification Information System (DCISASvas developed at Brigham
Young University. Several premises were adopted aseld as the basis for the
development of the DCLASS code:

1. A part may be best characterized by its basic shagally its most apparent
attribute.

2. Each basic shape may have several features, sucblexss slots, threads, and
grooves.

3. A part can be completely characterized by basipshfeatures; size; precision;
and material type, form, and condition.

4. 4 Several short code segments can be linked to éopart classification code
that is human recognizable and adequate for huntamtoning.

5. Each of these code segments can point to mordetktaformation.
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The DCLASS part family code is formed of eight thgpartitioned into five code
segments as it can be seen in the figure 11. Téteskkgment, composed of three digits,
classifies the basic shape. The form features eodee next segment and it has only
one digit; this code is used to specify the comipjeof the part, which includes features
(such as holes and slots), heat treatments, araasgerface finishes. The one-digit-
size code is the third segment of the part famdgec The fourth segment denotes
precision; it is one digit in length. The final twaigits, which comprise the fifth
segment of the part family code, are used to diags material type [ESO7].

Form
Basic shape features Size Precision Matenal
N /

]
Eight-digit code

Figure 11: DCLASS structure code

3.1.6.3 MICLASS code

MICLASS stands for Metal Institute Classificatioysgem and was developed by the
Netherlands Organization for Applied Scientific Basch (TNO). It was started in

Europe about five years before being introducedhim United States in 1974. The
MICLASS was developed to help automate and stamdard number of design,

production, and management functions, which indude

» Standardization of engineering drawings

» Retrieval of drawings according to classificatiamber

» Standardization of process routing

* Automated process planning

» Selection of parts for processing on particulaugsoof machine tools

e Machine tool investment analysis

The MICLASS classification number can range fromtd 30 digits. The first 12 digits
are a universal code that can be applied to anly parto 18 additional digits can be
used to code data that are specific to the paati@dmpany or industry [ESO7].

The workpiece attributes coded in the first 12 tdigf the MICLASS are as follows:
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Code position Item

1 Main shape
2 Shape
3 elements
4 Position of
shape
element
Main
6 dimension
7 Dimension
ratio
8 Auxiliary
dimension
9 Tolerance
10 codes
11 Material
12 codes

Figure 12: The first twelve digits of MICLASS Code

3.1.6.4 CODE system

The CODE system is a parts classification and gpdiystem developed and marketed
by Manufacturing Data Systems (MDSI). Its most ensal application is in design
engineering for retrieval of part design data, butalso has applications in
manufacturing process planning, purchasing, tosigieand inventory control.

The CODE number has eight digits. For each digitedhare 16 possible values (zero
through 9 and A through F) which are used to dbsctihe part’s design and
manufacturing characteristics. The initial digitsgion indicates the basic geometry of
the part and is called the Major Division of the @©system. This digit would be used
to specify whether the shape was a cylinder, flacgy block, or other. The
interpretation of the remaining seven digits degeond the value of the first digit, but
these remaining digits form a chain-type structtitence the CODE system possesses a
hybrid structure [ESO07].

32



CODE (Manufacturing Data Systems)
A-diget hexadecimal u-rnipntymdu

4
—pma ma

_I;-megmufmﬁ less than 1.00

onymmun less than 1.20
Ho fats, siots, profrusions, grooves

or holes except centerhole

Single-dia through centerhole without threads

— Single OD
Rouwnd part concantnic about

— straight cantreling, no gear teeth or splines

I\

N\

2nd and 3rd digits

Basic geometry and principal manufacturing process.

ath, Sth and 6th digits

Secondary manufacturing process, e.g. threads, grooves, slots, etc.

7th and 8th digits

Owerall size of the part.

3.1.6.5 KK-3 code

It is a general-purpose classification and codiygiesn for machined parts, developed
by JSPMI in 1976. The feature of KK-3 is its leng?ii digits, and each digit may have
10 attributes attached to it. It is able to carrgreninformation than all other coding

Figure 13: Code System structure

systems. It classifies the dimensions and aspgotofthe parts [CM12].

Digit | Item Description
1 Part name General classification
2 Detail classification
3 Materials General classification
4 Detail classification
5 Chief dimensions Maximun length
6 Maximun diameter
7 Tatio of length/diameter
8 Extermal surface General outer shape
9 Concentric screw threads
10 Functional Groove
11 Irregular shape
12 Shaped surface
13 Cyclic surface
14 Internal surface General internal surface
15 Curved internal shape
16 Internal plane and cyclic surface
17 End surface
18 Nonconcentric hole Pattern of hole
19 Special hole
20 Non machining
operation
21 accuracy

Figure 14: KK-3 Code structure
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3.2 Opitz code

3.2.1 Definition

One of the most famous classification part code&iaup Technology is the Opitz
code. This code system was initially proposed bywdet Opitz in 1970 at Aachen
Technology University in Germany [Opit70]. The eodas a maximum of 14 digits
and each digit may contain 10 different valuesigaites). The first five digits are the
form code that describe the primary design attebudf the part, then the second four
numbers are the supplementary code that describefacuring related attributes and
finally there are a non really common part thataled secondary code that give more
detail of manufacturing attributes.

FORM CODE SUPLEMENTARY SECONDARY CODE
CODE
12345 6 78910 ABCD

Figure 15: Opitz Code values

Some of the advantages of this code are that nibtsproprietary, it is widely used,
provides a basic framework for understanding tlassification and coding process, it
can be applied to machined parts, non-machined pad purchased parts, it considers
both design and manufacturing information.

The applications of the Opitz classification cogstem are showed in the following
table [Hawo68]:

CONCERNED FACILITIES PROVIDED
DEPARTMENT
Design Variety reduction
Recognition of repeat or similar
parts
Standards Standard components easily
identified
Uniformity of characteristics
Production planning Use of repeat
Grouping parts requiring same
machines

Use of standard times
Production control Suitability for Data processing
Production Parts family manufacture

Equipment Adapting the machine tool to the
workpieces required

Figure 16: Applications of the Opitz Code System

In the form code, the first digit is the one thatk®es the difference between rotational
and non-rotational parts and in this digit it idsa dimensional ratio to evaluate the
geometry of the shape. For rotational parts the ames the length (L) and the diameter
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(D) of the part to classify it and for non-rotatarparts the code uses the edge lengths
of the components in decreasing order of magniiédeB and C). Then the second
digit is for external shapes and relevant formesghfeatures are recognized as stepped,
conical or straight contours. Threads and groovesakso important. The third digit is
for internal shapes, features are solid, bore@jgdtt or bored in a stepped diameter,
threads and grooves are integral part. The fourtit ds for the surface plane
machining, such as internal or external curvedasad, slots ar splines. And finally the
fifth digit is for auxiliary holes and gear teeth.

In the supplementary code there are four digies fitlst one is for diameter or length of
the workpiece, the second one is for material ugedthird one is for raw materials like
round bar, sheet metal, casting or tubing and oletti digit is for the accuracy of the
workpiece.

In the next table, the general structure of theedsgshowed [Opit70]:

Primary code
| |

Geomatrical Supplementary

code code Secondary code
| 11 . |
130754A70 0002423000
Component class | ‘ Piston holding method
External shape Tool holding method
Internal shape Cutting tool
Plane surface Accuracy of machined
machining surface
e el Dimensional class of
gear teeth ;
forming machined surface
Diameter D ——7«+—— ————— Measuring device
Material| —— - Quality characteristic
Initial form 1 Machining operation
Accuracy in | ; ,
coding digit | ' Machine type
i Machine class

Figure 17: Basic structure of the Opitz Code System

3.2.2. Classification of the digits

The first digit of the Opitz Code is the most imjamt digit that classifies the parts in
rotational and non-rotational; due to this Thebmt is focused on non-rotational parts,
in this section is going to be explained all thigilaites of the five digits of the form
code that classify the non-rotational parts. In fillowing tables the specification of
each attribute of the digits is presented. The fakle (figure 18) shows all the possible
attributes of the five digits of the Opitz Code tbe flat parts, when the digit one is six.
The second table (figure 19) represents all théates of the Opitz Code that classify
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the long parts, when the digit one of the codeeigen and the third table (figure 20)
represents the attributes that Opitz Code Systenmtchelassify the cubic parts, when the

digit one is eight.

DIGIT 2 DIGIT 3 DIGIT 4 DIGIT 5
MAIN FORM Main bore and Machining of plane Other holes, teeths and
rotational machining surfaces forming
Rectangular | O No features 0  Without surface Without features
plane machining
Right-angled | 1 | One smooth bore 1 Chamfers 1 One bore
triangle plane _5 direction
5 e
S Angularly 2| One bore multiple A flat surface £ = Several bore
S ascending “8 o directions
a Circularand | 3 One main bore | 3 | Stepped surface 3 E 5 One bore
rectangular with all form = 2| 2| diection
elements 3| <
Other 4| Two main bores 4 | Stepped surface == | £ Several
parallels vertically inclined = = bore
and/or opposed directions
Flat part rectangular of 5 More thantwo | 5 Groove and/or Formed
orthogonal with small main bores slot c 2 without
deviations paralells -% B drilling
£ O
Flat part round or any| 6 | Many main bored 6 Groove and/or ug § Formed with
other shape with smal perpendicular slot and 4 o= drilling
deviations =z
Flat part with regularly| 7 Ring groove 7 Curved surface 1 Gearing
arched form machining
surfaces
Flat part with 8 7 + main bore 8 Guided surface 8 Gearing witte hol
irregularly arched form
Other 9 Other 9 Other D Other

Figure 18: Attributes of the digits that classify ron-rotational flat parts [Opit68]
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DIGIT 2 DIGIT 3 DIGIT 4 DIGIT 5
MAIN FORM Main bore and Machining of plane Other holes, teeths and
rotational machining surfaces forming
& | Rectangular | 0 No features 0  Without surface Without features
S | cross-section machining
0
§ Ortogonal | 1 | One smooth bore 1 Chamfers 1 One bore
S | cross-section o direction
£ I o
c 3 Any cross- | 2 | One bore multiple 2 A flat surface 2 % = Several bore
5 section ascending % Y directions
"'E‘ Rectangular cross- 3 One main bore | 3 | Stepped surface 3 E 5 One bore
=) section with all form =2 % direction
g elements 35| <
" | Rectangularand| 4 | Two main bores| 4 | Stepped surface £ | £ Several
ortogonal cross- parallels vertically inclined = = bore
section and/or opposed directions
Other 5 More than two | 5 Groove and/or Formed
main bores slot c2 without
paralells 25 drilling
C o
ED
Rectangular, 6 | Many main bored 6 Groove and/or -g o Formed with
angular arbitrary perpendicular slot and 4 = drilling
cross-section -
% Shaped part T Ring groove | 7 Curved surface 1 Gearing
5 machining
o surfaces
5 | Shaped part with| 8 7 + main bore 8 Guided surface 8 Gearing witte hol
O | deviations in the
axis
Other 9 Other 9 Other D Other

Figure 19: Attributes of the digits that classify ron-rotational long parts [Opit68]
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DIGIT 2 DIGIT 3 DIGIT 4 DIGIT 5
MAIN FORM Main bore and Machining of plane Other holes, teeths and
rotational machining surfaces forming
Cuboid 0 No features 0  Without surface O Without features
machining
Ortogonal parts 1 Onesmoothbore |1 Chamfers 1 One bore
5 direction
” Composite 2 | One bore multiplg 2 A flat surface 2 g E’ Several bore
5 parallelepiped ascending S § directions
3 Parts mit mounting 3 One main bore | 3 | Stepped surface 3 2 o g One bore
X | surfaces and mair with all form g § & | direction
x bore elements 55| 2
Ez Parts with 4 | Two main bores| 4 | Stepped surface| 4 | 2 2 % Several
@ | mounting surfaces parallels vertically inclined § i bore
and main bore with and/or opposed £ | directions
distribution area =
Other 5 More than two | 5 Groove and/or | 5 o Formed
main bores slot g k= without
paralells g3 drilling
ED
A 6 | Many main bored 6 Groove and/or | 6 -g 3 Formed with
S perpendicular slot and 4 8 S drilling
o) i
q_) ~
2N
g fﬁ Any form | 7 Ring groove | 7 Curved surface 1 Gearing
L3 machining
ﬁ surfaces
@ % 8 7 + main bore 8 Guided surface 8 Gearing witle ho
O| o
3
g
n Any form | 9 Other 9 Other 9 Other

Figure 20: Attributes of the digits that classify ron-rotational cubic parts [Opit68]
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3.2.3 Examples
For the end of this part, a couple of examplesotdtional and non-rotational part are
introduced to facilitate the compression of thectionality of the code:

o -m- -1

Figure 21: Rotational 3D model

The figure 21 shows a rotational part; the Opitd€of this 3D model is 12131. The
first digit of the code means the part class, ia tase the number 1 says that the part is
rotational with L/D=2. The second number of theew 2, this number means that the
shape is asymmetrically and has an ascending steéppead. The third digit of the code
is 1; this value signifies that the internal shape asymmetrically ascending steps. The
forth digit in the code is 3 and this means thatgbrface machining is an external slot.
Finally, the fifth digit of the code is 2, this diglassify the auxiliary holes and means
that the shape has auxiliary holes evenly spaaetahe bolt circle.

A- A
!-A
i
99 [0 ]
3OAS) ik
? i~
2 o]
= O ——
i —?t:*_‘g' — C
e S £25 [A}—aw| 80 |
=
A,

Figure 22: Non-rotational 3D model

The figure 22 is presented a non-rotational pae; ®pitz Code value of this shape is
65443. The first digit that classifies the sizetloé shape and show that it is a non-
rotational part is 6; in this case it is represdraeflat part. The second digit that is 5
gives the information of the main shape; the pag mall deviations in the surface.
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The third digit of the code classifies the maindsoand in this case it is 4 that mean that
the shape has two main holes. The fourth digithaf part is 4 again and signifies that
the surface is a stepped plane. Finally, the @ftit that classifies the auxiliary holes is
3; in this case, there is a pattern for auxilianiel in one direction.
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Chapter 4

FEATURE TECHNOLOGY

4.1 Introduction

Feature technology is a concept that includesalltéchniques that work with features.
Nowadays the use of features is seen by many msesamls the key to get a good
integration between the design and the manufagamning of shapes in the industry
area.

The word “feature” signifies different meaning irfferent contexts depending on the
specific domain. A feature, in computer-aided desifAD), can be different

depending if it is referred to design, machining nanufacturing information. For

example, in design, feature is used as a net atehrsection, in manufacturing it is
used for features as holes, slots, bosses and tgpckemachining feature can be
regarded as the volume swept by a cutting tooltufeadata in a CAD model can be
represented either as a collection of surfacesotunwetrically, surface features are
usually used for example to describe manufactutabgrances or locating surfaces in
design.

Although there are lots of meaning for feature, basic of these definitions is that
features represent the engineering meaning ofeébengtry of a part, assembly, or other
manufacturing activity. In this Thesis, features aeen with their manufacturing point
of view, features such as holes, slots and pockgiish the designed part should

=) o0&

(a) part and features b} surface features
hole % P,u,:];ﬂ

() (volumewric) machining features

Figure 23: different types of features [HPROOQ]
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4.2 Design by features vs. feature recognition

Feature technology is divided in two different aggwhes, design by features and
feature recognition. Design by features that candiled feature-based design (FBD) is
the way of using manufacturing features to accoshpthe construction of parts and
feature recognition (FR) is a method to algorithattic extract higher level entities
(holes, loops, pockets, etc.) from lower level edais (curves, lines, surfaces, edges,
etc.) [HPROQO].

The advantage of design by features is that design pre-defined form feature can
make the process more efficient and features care s&s functional elements for
designers. But the way to design parts with manufagy features can be a problem
because it forces the designer to think in termsahufacturing operations during the
design process which often is not natural to dpery the design.

Automatic Feature Recognition (AFR) is regardedaasideal solution to automate
design and manufacturing processes. Computer Attedess Planning (CAPP) is the
way that CAD and CAM can be integrated, the linkwee=n CAD and CAM in that it
provides for the planning of the process to be usechanufacturing a designed part
[AKO6].

Feature Recognition is a discipline of solid maaglithat focus on the design and
implementation of algorithm for detecting manufactg information (holes, slots,
pockets, etc.) from solid models produced by CADBtays. One example of an
integration system of Feature Recognition is preddsy Jung Hyun Han [HHLYO1].

Solid models . Prape e
o

design
feature model

manufacnring
feature model

£ feature model
. conversion

Figure 24: Feature model generation

There is a big among of different Feature Recogmitechniques that have been done
for CAD/CAM integration. Inside these techniquegrth are different approaches to
perform the recognition of the features. The magbartant techniques are: the graph
based approach, the hint based approach and thenetlc decomposition approach

[HPROO].

In the graph based feature recognition that was fiormalized by Joshi with the Graph
Pattern Analysis approach [JC88], a model of partonverted into a graph. Then this
graph can be compared to other graph stored intabase and the largest common
subgraph between them has to be determined in dodexssess similarity. After
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performing the feature extraction, the graph regméeg the features and their
interactions is defined. Then the nodes of thigplgreorrespond to features and store
attributes of the features and the arcs represeigese In [ENR97] a graph

representation of the input 3D models is represeate the shape signature for the
model.

3
i
.// E
rd —
/// ﬁ/ o //‘"
e P —

< m /> fl @ (W e B WL

Py //

2= 4 . 4
A 1B W1, W2: wall faces
L 5 A €Y B: bottorn face
— /
A
fl
(a) a part and its graph representation {b) slot template
fl &= 7
i) 5 |
2 16
fo— B — 6T -
I () intersecting featres (d) invalid slot

Figure 25: Graph pattern analysis [ENR97]

In the volumetric decomposition approach, the @nty assessment is reached by the
decomposition of the input object into a set ofwoés and then by manipulating the
volumes to produce features. There are two impbekgorithms that use this approach,
Convex Hull Decomposition and Cell-based Decompmsit The convex Hull
Decomposition was investigated by Kim [WK98] anahsists in four steps: Alternating
Sum of Volumes with Partitioning Decomposition (ABN), recognition/generation of
form features, generation of primitive machiningattees and machining feature
aggregation. The Cell-based Decomposition essbntiainsists in three steps: delta
volume decomposition into cells, cells compositaonl feature classification.
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P, = CH(P)

J=1

o L[]0

rib part stock slotl  slot2  slot3

(a) form featare model (b) machining fearnre model

Figure 26: Convex Hull Decomposition

The Hint based approach is not only based on tbegretion of machinable features
from solid models of parts but also from additiodata such design features, tolerances
or surfaces attributes.

4.3 Feature extraction

The link between Computer-aided Design (CAD) systeand Computer-aided
Manufacturing (CAM) systems is done though Compatded Process Planning
(CAPP) systems. Feature Recognition is one of thstnmportant parts in CAPP that
join the design of a solid model with the manufaciyt Feature Recognition uses some
specifics tools to extract the features, all thies®s that are used to extract features
form the concept of Feature Extraction. One of st famous tools for extracting
features is IGES file format [MKJO08].

4.3.1 Boundary representation (B-rep)

Boundary representation (B-rep) is one of the solmbleling methods that is used to
create a solid model of a physical object. Boundesgresentation describes the
geometry of an object in terms of its boundariesnely the vertices, edges and surfaces
which represent entities. The boundary (B-rep) getacal information of the part
design is analyzed by the feature recognition sgystleat is created to extract the
manufacturing features of the designed figure [Béu
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4.3.2 Constructive solid geometry (CSG)

Constructive solid geometry (CSG) is a techniqu th used to represent solid models.
Constructive models represent a solid as a combmatf primitive solids using
Booleans operations. These primitive models catobe, cylinder, sphere, torus, block,
etc. and the Booleans operations are union, irdeoseand difference. The part design
that is usually represented through CAD softwareukh represent a solid model by
using CSG technique as a design tool [Requ80].

Figure 27: Solid modeling by CSG technique

4.3.3 Initial Graphic Exchange Specification (IGES)

IGES is a standard format that is used to defieeddita of the object drawing in solid
modeling CAD systems in B-rep structure. The geoyrand topology information of a
solid model can be represented by the entry fiefdbe IGES file. The lower level of
the format is the entity. The entities are clasdifin some classes; the most important
classes are geometry entities, topological entiaesl non-geometry entities. The
geometry entities represent the definition of thggical shape; the principal entities are
points, curves, planes or circles. The topologytiestdefines the relationship between
the object’s geometric parts, these entities shbeltbops, edges or vertices. The non-
geometry entities provide a viewing perspective appbropriate dimension to the
drawing; this class includes view, dimensions, textotation [IGES06].

The IGES file consists of 80 column lines. Lines grouped into sections and there are
five or six sections. IGES data can be represeimezlither ASCII or binary format.
Each line contains the specific data of each sedfiocolumns 1-72, an indentifying
letter code in column 73 and an ascending sequamader in columns 74-80. In each
section the sequence number start in 1 and isnmamnged in 1 by each line.
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Section name | Col. 73 Letter Code
Start

Global
Directory Entry
Parameter Data
Terminate

o B B B i O

Figure 28: IGES file sections [IGES06]

In the following steps an explanation of the difierr sections is going to be presented,
but first in the next figure is presented a fulaeple of the structure of an IGES file.

pu]
1H, ,1H;, 4HSLOT, 3THS1SDUAZ : [IGESLIE.BDRAFT.B2I]5L0T.IGS;, G 1
17HBravo3 BravoDRAFT, 31HBrave3->IGES V3.002 (02-Oct-87),32,38,6,38,15, G 2
4HSLOT,1.,1, 4HINCH, 8,0.08,13H871006.192927,1.E-06,6., G 3
31HD. &. Harrod, Tel. 313/995-§333,24HAPPLICON - &Ann Arbor, MI,4,0: G 4
116 1 o 1 ] o ] o iD 1
116 1 5 1 ] oD 2
116 2 o 1 ] o ] o iD 3
116 1 5 1 ] oD 4
100 3 0 1 0 0 0 0 1D 5
100 1 2 1 ] oD 3
100 4 o 1 ] 0 0 o 1D T
100 1 2 1 ] oD g
110 5 o 1 ] 0 0 o 1D g
110 1 3 1 0 oD 10
110 & o 1 ] 0 0 o iD 11
110 1 3 1 ] oD 12
116,0.,0.,0.,0,0,0; 1P 1
116,5.,0.,0.,0,0,0; 3P 2
100,0.,0.,0.,0.,1.,0.,-1.,0,0; 5P 3
100,0.,5.,0.,5.,-1.,5.,1.,0,0; 7E 4
110,0.,-1.,0.,5.,-1.,0.,0,0; £} 5
110,0.,1.,0.,5.,1.,0.,0,0; 11P 3
5 16 4D 12P 3 T 1

Figure 29: Example of an IGES file format [IGES06]

4.3.3.1 Flag section
The Flag Section is an optional section that isdute indicate if ASCII format or
Binary format.

4.3.3.2 Start section

The Start Section provides information about tHe that can be readable for the
human. This section is represented with an S irctthemn 73 and a sequence numbers
in the columns 74-80. This section contains the ewmf the sending or receiving
CAD/CAM systems and a short description of the paddhat is converted.

4.3.3.3 Global section

The required Global Section contains informatiorsadding the preprocessor and
information needed by postprocessor to handleitbe This section is identified with
the letter code G in the column 73 and a sequenn®ar in columns 74-80. The first
two global parameters define the parameter delmaitel record delimiter characters if
the default values (comma and semicolon) are net.uSome of the most important

46



parameters defined in this section are File Nameprecessor Version, Model Space
Scale, Unit Flag, Unit Name, Version Flag, etc.

4.3.3.4 Directory Entry section

The Directory Entry Section or DE Section contarisst of all the entities that form the
design solid. The DE is fixed in size and cont&@fdields of 8 characters each, in two
consecutives 80 characters lines. The purposesefDirectory Entry Section are
provided an index for the file and to contain atite information for each entity. Some
of the field in the DE sections may contain eithprattribute value or a pointer to other
part of the file. As is represented in the nexufe the first and eleventh attributes are
the Entity type number, for example 100 for cirotel10 for lines; the second attribute
is the parameter data that is a pointer to theéyeimtithe Parameter Data Section. There
are more attributes defined that are explainetGE$06].

|1 3‘9 16|17 24‘25 32|33 4D|41 48|49 56|57 64|65 72|73 80|
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Entity Para- |Structure| Line Level View |Transfor-| Label Status |Sequence
Type | meter Font mation | Display | Number | Number
Number | Data Pattern Matrix | Assoc.

# = = .= #,= 0,= 0,= 0,= # D #
(11) (12) (13) (14) (15) (16) (17) (18) (19) (20)
Entity | Line Color | Para- | Form |Reserved|Reserved| Entity | Entity |Sequence
Type | Weight | Number | meter | Number Label [Subseript| Number

Number | Number Line MNumber
Count
# # = # i # D#+1
Nomenclature:
(n) - Field number n
i - Integer
= - Pointer

#,= - Integer or pointer (pointer is negated)
0,= - Zero or pointer

Figure 30: Attributes of an entity in DE section [IGES06]

In the next table is represented the main basicSI@ities:
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ENTITY ENTITY TYPE

NUMBER
110 Line
100 Circular arc
124 Transformation matrix
120 Surface revolution
116 Point
123 Direction
190 Plane surface
502 Vertex list
404 Edge list
508 Loop
510 Face
514 Shell
192 Right circular cylindrical

surface

Figure 31: Basic IGES entities [IGES06]

4.3.3.5 Parameter Data section

This section defines the data that corresponde@ittity defined in the Directory Entry
Section. Each line represents the parameters oéwtitg, the first value is the entity
type and then the parameters of the entity areedlacfree format from column 2 to 64.
Column 65 shall contain a space character. Colfirtiough 72 shall contain the
sequence number of the first line in the DE of #nsity. Then finally, column 73 will
contain the word P and the columns 74 though 8Dcaiitain the sequence number of
this section [IGESO06].

|1 646 7273 80
Entity type number followed by parameter delimiter followed by DE
parameters separated by parameter delimiters Pointer [PO00000]

Parameters separated by parameter delimiters .
followed by record delimiter Pointer (PO000002

Note: The DE pointer is the sequence number of the first Directory Entry line for this entity

Figure 32: Parameter Data Section [IGES06]

4.3.3.6 Terminate section

The Terminate Section consists in only one ling teaumes the amount of lines that is
formed the rest of the other sections. This seciuall be the last sequence line of the
file. The Terminate Section has a T in the colur@raidid a number 1 in the columns 74-
80. In the next table we can check how the inforomabf the amount of lines of the
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others sections are situated in the columns of lithe of the Terminate Section
[IGESO06].

Field | Columns Section
1 1-8 Start
2 9-16 (Global
3 17-24 | Directory Entry
4 25-32 Parameter Data
5-9 33-72 (not used)
10 73-80 Terminate

Figure 33: Structure of the Terminate Section [IGES0p

|1 8|9 1617 24|25 32|33 40|41 48|49 5657 64|65 72|73 80|

‘SDDUDOZD ‘GDUDUODB ‘DDDUUSOO‘PODOUZE] ‘ Not Used ‘TUUOUUU 1‘

Figure 34: Terminate Section example [IGES06]
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Chapter 5

SIMILARITY MEASURES

5.1 Introduction

According to the Merriam-Webster Dictionary [MW1iRje adjective similar is defined
as “having characteristics in common: strictly cangible” or “not differing in shape
but only in size or position”.

In all the field of shape retrieval informationgtBimilarity measures play an important
roll. Nowadays the industry companies realize thaly can save costs and time using
retrieval knowledge; in this Thesis is presented aray based on design with CAD

software and classification of parts. When thera database of classified parts, it is
simple to find similarities between two parts, aheén when a part is going to be

designed, it is possible to search a similar ongswretrieval information and facilitate

the design of this part. The way to find simila#ibetween parts is with a similarity

measure that is a function for quantifying the fanily between two models [SJ99].

A shape similarity measure useful for shape reatienformation in shape databases
should be in accord with our visual perception.ilikrity measure should follow the
next requirements to get this basic property:

* A shape similarity measure should permit recognitad perceptually similar
objects that are not mathematically identical.

* It should abstract from distortions.
» It should respect significant visual parts of obgec
» It should not depend on scale, orientation andtijoosof objects.

» It is universal in the sense that it allows usdenitify or distinguish objects of
arbitrary shapes, i.e., no restrictions on shapesssumed.

Normally the process to work with shape retrievafloimation starts with first to
convert the 3D shape model in a shape signatuaphgwector, algorithm, etc. and then
the similarity between two shape signatures isectéfld in the distance between
corresponding points of each.

5.2 Properties

The similarity is measured with distance functiofisis distance functions must follow

some properties that are explained in this secttos. normal that a distance function

don’t follow all the properties, sometime some prtips are desirable for some

distance functions and some others not, sometiwves the combination of properties

could be contradictory. To explain the propertiess presented three shapes A, B and
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C in a space S with the functiehS xS — R. Here are presented the most important
properties [VHO5]:

1. No negativity:d(4,B) = 0.

2. ldentity:d(4,4) = 0.

3. Uniquenessd (4, B) = 0 implies A = B.

4. Strong triangle inequalityi(4,B) + d(A,C) = d(B, ().
5. Triangle inequalityd(A,B) +d(B,C) = d(4,C).

6. Relaxed triangle inequality:c(d(A,B) +d(B,C)) > d(A,C), for some
constant > 1.

7. Symmetry:d(A,B) = d(B, A).

8. Invariance:d is invariant under a chosen group of transfornmati6 if for
allg € G,d(g(4) +g(B)) = d(A,B).

Figure 35: Invariance property

Finally, in one hand it is possible to find moreperties that are focused in comparison
of image or other fields, these ones could be abobustness, like perturbation
robustness, crack robustness, blur robustnessise nobustness. These properties are
useful to be robust against the effects of diszaéitin. In the other hand other
properties could be distributivity, endlessnesscelinment, sensitivity, proporcionality
and monotonicity [VHO5].

5.3 Types of similarity measures

In this section a number of the most important sirity measures with their respective
distance function that usually are used to comgeaphs, image, polygons or vectors of
digits are defined [Vert06].

5.3.1 Discrete metric

The discrete metric is the easy way to comparediapes, the models should have a
shape signature, this means for example one veftoumbers or one graph and the
comparison between us is just done with the follgndistance function [PW12]:
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0 if Aequal B }

d(4,B) =
( ) { 1 in other case

In this function the terms A and B mean the shageasure of the models. The main
problem of this metric is that when two shape digres are difference it is only
possible to obtain the maximum distance betweemiht@is metric only gives the
possibility of two results, totally different ortadly equal, so the most disadvantage is
that it don’t have accuracy for shape signatures.

5.3.2 MinkowskKi distanceLp

Minkowski distance is actually a class of distaneeasurement methods since it looks
and works differently for different values of the coefficient. There are lots of
similarity measures that use the Minkowski distaase distance function between two
points [Vand04]. It can be call, norm too. For two points, y in R¥, the Minkowski
distance is defined as:

1/p

L, = <Zk:|xi —yil”)

i=0

P must be bigger than zero; so, foe= 1, the distance metric is callddanhattan
distance(also known as city block distance, taxicab geoynetrrectilinear distance);
this distance was defined with this name becauseires the pattern of the streets in
Manhattan, all the streets are perpendiculars anallpls and the distance between two
points is the same distance than a car cover doamg one point to the other oneor
p=2, this representation define theuclidean distancehat it is the normal distance
between two points, a straight-line distance; foeg two pointx, yand one distancg
one of the points will be the center of a circlee distance will be the radius and the
other point will be any point of the circle. In thmit case, forp = «, it is obtained the
Chebyshev distancalso known as Maximum distandeat it is defined asnax|x; —

Yi|-
In the next figures is presented a comparison kewbfferent Minkowski distances.
The figure 36 shows a comparison between the Mtarhdistance, lines red, blue and

yellow, and the Euclidean distance, line green. fipere 37 presents a comparison
between the main values that theoefficient can take.
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Manhattan distance
zebyshey distance

0 2 4 i g 10

Figure 37: Comparison of the difference Minkowski dstances

5.3.3 Hausdorff distance

The Hausdorff distance is a distance defined betw®e point sets; this metric

calculate the longest distance between two poitst Sénis distance tolerates errors in
the positions of the points, as well as the presearfcextra points and missing points.
This is important in cases of stereo or images hmagcthat are signals with occlusion
and noise [HKR93].

The Hausdorff distance between two point 8&tsnd lis defined as:
H(M,I) = max(h(M,I), h(I, M))

Where
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h(M,I) = maxmin||m — i||
meM i€l
Where||. || is some norm in the plane, it shouldibe

h(M,I) is computed by taking each pointMf computing the distance from that point
to the nearest point of and reporting the largest distande(l, M) is computed
similarly; and the largest of these two distancedig¥,I). h(M,I) is the directed
distance fronM to | and it is small exactly when every pointMfis near some point of
I. Similarity, h(I, M) is small when every point dfis near some point dfl, and the
undirected distancE (M, I) is small when both of these are true.

r= @_
E_.hz

h[A,Hi max mins; —t»
i=(123) b=l

Figure 38: Example of Hausdorff distance

5.3.4 Bottleneck distance

Given two point seté\ andB and a distancd(a,b) between two points in each group
set, the Bottleneck distan&€A,B) [EI96] is the minimum over all 1-1 correspondences
f betweenA and B of the maximum distancé(a, f(a)). For de distance between two
points we can use a Minkowski distance.

F(A,B) = I}lelp max d(a,f(a))

If d(a,b)is the Euclidean distance, the Bottleneck distametsveen A and B can be
computed in time0(n'°logn). It is computed using a technique called parametri
search.

There is another possibility to calculate the diseabetween two points which is to
compute an approximation Bottleneck function to tieal one. The approximate
matching can be computed in tif@én'-> log n) and it will be defined as:

d’(4,B) < (1+ €)d(4, B)

5.3.5 Turning function distance

The cumulative angle function or turning functiad, (s) of a polygonA gives the
angle between the counterclockwise tangent andxtbeis as a function of the arc
lengths. The turning function increases with left handntuand decrease with right
hand turns. This function is invariant under tratish of the polyline. The turning
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function is a piecewise constant function, incnegsor decreasing at the vertices, and
constant between two consecutive vertices [Mitc10].

Tuming Angle
) Omd | - -
Tnid —0 -— [
Snid b & . 9
Imid )
4 —=a Perimeter Distance
-
dg HEl da aq ﬂ-l- ds dg ay dg

Figure 39: The turning function

The turning function distance is used to match gohs. Given two polygons A and B
with turning functions®, (s) and®g(s), the definition of thel,, distance between the
two functions is [ZhanQ0]:

1 Yy
d(4,B) = ( f 1Oa(s) — @B(s)ws)
0

On(s) A

Oals) —

Figure 40: Comparison between two turning functions

5.3.6 Signature function distance

The signature function is a less discriminativecfion than the turning one. The
signature function value is the arc length of theve to the left or on the tangent line at
that point. It is invariant under translation, tata and scaling. For convex curve, the
signature function has value one everywhere. Fdchirag two signatures functions it
is used “time warps”, pairing elements of one fiorctwith elements of the other one
[Orou85].
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Figure 41: Signature function

5.3.7 Fréchet distance

The Fréchet distance is a measure of similaritywéeh curves that takes into account
the location and ordering of the points along theves. For curves, it is often better
than the Hausdorff distance [EM94]. A simple exanpb understand better this
distance between two curves is explained; supposarawalking his dog with a belt,
the man is walking in one curve and the dog is mglkn another one, they can adjust
their speeds but they are not allow to move bac#isva®o the Fréchet distance of this
two curves that are generated by the man and tésditone by the belt of the dog.

In the next figure, two curves are illustratedisippossible to see the different between
the Hausdorff distance that aims to calculate themum distance between two points,
each one of each curve and the Fréchet distantéattes into account the locations of
the points in the curve.

-

f Hay \

Figure 42: Comparison between Hausdorff distance (Hand Fréchet distance (F)

Given two curves, the Fréchet distance is defirsefibbows:

Frva- apmax [P(a(®©)-(BW)|

WhereP, Q: [0,1] - R? are parameterizations of the two curves aygt [0,1] - [0,1]
are the range over all continuous and monotoneasong functions.
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5.4 Similarity measure for the Opitz Code System

One of the major objectives of this Master Thesidavelopment of a distance function
to compare Opitz Codes. To achieve this objectivéha first step, many different

distance functions has been studied and evaluAted.was mentioned in the previous
chapter, distance functions are developed usuallgompare graphs, vectors, digits,
images, points, lines, etc.; the main characteradtthem is that they can be continuous
or discrete. In this project, the first five digift the Opitz Code System, called Opitz
Form Code, are implemented. So it is clear thatdéeeloped system works with a
discrete vector of numbers. Starting with this peanthe distance function for Opitz

Code is going to be an improvement of the disaret#ic.

The discrete metric just does a total comparisdwéxen two shape signatures and gives
only two results; total equality if the shape silgmas are the same or any equality if
there is some difference between them. This mdwighis distance function is not able
to characterized different types of dissimilaritid3ue to this disadvantage of the
discrete metric, a variation of the distance metinit aims to get a distance function
capable of differentiate dissimilarities was deypeld. To obtain this, the distance
function is going to compare the digits of the cadean individual way to fix an
appropriate algorithm that calculates differentdsirof dissimilarity. In the following
paragraphs, this algorithm is going to be explained

The algorithm starts with the comparison of thetfuligit; the first digit classifies the
non-rotational part in flat parts, long parts obicuparts; if the comparison of the first
digit of the two codes is different means that plaets are totally different, there is no
similarity. In the next figure it is possible toestne difference between these parts.

Figure 43: Three different possibilities of the fiist digit of the Opitz Code

The next step of the algorithm is when the comparisf the first digits of the codes is
equal; for example, both are flat parts, and thart §eing some similarity. Following
that the first digit of the codes are equals, tigerithm is going to focus in the second
digit that classifies the main form of the part. &dhthe algorithm detects that the first
digit is equal in the two codes and the second digihe codes are different means that
there is a similarity of twenty percent. The neijufe shows an example of this
similarity with flat parts.
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Figure 44: Parts with twenty percent of similarity

Following last step, the next possibility is thiaé tdigit one and two in the comparison
of the codes are equals, for example a flat patth wvactangular main form. Then the
algorithm focuses in the fourth digit of the codhat are being compared; this digit
signifies the machining of the surface of the plrboth codes have different values in
the digit four and the first and the second onesegual, the distance function gives a
similarity of forty percent. In the following figeris presented an example of this
similarity.

Figure 45: Parts with forty percent of similarity

The next possibility in the detection of similarig/that the first, the second and fourth
digits of the two codes are equals. Then the distdanction is going to focus in the

third digit of the codes. This digit classifies timain holes in a part. So if the distance
function notifies the digit one, two and four eqal the codes, and a different value
comparing the digit three of the codes, it meaas tihe parts have a similarity of sixty

percent. In the next figure is presented an exawipsecty percent similarity.



Figure 46: Parts with sixty percent of similarity

On the other hand, if the third digits of the twaxles are equal means that the first four
digits of the codes are the same. So, the distamszion will focus in the fifth digit.
The digit five classifies the auxiliary holes ofetlparts. When the similarity measure
compares the first four digits and gives the reghht they are equals and the
comparison of the last one is different signifytttiee parts have a similarity of eighty
percent. In the next figure is presented an exawiptleis similarity.

Figure 47: Parts with eighty percent of similarity

Finally, the last possibility of comparison is teemplete similarity. This situation
appears when the five digits of the two codes apeals. The figure 48 shows an
example.

Figure 48: Complete similarity between parts
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Chapter 6

THE DEVELOPED TECHNIQUE

6.1 Introduction

In this chapter, the followed methodology for theveloped system is presented and
explained. The main objective of this Thesis is ithplementation of a classification
and comparison system for non-rotational parts.tR@rclassification, a shape signature
method based on feature recognition has been dmatlohis shape signature is a five
digit vector for de Opitz Code System that changmts the features of a 3D model. For
the comparison, a distance function of similaritgasure has been implemented to
compare the shape signatures of two codes.

A part is designed with CAD software and it is eggnted as a solid model by using
Constructive Solid Geometry (CSG) technique as sigdetool. The CAD software
generates an IGES file of the designed part; thESGile format represents the
boundary geometrical information of the 3D modetéga lines, points, etc.). With a
feature recognition program, the boundary infororain the IGES file is extracted and
managed to identify features of the part. The OPibele system is used to classify these
features and generate the shape signature, a \a@dioe digits, and finally, the shape
signature of a part is saved in a fold creatingatalohse of codes. One of the most
important achieves is to develop a system thablis @ detect part features as much as
possible. The implemented feature recognition m@ogrrecognizes the following
features:

* Non-rotational form; flat part, long part and cuprt.

* Main form of the part; rectangular form, triangularm, circular and rectangular
form, angularly form, etc.

* Main bores; one bore, two bores, several boresaimesdirection and several
bores in different directions.

* Machining of surface; plane surface and curve setfa

* Auxiliary holes; auxiliary holes in one directioncauxiliary holes in different
directions.

The comparison part of the implemented system takescodes of the database and
makes a comparison with a developed distance fumétir Opitz Code. The similarity
results between the codes can be zero percentiytvpemcent, forty percent, sixty
percent, eighty percent or hundred percent of antyi Chapter 5 explains the
functionality of this implemented similarity measur

In the next figure a flowchart with all the stemdldwed in the developed system is
presented.

61



CAD software convert IGES file Classification of
to an object Featu e features with the
IGES file oriented data edraction Opitz Code System

COMPARISON

GUI
SYSTEM DATABASE

IRV
=

Figure 49: Flowchart implemented procedure to retreval of similar shapes

Based on the presented flowchart in Figure 49 hm riext sections, all the process
involved in Shape Similarity Retrieval with a requemodel in CAD software is
explained.

6.2 Producing IGES file from a CAD file

As it was mentioned, the beginning of the impleradrtechnique starts with designing
3D models with CAD software and generating the IGHES IGES is a standard file
format that defines the boundary information oftarBodel drawn with CAD software.
The lower level of the format is the entities; #dities of the 3D model are defined in
the Directory entry section of the IGES file ané tralues of each entity are inside the
Parameter Data section of the file.

IGES file format defines a big amount of entities dharacterize all the boundary
information. In this research, features includedinarcs, holes, curve surface, auxiliary
holes, etc. In this thesis, the developed systemksvonly with line entities, circular arc
entities and transformation matrix entities to defeatures of the part.

In the next figures a flat part with a main holepigsented as an example. The first
figure shows the CAD software representation of 3bemodel and the second figure

presents the IGES file of this representationhis file, there are twelve lines of the flat

part in blue, two circular arcs of the main holggneen and two transformation matrixes
in red.

Figure 50: Flat part with main hole
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,»30Hflat_part_rectangular_mainhole,27HNo Iges Néame specified,22HAu
todesk Inventor 2013,37HAutoDesk Inventor Iges EtgroR2013,32,38,6,
99,15,30Hflat_part_rectangular_mainhole,1.0D0,1)\H#).08D0,15H20121204
.160805,3.93700787401575D-4,10000.0D0,6HJavie,11,

406 1 0 0 1 0 0 000000000

406 0 0 1 3 0

100 2 0 0 0 05 000000000
100 0 0 2 0 0

124 4 0 0 0 00 000000000
124 0 0 2 0 0

100 6 0 0 0 09 000000000
100 0 0 1 0 0

124 7 0 0 0 00 000000000
124 0 0 2 0 0

110 9 0 0 0 0 0 000000000

110 0 0 1 0 0

110 10 0 0 0 0 0 000000000

110 0 0 1 0 0

110 11 0 0 0 0 0 000000000

110 0 0 1 0 0

110 12 0 0 0 0 0 000000000

110 0 0 1 0 0

110 13 0 0 0 0 0 000000000

110 0 0 1 0 0

110 14 0 0 0 0 0 000000000

110 0 0 1 0 0

110 15 0 0 0 0 0 000000000

110 0 0 1 0 0

110 16 0 0 0 0 0 000000000

110 0 0 1 0 0

110 17 0 0 0 0 0 000000000

110 0 0 1 0 0

110 18 0 0 0 0 0 000000000

110 0 0 1 0 0

110 19 0 0 0 0 0 000000000

110 0 0 1 0 0

110 20 0 0 0 0 0 000000000

110 0 0 1 0 0

406,2,0,30Hflat_part_rectangular_mainhole;
100,0.0D0,0.0D0,0.0D0,-.25D0,3.06161699786838D:-25130,
3.06161699786838D-17;
124,-1.0D0,0.0D0,0.0D0,.5024984D0,0.0D0,0.0D0,1,0mD0,0.0DO0O,
1.0D0,0.0D0,.4967035D0;
100,0.0D0,0.0D0,0.0D0,.25D0,0.0D0,.25D0,0.0D0;
124,-1.0D0,0.0D0,0.0D0,.5024984D0,0.0D0,0.0D0,-0,0TD0,0.0DO,
-1.0D0,0.0D0,.4967035D0;
110,0.0D0,0.0D0,1.0D0,0.0D0,0.0D0,0.0D0;

H
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110,0.0D0,0.0D0,1.0D0,0.0D0,.1D0,1.0D0; 13P 1P
110,0.0D0,.1D0,0.0D0,0.0D0,.1D0,1.0D0; 15P11
110,0.0D0,0.0D0,0.0D0,0.0D0,.1D0,0.0D0; 7P 1P
110,0.0D0,0.0D0,0.0D0,1.0D0,0.0D0,0.0D0; 19P 13
110,1.0D0,.1D0,0.0D0,0.0D0,.1D0,0.0D0; 21P 14
110,1.0D0,0.0D0,0.0D0,1.0D0,.1D0,0.0D0; 23P 1b
110,1.0D0,0.0D0,0.0D0,1.0D0,0.0D0,1.0D0; 25P 1pb
110,1.0D0,.1D0,1.0D0,1.0D0,.1D0,0.0D0; 27P 17
110,1.0D0,0.0D0,1.0D0,1.0D0,.1D0,1.0D0; 29P 18
110,1.0D0,0.0D0,1.0D0,0.0D0,0.0D0,1.0D0; 31P 19
110,0.0D0,.1D0,1.0D0,1.0D0,.1D0,1.0D0; 33P 2
S 1G 4D 34P 20 T1

Figure 51: IGES file format of a flat part with main hole

According to the entities that the developed systms@s to find features and classify
parts, in the appendix A is presented a literatewvgew of the line entity, the circular arc
entity and the transformation matrix entity.

CIRCULAR ARC

LINE ENTITY ENTITY

TYPE 110

TYPE 100

DIRECTORY ENTRY SECTION ‘ | PARAMETER DATA SECTION ‘ ‘ DIRECTORY ENTRY SECTION ‘ ‘ PARAMETER DATA SECTION

TRANSFORMATION
MATRIX ENTITY

TYPE 124

‘ DIRECTORY ENTRY SECTION ‘ ‘ PARAMETER DATA SECTION ‘

Figure 52: Flowchart of the used entities

6.3 Conversion of an IGES file to an object orient data

structure

The IGES file is generated with CAD software. Tlexinstep is to develop a method to
extract the important information of the file thatused to detect the features of the part.
In this case, a function implemented in Matlabhis $olution to extract the information
of each entity. The information and values of thétes in the IGES file is saved in a
cell array structure calleédarameterData

This Matlab function has one input, the IGES filéae file is parsed by this function;
first the function detects the entities in the DBiogy Entry section, then this section
readdresses each entity to the Parameter Datarseuthere the information of the
entities is located, and finally, the function saitiee values and the information of each
entity of the IGES file in th@arameterDataHence, the output of this function is this
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cell array to which is joined three arrays moree HntityTypearray that gives the
information of all the different entities that theES file has, thesumEntityTypearray
that contain the amount of each entities andutmenownEntityTypéhat store entities
unknown for the Matlab function. In the next figuae example of a parsed IGES file is
shown.

Workspace 0O a x
=] H &= B | | @Selectdatatﬂplot -
Mame « Value Min

- EntityType [110124 126] 110
PararneterData <117 cell=
H numEntity Type [1222] 2

an unknownEntityType [ ]

i | m | b

Figure 53: Example of the outputs of an IGES file

The outputs of the figure 53 belong to a cube patth a main hole (Figure 54). The
boundary information of this 3D model consists welve lines that delimit the cube,
two circular arcs that define the main hole and tremsformation matrixes to fix the
coordinate system of the arcs. ThetityTypearray contains the numbers 110, 124 and
126, the values of the line, transformation matand circular arc respectively; the
numEntityTypearray reports that there are twelve lines, twauwar arcs and two
transformation matrixes; thenknownEntityTypearray is empty due to the program is
able to identify all the entities of the IGES fied theParameterDatacontain all the
information of each entities mentioned. In thetniggure, the entities of the part are
presented in yellow to facilitate the explanation.

Figure 54: Entities in yellow of the 3D model

65



6.4 Main algorithm for the feature extraction

Once the information of the entities of the IGER fare extracted and stored in the
ParameterData the implementation of algorithms that are ablecharacterize and
extract features of the 3D model is required. Tormplete knowledge of the Opitz Code
system is needed to develop these algorithms aocptal the features that are managed
by the classification system.

6.4.1 First steps

The first digit of the Opitz Code system charactesithe size and the class of the part,
the digit has the possibility to classify rotatibaad non-rotational parts. This thesis is
focused on non-rotational ones, so this first digitognizes three different classes of
parts; flat part, long part and cubic part. In Feg65, an example of the three different
classes of non-rotational parts is presented.

Long part

Cubic part

Flat part

Figure 55: Example of the three different classesf mon-rotational parts

The performance of this digit is done by charazteg the length (A), width (B) and
height (C) of the designed model. It is importantrtention that the value A always has
to be the largest, the value B is the second lamgas and the value C is the smallest
one; this three values follow this simple relatiops A > B > C. In Figure 56, an
example of a properly characterization is presented

Figure 56: Characterization of the part
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The recognition of the three different classesdeadby simple relationships between
the values A, B and C. In the next table is shdwengremises that the developed system
follows to recognize flat, long and cubic parts.

Flat part Long part Cubic part
A/p<3 A= Afp <3
4/c>4 Afp <4

Figure 57: Premises to recognize class parts

There are some rules that the developed systeowgillwhen a part is designed by the
CAD software. The parts that are designed havestpdsitioned in the coordinate axis
in the properly way to be analyzed. It is obliggttr design the part with the length (A)
positioned in the axiZ, the width (B) in the axiX and the height (C) in the ax¥s In
the next figures some examples are presentedve ldaar how the 3D models have to
be positioned when they are designed in the CADvsoé.

Figure 58: Example of positioning
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Figure 59: Example of positioning

According to these premises about the characteizand the position of the designed
parts, in the next step the main algorithm of tlegeloped program is presented; the
algorithm works with lines and circular arcs. Tlaigorithm helps and facilitates
information to the rest of the methods for the deatextraction of the parts.

6.4.2 Main algorithm

The main algorithm is designed to aid the resthef $ystem code to recognize and
extract features. It works with lines and circudacs and the functionality is to organize
the lines and the arcs along the axj¥ andZ.

6.4.2.1Lines

The entity of a line is registered in ti&arameterDataand characterized by its start
point and finish point. This is all the informatidhat the developed program has to
work with a line. Otherwise, an algorithm that wenkith lines has to be designed to
characterize properly the part. The best idea @mdganize the lines along each axis and
these organized lines have to be positioned inguelipular planes to each axis. That
means that along the axsthe algorithm groups lines that are situatedamgsXy:; for

the axisX, the system groups lines situated in plavigsand for the axi¥, the system
groups lines situated in plan¥Z. A better explanation of this idea is presentéith &
clear example.

A simple cube part is analyzed as an example tiitédae the understanding of the
performance of the algorithm. In the Figure 60, ek&raction of the eight perpendicular
lines along the axi€ is shown. Below the figure is explained the fumctlity of the
algorithm.
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Figure 60: Lines perpendicular to the axis Z

1. Extraction of all the lines and their values of BerameterDataarray.

2. Search lines with the same value ofin the start and terminate points; this
means that the line is perpendicular to the Zxasd it is inside a plansy.

3. Group lines with the same valden the start and end point along the axisn
this example there are two groups of lines.

4. Repeat the steps 2 and 3 for the akis

5. Repeat the steps 2 and 3 for the &kis

As it is shown in the Figure 60, the developed @algm returns two groups of lines
along the axiZ, one group with lines 1, 2, 3 and 4 in the posi#e0 and the other one
with lines 5, 6, 7 and 8 in the positids1. To show clear the process of the algorithm,
the next figures present the recognition of linesa axisX andY.

Figure 61: Lines perpendicular to the axis X
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Figure 62: Lines perpendicular to the axis Y

As it is shown in Figure 61, the algorithm deteeight lines that are perpendicular to
the axis X and this lines are grouped in two groupsZ=0 lines 1, 2, 3 and 4 and in
Z=1lines 5, 6, 7 and 8. In the figure 62 it isg@eted the analogue for the axis Y.

6.4.2.2 Circular arcs

The circular arcs are defined with the center pdime initial point and the terminate
point of the arc and these values are stored ifPdrameterData The main algorithm
extracts all the circular arcs stored in BerameterDataand organizes them along each
axis. The returned information by the algorithnamsarray with the arcs along the axis
Z that are in planes XY, another array with aranglthe axis X that are in planes YZ
and one last array with arcs that are along the ¥xand in planes XZ. In Figure 63 an
example is presented, the green arcs are the loaiesdlong to the axis Y, the blue ones
belong to the axis Z and the red ones belong taxtiee X. the algorithm group the arcs
in different arrays depending the axis that belong.

Figure 63: Example with arcs
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6.5 Opitz code extraction

One of the objectives of the developed system geteerate an Opitz Code for each part
that is designed. As it is known, each digit of Dpitz Code characterizes a type of
features; the first digit characterizes the paass) the second digit the main shape, the
third digit the main bores, the forth digit the rhagng surface and the fifth digit the
auxiliary holes. Once the main algorithm is develbmnd tested, it is going to be
implemented the rest of the program to generatéz@jdes as a shape signature. The
next steps explain the algorithms that the systeliows to recognize the features of
each digit.

6.5.1 Digit 1, part class

The digit one acquires the value 6 when the 3D inizda flat part; the value 7 if the
model is a long part or the value 8 if the moded isubic part. The developed system
calls the main algorithm and gets all the linesnglaeach axis and grouped in
perpendicular planes respectively as it was exgthiso it is easy to know the values of
A, BandC that are needed to characterized the part. Theeyals obtained searching
the farthest perpendicular lines that are in agldM along the axiZ and for the value
B andC it is the same process but along the Xx@édY respectively. Finally, to get the
value of the first digit of the code it is used tkeétionships on the figure 57. In the next
figure is presented an example of how the systeaiaimkhe value\; for the valueB and

C it is de same but working with the axsandY.

Figure 64: Example to obtain the value A

As it is shown in the figure 64, the main algoritih@turn two groups, one with the lines
in Z=0 and the other one with the linesdrl. The farthest lines is the part are the ones
which are inZ=1, so the value oA is 1.

6.5.2 Digit 2, main shape

This digit defines the main shape of the part. thelemented algorithm that gets the
value of the second digit works with the base efphrts; in flat part the base isY&0
and in long and cubic parts the base iZ#0. Depending on the part, the algorithm
detects the number of lines of it base and calesltiie amount of right-angled between
lines; with this information the developed systenable to recognize and classify main
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shapes of the parts. For flat parts, the diffeneain shapes that the algorithm is able to
recognize are:

Rectangular shape: the base of the part has fees &nd four right angles.
Right-angled triangle shape: the base of the pastthree lines and one right
angle or six lines and six right angles.

Angularly shape: the base of the part has more thanlines and don’t have
any right angle.

Angular and rectangular shape: the base of the hatright angles between
lines and circular arcs that are not holes, witfietent start and terminate
points.

Rectangular shape with small deviations: the allgoridetects in the axi¥
more than two groups if lines in plans€z.

In the next figures, an example of each featupresented.

Figure 65: Example of rectangular shapes in flat pads

\/v

Figure 66: Example of right-angled triangle shape#n flat parts
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Figure 67: Example of angularly shapes in flat pas

Figure 68: Example of angular and rectangular shapgin flat parts

Figure 69: Example of rectangular shapes with smalileviations in flat parts

For long parts, the main shapes that the develggstm recognizes are presented as
following:

* Rectangular cross-section: the cross-section ofp#re has four lines and four
right angles.

* Orthogonal cross-section: the cross-section ofpédae has three lines and one
right angle or six lines and six right angles.

* Any angular cross-section: the cross-section ofpdn# has more than four lines
and don’t have any right angle.

The next figures present an example of each feafuee second digit for long parts.
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Figure 70: Example of rectangular cross-sections itong parts

Figure 71: Example of orthogonal cross-sections ilong parts

Figure 72: Example of any angular cross-sections ilong parts

For cubic parts, the different main shapes thatithesloped system recognizes are:

» Cuboids shape: the base of the part has four éindgour right angles.
* Orthogonal shape: the base of the part has thmee &nd one right angle or six
lines and six right angles.



» Composited parallelepiped: the algorithm detectgha axisX, Y and Z more
than two groups of lines forming surfaces.

In the next figure several examples are presemtdelalve clear the classification of the
second digit for cubic parts.

D

Figure 73: Example of cuboids shapes in cubic parts

Figure 74: Example of orthogonal shapes in cubic pts

Figure 75: Example of composited parallelepipeds inubic parts



6.5.3 Digit 3, main bores

According to the Opitz Code System, the digit theksssifies main bores in the part. A
bore is defined by two complete arcs with samet stad end points and it is a main
bore when the length of the bore is equal to theevd, B or C of the part if the bore is
positioned in the direction of the axdsX or Y respectively. With the main algorithm all
the arcs in each direction of the axis are extthctéen the arcs that have the same start
and end point are selected; with the properly lerigtfind the correct amount of the
main bores. The third digit of the Opitz Code itedb characterize the next features:

* No main bores.

¢ One main bore.

e Two main bores.

e More than two main bores.

* Bores in several directions (only for long and cytrts).

In the next figures examples of the classificatpwssibilities of the digit three are
presented.

Figure 76: Cubic, flat and long parts without man lores

Figure 77: Flat, long and cubic parts with one mairbore

Figure 78: Flat, long and cubic parts with two mainbores



Figure 79: Flat, long and cubic parts with severamain bores

Figure 80: Cubic and long parts with bores in sevex directions

6.5.4 Digit 4, machining of plane surface
This digit classifies surface features and the dge program is able to recognize:

* No surface machining: the surface of the part doésve any variation and it
is totally smooth.

» Aflat surface: the surface of the part has a &eapy for long and cubic parts).

» Curved surface: the surface of the part is curve.

In the next figures a clear example of each feagishown.

Figure 81: Flat, cubic and long parts with no machiing surface
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Figure 82: Long and cubic parts with a flat surfacefeature

Figure 83: Flat, cubic and long parts with curved arface

6.5.5 Digit 5, auxiliary holes

The last digit of the Opitz Code Form classifieg tuxiliary holes of the part. An
auxiliary hole is two complete arcs with same sttl end points but the distance
between the arcs is smaller than the values A, 8 of the part if the auxiliary hole is
in the direction of the axis Z, X or Y respectivelfhe main algorithm extracts the arcs
along each axis and then another algorithm sehecptoperly arcs to detect the amount
of auxiliary holes in the part. The digit 5 is abbeclassify this several features:

* No auxiliary holes.
* Auxiliary holes in one direction.
» Auxiliary holes in several directions (only for lgpand cubic parts).

In the next figures several example of each pdggibif auxiliary holes classification is
presented.

Figure 84: Flat, cubic and long parts without auxilary holes



Figure 85: Flat, cubic and long parts with auxiliary holes in one direction

Figure 86: Cubic and long parts with auxiliary holes in several directions

6.6 Similarity measures

According to the objectives of this Thesis, a dis&afunction to compare Opitz codes
as a shape signature has been developed. The termpf#ementation of the distance
function for this Thesis has been explained in tdap.

6.7 Graphic user interface (GUI)

To represent the result of this work and the depedosystem, a graphic interface is
developed to manage properly all the program. Thisrface is implemented in

MATLAB as it will be explained in the next chaptdrhe GUI consists in three part
performed to achieve the best functionality of deseloped system.

In figure 87 the first part of the GUI is present@PITZ CODE GENERATOR is the
part that generates the Opitz code of an IGESdfila 3D model designed, there is a
small space to introduce the name of the file abdteom to generate the code, also if
the IGES file does not exist an error pop up wélldppeared behind the name of the file
suggesting the user to try again another file;llynas it is presented, the save bottom
will save in a folder a text file with the code iths and with the IGES file name as the
name of the text file creating a database of parts.
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~OPITZ CODE GENERATOR

Please, introduce |IGES file

OPITZ CODE

GENERATION SAVE

Figure 87: First part of the GUI, Opitz code gener#or

Moreover, the Figure 88 presents the second patieoGUI, The COMPARISON OF

PARTS. Here there are two spaces to introduce @Sl file that the user want to
compare, when the bottom is pressed, the resuhlieotimilarity measure will appear;
also if the IGES files are not a correct ones, amoremessage will be appeared
suggesting to introduce a new ones.

— COMPARISON BETWEEN PARTS

Please, introduce parts of the database

‘CDMPAHSDN‘

Figure 88: Second part of the GUI, comparison betwen parts

The last part of the GUI is presented in the Figg@e The SIMILARITY MEASURE
GUI has the functionality of searching in the datsb all the parts that have certain
similarity with a new one designed. For the implatadon of this function, the GUI
has a first part to generate the Opitz code ofnine designed part and then there are
several bottoms with possible percentages of siityildPressing one on these bottoms,
the GUI will return a list of parts that are thisrpentage similar regarding to the new
designed one.
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Introduce th

Figure 89: third part of the GUI, similarity measures
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Chapter 7

VALIDATION, TESTING AND RESULTS

7.1 Implementation and development

Two software programs have been used in the dewmgldPpitz code generation and
similarity retrieval system. Autodesk Inventor vers2012 is a CAD software used to
design parts and Matlab 8.0 (R2012a) is a programgmenvironment with a

programming language that has been used to impkeamehdevelop the classification
and similarity algorithms and generate the grapiterface.

Autodesk Inventor is able to work with 2D or 3D fsarin this research, the parts
designed are 3D model; these models are created @anstructive Solid Geometry
(CSG). With Autodesk Inventor the database has bkesigned part by part, then this
software allows generating an IGES file of eacht parwell. There are different types
of IGES files, including output solid as surfaceslids or wireframe. The developed
system uses wireframe type as an output.

The IGES file of each part is parsed with a Mafiafiction to extract all the values of
the entities as well as all the algorithms expldiirethe chapter 6 are implemented in
Matlab to performance properly the system. Finalygraphic interface developed in
Matlab too is done to supply a good functionalitylee system to the users.

7.2 Validation and testing

For the validation of the system a database of rtimare two hundreds parts has been
created; but in addition the classification systerable to manage more three hundreds
of different parts with different Opitz codes. A 3Bodel for each class, flat, long and
cubic, has been designed following the ranges effigure 62, and then it has been
adding 3D models of each class trying to fulfill #he possible combinations of
features. The database tries to give a global wisioall the different features in each
class to validate the system.

In order to test the system, the shape signatueadi part has been generated checking
that the code is the correct one and has been sagefblder to perform the database of
codes. Then for the distance function, severalgsdas been done to see that identifies
properly the dissimilarity between parts. The comioation with the system is done
through the GUI. Thus receiving correct resultarfrthe system is a proof for GUI
implementation as well as for the algorithms.

7.3 lllustrative example

In the next section, an example is presented exptpithe functionality of the
developed system step by step. One common panalgzed by the program generating
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its Opitz code and saving the value in the datablasthe next figure the part and its
Opitz code are presented.

OPITZ CODE

63101

Figure 90: Flat part rectangular with one main holeand auxiliary holes

The Opitz code of the part shown in Figure 90 i4(@3 Each digit is explained as
following:

» Digit 1: the value 6 signifies that the part ig.fla

* Digit 2: the value 3 signifies that the main shagfethe part is circular and
rectangular.

» Digit 3: the value 1 signifies that the part hasain bore.

» Digit 4: the value O signifies that the part does mave a machining surface.

» Digit 5: the value 1 signifies that the part hagikary holes in one direction.

The next step is to generate the Opitz code opdre First the IGES file is generated
with the CAD software and then the name of this 8 transferred in the graphic
interface and pressing the generator bottom the c®dbtained as it is shown in the
next figure.

—~OPITZ CODE GENERATOR

Please, introduce IGES file
OPITZ CODE

flat_part_rectangular_circular2_1hole GENERATION 63101 SAVE

Figure 91: Generation of the Opitz code with the GU

Finally, the save bottom store the value of theecwda text file with the name of the
IGES file inside a folder. Pressing it, the paradkled to the database. In the next figure
a part of the database is presented.
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|| flat_part_rectangular_circular

| | flat_part_rectangular_circular_lhole

L] flat_part_rectangular_circular_lhole_auxholes
|| flat_part_rectangular_circular_Zholes

|| flat_part_rectang
flat_part_rectang

|| flat_part_rectangular_circular_2holes_auxholes
|| flat_part_rectangular_circular_3holes :
| flat_part_rectangular_circular_3holes_auxholes || flat_part_rectan

| | flat_part_rectangular_circular_dholes || flat_part_rectangular_curvesurfacel 2holes_auxholes
| flat_part_rectangular_circular_4holes_auxholes | flat_part_rectangular_curvesurface?_3holes

| |flat_part_rectangular_circular_auxholes | | flat_part_rectangular_curvesurfacel 3holes_auxholes
| | flat_part_rectangular_circular2 | | flat_part_rectangular_curvesurfaced_auxholes

kL

|| flat_part_rectangular_circular2_1hole
|| flat_part_rectangular_circular_lhole_auxholes i | flat_part_rectangular_variation_lhole

| fiat_part_rectangular_variation

|| flat_part_rectangular_circular2_Zholes || fiat_part_rectangular_variaticn_lhole_auxholes
|| flat_part_rectangular_circular2_2Zholes_auxholes | | flat_part_rectangular_variation_2holes
|| flat_part_rectangular_circular_3holes || flat_part_rectangular_variation_2holes_auxholes
|| flat_part_rectangular_circular?_3holes_auxholes | | flat_part_rectangular_variation_3holes
| | flat_part_rectangular_circular_4holes || fiat_part_rectangular_vaniation_3holes_auxholes
| | flat_part_rectangular_circular?_dholes_auxholes | | flat_part_rectangular_vanation_dholes

Figure 92: A part of the database

Regarding to the comparison of parts, the Figurgr@3ents a part that is going to be
compared with the previous one.

OPITZ CODE

63400

Figure 93: Flat part rectangular with two holes

In the Figure 94 the graphic user interface acogrdo the comparison of parts is

presented. The comparison between both parts peesedove is done and as it is

shown there is a similarity of sixty percent betwgarts, this means that both parts are
flat parts, have the same main form and the samghimag surfaces, but they are

different in main bores.
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~ COMPARISON BETWEEN PARTS

flat_part_rectangular_circular2_1hole_

Please, introduce parts of the database

COMPARISON

flat_part_rectangular_circular_2holes

medium similarity (60%)

Figure 94: Comparison of parts with the GUI

To conclude this illustrative example, it is supgghat the part on the Figure 93 is
going to be designed as a new one. The third paheoGUI brings the opportunity of
searching parts in the database with certain ptagenof similarity regarding to the
new one and presenting them in a list. In the BB a designed part (Figure 93) is
introduced and compared with all the parts of theldase presenting in a list the ones
that have a similarity of 60% with the introduceattp

- SIMILARITY MEASURES

Introduce the IGES file of the part OPITZ CODE

flat_part_rectangular_circular_2holes GENERATDR‘ 63400

| 20% similarity
{40% similarity

.,EEI% similanty

|

I B0% simitanity

[100% similarty

16

sysaRmypats [P
fat_parl rectangular_circular bt
flat_pari_rectangular_circularZ, txi
flat_parl_rectangular_circularZ  1hole bt
flat_part_rectangular_circularZ_1hoke_auxholes. b
flat_parl_rectangular_circular?_3hobes bd
fiat_pari_rectangular_circular?_3holes _suxholes txt
flat_parl_rectangular_circular? 4hobes bd
flat_pari_rectanguiar_circular?_4holes_suxhokes b=t
fiat_part_rectangular_circular? _auxholes.txd
flat_part_rectangular_circular_1hole b
flat_part_rectangular_circular_1hoke_auxhokes b
flat_part_rectangular_circular_3holes b
flat_parl_rectangular_circular_3holes_auxholes b
flat_parl_rectangular_circular 4holes txl
flat_part_rectangular_circular_4holes_auxholes et

flat_parl rectangular_circular_auxholes tct

L |

Figure 95: Example of the third part of the GUI
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7.4 The generated database for evaluation

To evaluate and to test the developed system, abase of random parts has been
created as Figure 96 presents. The database ischdeparts in both very different and
very similar forms to test and validate the aldons and the system. In the database,
the parts are grouped with a similarity of fortygent; this means that the Opitz code of
both parts has the same value in the digit one\vaod

PARTS
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Figure 96: Classified database
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Chapter 8

CONCLUSIONS AND FUTURE WORK

The ultimate objective of this research has beeasan investigation and realization of
a novel technique to reuse knowledge informatiothendesign of 3D solid models in
order to optimize the design process of a new mdaehchieve this goal, in this Thesis
a classification and comparison system for nontiatal parts has been developed. The
developed system uses two softwares, Autodesk tawvdn design 3D models and
generate IGES file, and Matlab. The system developeMatlab works with the IGES
file to recognize and extract the features of thd.ror the classification, Opitz Code
System is implemented to classify the extractetufea of the IGES files generating a
shape signature. All the shape signatures, relafed files and Opitz codes are stored
in a database hosting more than two hundreds 3lelsiodn algorithm applied in the
database allows the comparison between parts aadrebsing of knowledge
information with a developed distance function. &hiGraphical User Interfaces have
been developed to map and connect the databaseZABe software and the user
requirements and orders in addition to the systemagement as is presented in Figure
49. As the final step, the correct functionality tbe system has been validated and
tested using database members.

The evaluation and testing of the system provesoaeanly functionality and a good
implementation of the developed system. Classificaand comparison of huge number
of features in non-rotational parts has resultedrt@cceptable outcome in retrieval of
knowledge information from the database. HoweVer grogram classifies the designed
features of the parts with Opitz Code System that classification system focused on
classifying the features for manufacturing purpoSése repercussion of using Opitz
code is presented in figure 97. Both parts haves#imee classification code but they do
not have identical 3D shapes. This problem happemesto the fact, that Opitz Code is
focused in the features for the manufacture ofpghe and not for the design. In the
other hand, as it is shown in Figure 97, the bahsphave one main bore but with
different size or both parts have auxiliary holasib different positions.

Figure 97: Equal shapes in manufacturing features
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Another possible upgrade for this research refershe amount of features in non-
rotational parts which is really significant. A gggted improvement of the developed
system always can be the recognition and extractianore features focusing in more
details of the designed parts. For the developsthmice function, the possibility of
comparing more specific features of the part orudeg in other similarities will
improve the quality of the developed distance fiomcas well.
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APPENDIX A

In this appendix, a literature review is presentedaid to understand properly the
functionality of each entity of the IGES file the going to be used in the thesis
[IGESO06].

A.1 Line entity (type 110)

A line is a bounded, connected portion of straigme which has different start and
terminate points.

A line is defined by its end points. Each end passpecified relative to definition
space by triple coordinates. With respect to definispace, a direction is associated
with the line by considering the start point to listed first and the terminate point
second.

A.1.1 Directory Entry section
In this section, all the lines of the 3D model defined.

{1) (2) {3) (4) (a) (6) (7 (8) (9) (10)
Entity Typs Parameier Siructire Line Font Lovel View Xformaiion Label Status Soguenca
Number Daia Pattern Matrix Dixplay Nomber Numbar

110 = < na | = #, = 0,= 0,= 0,= (777" D #

(11) (12) (13) (14) (15) (16) (17 (18) (19) (20)
Entity Type Line Color Parametor Form Reserved Reserved Entity Entivy Soquenca
Numbar Weight Numher Line Count Number Latn Sabscript Number
110 # #=> | # 0 # |D#+1

Figure 98: Directory Entry section of the line entiy [IGES06]

A.1.2 Parameter Data section

The Parameter Data section is where the valuesttednformation of the entity is
registered.

Index Name Type Description

1 Xl Real Start Point P

2 Y1 Real

3 Z1 Real

4 X2 Real Terminate Point P2
) Y2 Real

B 2 Real

Figure 99: Parameter Data section of the line entjtIGES06]

A.2 Circular arc entity (type 100)

A circular arc is a connected portion of a cirdwatthas different start and terminate
points. The definition space coordinate systemvigygs chosen so that the circular arc
lies in a plane either coincident with, or paraltglthe XT, YT plane.
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A circular arc determines unique arc endpointsamdrc center point (the center of the
parent circle). By considering the arc end poimtsbé enumerated and listed in an
ordered manner, star point first, followed by téertinate point, a direction with respect
to definition space can be associated with the @&he ordering of the end points
corresponds to the ordering necessary for theocabe ttraced out in a counterclockwise
direction. This convention serves to distinguiske ttiesired circular arc from its
complementary arc.

A.2.1 Directory Entry section

(1) (2) (3 i4) () (6) (7) (8) (9 (10)
Eniity Type Paramoier Structurs Line Foni Level View Xformation Labal Siaius Feguense
Numbor Data Pattern Matrix Display Numbaer Number
100 = <na. =| #,= #,=> 0,= 0= 0,= |777777%x| D #
(11) (12) (13 (14) {15) (16) (17) (18) (19) (20)
Eniiiy  Tyvpe Line Calor Parameier Form Reserved Reserved Entity Entity Sequenco
Numbeor Weight Number Line Coamt Numbar Labzl Subscript Mumhber
100 # = # 0 # |D#+1

Figure 100: Directory Entry section of the circulararc entity [[GES06]

A.2.2 Parameter Data section

Index Name Type  Description

i IT Real Parallel 71 displacement of arc from Xt, Y71 plane
2 X1 Real Arc center abscissa

3 Yl Real Arc center ordinate

4 X2 Real Start point abscissa

] Y2 Real Start point ordinate

6 X3 Real Terminate point abscissa

i Y3 Real Terminate point ordinate

Figure 101: Parameter Data section of the circulaarc entity [[GES06]

A.3 Transformation matrix entity (type 124)
The transformation Matrix Entity transforms thr@svrcolumn vectors by means of a
matrix multiplication and then a vector additioelnotation for this transformation is:

Ry; Ry; Ry3] [XINPUT T1 X OUTPUT
R,1 Ry, Rys|-|YINPUT|+|T2|=|Y OUTPUT
Rs;; Rs, Rs3l LZINPUT T3 Z PUTPUT

Here, column [X INPUT, Y INPUT, Z INPUT] is the viex being transformed, and
column [X OUTPUT, Y PUTPUT, Z OUTPUT] is the columactor resulting from this
transformation. R= [Rij] is a 3 row by 3 column matof real numbers, and T = column
[T1, T2, T3] is a three-row column vector of reainmbers. Thus, 12 real numbers are
required for a Transformation Matrix Entity. Thistiy can be considered to be an
“operator” entity in that it starts with the inpugctor, operates on it as described above,
and produces the output vector.
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Frequently, the input vector lists the coordindteame point in one coordinate system,
and the output vector lists the coordinates of #ahe point in a second coordinate
system. The matrix R and the translation vector Xpr&ss a general relationship
between the two coordinate systems. By considesipgcial input vector such as
column [1,0,0], column [0,1,0] and column [0,0,Xxjdacomputing the corresponding
output results, a geometric appreciation of thetisbaelationship between the two
coordinate systems can be obtained.

A.3.1 Directory Entry section

(1) {2) {3) i4) (5) (6) (7 i8] (9 (10)
Entity Typo Parameter Siructurs Line Fomt Lawel View Xformation Labol Status Soquonce
Number Daia Pattern Matrix Display Numbar Numbar

124 = cna >|-na >|.na >|<na>| 0,= <pa >|""7"| D¢

I

(11) (12) (13) (14) (15) (16) (17) (18) (19) (20)
Entity Typa Line Color Parameter Form Resarvod Reasrvod Entity Entity Sequence
Number Weight Mumber Ling Count Number Labal Subscript Mumber
124 <na >|.na > # 0-1,10-12 Eid D# +1

Figure 102: Directory Entry section of the transformation matrix entity [IGES06]

A.3.2 Parameter Data section

Index Name Tyvpe  Description
1 R11 Real Top Row
2 R1Z Real .
3 R13 Real
4 T1 Real ;
= R21 Real Second Row
) R22 Real
7 R23 Real
a8 T2 Real .
9 R31 Real Third Row
10 R3Z2 Real
11 R33 Eeal
12 T3 Real

Figure 103: Parameter Data section of the transformtion matrix entity [IGES06]
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