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ABSTRACT

This thesis presents a new methoddmpute a global visibility map (GVM) in order
to determine feasible axes of rotation feaxds CNC machining. The choice of the 4tkis
is very important because it directly determines the critical manufacturing components;
visibility, accessibility ad machinability of the part. As opposed to the considerable work in
GVM computation, this thesis proposes an innovative approximation approach to compute
GVM by utilizing slice geometry. One advantage of the method is that it is féetere¢hus
avoiding feature extraction and identification. In addition, the method is computationally
efficient, and can be easily parallelized in order to vastly increase speed. In this thesis, we
further present a full implementation of the approach as a critical fanot@an automated

process planning system for rapid prototyping.



CHAPTER1

INTRODUCTION

Workpiece setup planning is one important part of process planning in CNC
machining as it is directly related to a @annanufacturability and resulting quality bkt
machined surfacgl]. In a 4axis CNC mill machine, optimization in setup planning includes
optimizing theaxis of rotation, a set of rotation angles, support positions, etc. in order to
properly machine the part. Among all these setups, axis of rotation is the first to be
determined and hassggnificantimpact onthe rest Although general methods for visliy
mapping and some setup planning exists, there is little work in the specific problem of axis of

rotation selection andne efficiency is anajor challenge for the previous approadigg)].

1.1 CNC Milling Machires
Milling is amachining process using royecutters to remove materiftbm a
workpiece advancing (or feeding) in a direction with the axis of the[88] (Figure 1a).
The capability of machining parts to precise siaad shapeandcreating a larggariety of
features has made milling one of the most commonly used pesoessdustry. Computer
Numerical Contro[CNC), with its advent in the 1950s, has evolved milling machine to

machiningcenters makingthe milling processa much more automated and predisel.

Mill configurations
Mill orientation is the primary classification for milling machines. The two basic

configurations are vertical and horizontadsed on the motion of the spindle, vertical sill



divideinto two subcategories: turret mill and bed mill (Figure 1b and c). In this thesis, we
focus on the bed vertical mill (Which means the spindle moves parallel to its axis (Figure 1c)

compared to a stationary spindle (Figure 1b).

(b) (©)
Figurel ¢ Milling process examplega) End milling tool[6] (b) Turret Vertical Mil[7] (c)

Bed Vertical Mill8]

Multi -axis CNC milling machines

A very basic vertical mill is typicallyn a 3-axisconfiguration(Figure 1b and c). For
example, the bed vertical mill has anyXable and the vertitanoving spindle provides-Z
axis motion. The limitation of a-8xis mill isthatthe tool has limited access to the ghtts
cannot machinapart with complex geometry (e.g. undercuts) in one operatitiaxis
CNC machines are machines that suppottomly translation in 3 axes, but also rotation
around one or multiple axedeemed thd™-axis and B-axis (Figure 2) where a 5 axis is

generally considered the maximwlagree of freedorfor milling.



u.
n‘
I
i
-
i
i
i
[
i

Figure2 ¢ Axis confgurations;(a) 4-axis CNC m[®] (b) 5-axisCNC mi[l10]

Four-axis CNC milling machines

The 4axisCNC vertical millng machine has one rotary axis in addition to the
standard three linear axes (x, y and z axis) as shown in Fgufghe 4" axis can be
controlled simultaneously to move the tool in complex paths, but it can also be used to
simply rotde the component between setups. This latter approach is more desirable than re
fixturing the component manually using a 3 axis CNC mill, which introducésttee

errors, requires a proper fixture posture and needs extra setup time and human mrerventi

The only access

Silantation Orientation 1

Orientation 2

Part 2 ‘ I % Orientation 3

Axis of rotation

undercut

(a) (b)
Figure3 ¢ Milling undercut problem (a) 3axis mill (b) 4axis mill[11]



For a given part, the choice of axis to orient the part is critical, intttimectly
determines whether the part is machinable and further siffectotation(setup)angles of

themachiningoperationsabout that axis

Figure4 ¢ The choice of axis of rotation(a) Cube with two square pocket (b) axis of
rotation 1 (c) axis of rotation Zd) industrial bracket

As shown in Figure 4, a cube with square pockets on two of its liasetwo optional
axes of rotationKigure 4b and 4c As the machine tool gerpendiculato the axis of
rotation, it is easy teeethat the pocket in Figure 4b is an undercut whereasaime pocket
oriented in Figure 4c is fully machinable. The celzample is simple in that the cube and all
pockets are aligned with the principle axes. However, when parts become more complex
(Figure 4d) the choice is not obvious anslyatematic solution to find the proper axis of

rotation is in need.

1.2 Visibility in 4-axis CNC Milling
In order to solve the axis selection problem, visibility is introduced. In general, if a
surface patch on a component is visible from some orientation, it means that a line of light

along that orientation can reach the surface paittfout obstacle. The complete visibility of



that surface patch can then be definedlbthe orientations that make the surface patch
visible. In 3-dimensional space, we define such a visibility region as visibility cone. The
space where the visibilityooe resides is defined as visibility sphere. -hrdensional

scenarios, we define such visibility regions as visibility arcs (Figure 5).

ey pp————

(a) (b)
Figure5 ¢ Visibility used in 2D and 30@) 2D visibility arcgl2] and (b) 3D visibility cone
[13]
Using thevisibility cone of each surface patch opart the solution of visibility in
CNC setup planning to finda viewpoint or a set of viewpoints from whittie entire set of
part surfaceare visible. Theseiewpointsbrientationgyive usthe feasible postures of the

component with respect to the machine tdalrthermorethey tell us whapotentialaxes of

rotationmight be feasible for a given part

It is necessary to note that, in practice, the tool may not be able tceleseatit
orientation given by the visibility solution because the tool has a diameter, whose
accessibility cannot be treated as Adline of
more restricted and will be defined as machinability instedek visibility cone is not

sufficient, but necessary in that it givesightupper bound of a region of feasible

orientations therefore greatly reduces undesirable orientations from consideration.



1.3 Research Objectives

The overarching objective of thikesis is to develop a method that determines
feasible axes of rotation for parts to be machined usingxasACNC mill. The work is
divided into two major suobjectives. The first subbjective is to compute a Global
Visibility Map (GVM), while the secnd subobjective is to compute axes of rotation from
the GVM. The following chapter will provide a review of the relevant literature and then
followed by the proposed new methods. Finally, we will present an implementation and
testing of the method angg@lication within CAD/CAM software for a rapid machining

system.



CHAPTER2

LITERATURE REVIEW

2.1 Overview

The main concern of setup planningrevidingaccessibilityfor the cutting toal
Since visibility is a necessary condition swcessibility it is broadly used by researchers in
setup planning.

The \sibility problemis calledthevisible set problenrm some article$§l14]. It is
defined as: given an 8ty (surface patch) in the scene, find the set of view directions along
which the given entity is completely visible. As defined by previous \Wisk16]|, the
mapping of the visible directions on the unit sphere is a spherical image called the global
visibility map (GVM).

Therehavebeenmanyarticles addressing th@oblem ofvisibility, butfew articles
address th axis of rotation problem directbhmong the manyisibility approachesa
widely knownmethodto construct Msibility map is using Gaussian mapg[15]. Many
researcheratilized Gaussian magto compute setuprientatiors for 4- and 5 axis
machining[16-18]. However, visibility obtained frora Gaussian magnores the fact that
other surfaceof theobjectmay occlude visibilityof the target facgt4]. Thus it is alocal
visibility which cannot be used directly to determine axis of rotation-fxig CNC setup
Suh and Kan[@] discretized the visibility sphere ingpherical triangles and used an
occupation test to obtaihe visibility cone Although it obtained a globaisibility, sucha
method has disadvantages in it uses the centroid of the part surface triangle to

approximate the triangleesulting in an approximatedsibility, and2) Theoccupatiortest



leadstoae € p & time complexity in computation thus is very inefficieri this
casen is the number of surface pagsdand m is the size dheapproximated visibility
sphere Li and Frankl] later introduce an approach that compuwis#ility by an occlusion
calculation between a pair of polyhedral facets. This megbhoddes global visibility ands
accurate but stilhas a time complexity af ¢ ; n being the number of faset

These visibility approaches, along with several others are categorized and described
in detailbelow. Among them, the common challenges are accuracy, time compaxity
local vs. global visibility.

2.2 Gaussian Mapping

Gaussian Mapping is the first approaetroducedio solve the visible set problem.
One early worlkusedGaussian mapping@ calculate the visibility map of Bezier surface3.
This work was further extended B30] to include visibility calculation for freéorm
surfaces. The basic idea to obtain a visibility map in these works is to compute the dual
image of the Gaussian map on a unit sphdosvever, these works only consitthe surface
visibility locally, ignoring that the visibility cone @t designated entity might be occluded by
other surfaces. Thus applications are limited to the visibility of certain features of the

componen{l7, 21].

2.3 Approximation Method
2.3.1 Hidden surface removal
Hidden surface removal methoolfen need taliscretize the component surface into
discree entities (like triangleneshesandthenestabliskesa discretevisibility space.lt

builds avisibility mapping from the discrete entity to thiscrete visibility viewing sphere



suchmapping isfinite. Thediscretionresolution impacts visibilitacaracy One way to
obtain such dicrete visibility is to use ragasting techniqugf2], while other related work
utilizes az-buffer method through graphics hardwa®25]. The disadvantages of
approximation methods are obviduapproximation errorfThe truevisibility cone might
turn tobe largetthan obtained considerirgpme viewing points are not in the sampled

region.

2.3.2 Slice geometry

Slice based methods have beeweloped to compute visibilitgspecially for 4axis
CNC mills. Theyaddress the visible set problemdirectly by taking advantage of the slice
geomety. In theapproactof [12] they dvide the componennto a set of 2 dimensional
slices along one directidiphasel)compute the 2D visibility of each sligphase2)and then
combine them taonstrucuvisibility for the axis The advantage is that its experiment shows
processing time inisibility computdion (phase2)s linear to the number of facets.
Therefore, it is a very efficient algorithi®ne of hedrawbackss that the slicing process
(phaselhas time complexityob ¢ "Q for model with n triangles and k slicing planes.
Anotherdrawback of this approach is that the final visibility corresponds to a certain axis of
rotation instead of a GVM.

However, an asymptotically optimslicing algorithm has been deloped recently
that has time complexity @f £'Q, whereQis the average number of slices cutting each
triangle, which is asymptotically the best that can be achieved under certain common

assumptionx6].
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Accordingly, phase 1 in the original method cardiamatically improved using such

asymptotically optimal slicing algorithm.

2.4 ExactSolution Methods

There are also a few approaches that aim at obtaining an exact sfauaghobd
visibility map[13, 27-30]. [29] proposed an algorithm that calculatgidbala visibility map
for a triangulamesh byanocclusion calculation between a pair of triangle facgts]
extends the work to the occlusion calculation between a pair of convex facets. A similar
approach also calculat¢he occlusion between a pair of convex facets by a boundary tracing
method[30]. However these approaches share a common bottleneck: due to a pairwise
occlusioncompting, t he al gor i t Ismha@dy limitedy theesizd of tbei e n c y
mesh.In addition the union operation among all spherical polygons before generating the
GVM is also an expensive computing task.improve efficiency in the l&gr problem[14]

has further extended their previous work by introdueiijnkowski sum.

2.5 Mapping from GVM toAxes ofRotation
Methodsto apply GVM to 4axis CNC machining sepplanned hae alsobeen
studied. Li and Frank have established a relation from point visibility, arc visibility and cone
visibility to axes of rotationthus forming a mapping from GVM to axes of rotafijn The

time complexity of such mappingis ¢ for ann-facets model.

In summary, Gaussian mapping alone is not sufficient for a GMsidering

previousapproachegshere is always a tradeoff between accuracy and time effic{eritbgr
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approximated or exact methg)dThere is still space famprovement of thesapproaches
and, onsidering thatime efficiency is a major concern in CNC setup planning, an

approximated approach wigood time efficiencynay be a reasonable chaice
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CHAPTERS

SOLUTION METHOD

3.1 Generabverview of theMethod
To introduce, the method is decomposed into two main phases based on their
precedence; computing global visibility and then computing axes of rotation. These two
main phases are further decomposed into several sequential subroutines based on their

functionality.

A representative facet

®

Loop: orientations

Figure6 ¢ Phase 1 global visibility computation flow; 1) model Slicing, 2) segment visibility
computation, 3) conversion to facet visibility and obtainment of a 2D visibility
map in one orientation, 4a) union of2 visibility maps ofall orientations, 4b)
obtainment of GVM, the union oflensdy spaced2D visibility maps (angle
between two maps = J).

Phase Global visibility compugtion
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1. Slicing themodel

2. 2D visibility computation.

3. Intersetion of segments visibility foflacet visibility.

4. Union of 2D visibility maps of all orientations into a global visibility map.

Phase IIAxis of rotationcomputation

1. Computingcorrespondingxisregion of each facet.

2. Obtain final axes by intersectinige axis regionsf all facets

An example part is used Figure6 andFigure7 to show the flow of the two main
phases respectively, while Figure 8 illustrates the complete proddssform of a flow

chart.

Visibility cone

Axis region
Facet 1 Facet 2

Axes region for each facet

' 4

Visibility ®

point
]

Axis of rotation

@ circle

Correspondence

Loop: facets

Axes of rotation map

Figure7 ¢ Phase 2 axis of rotation computation flowl) an existing GVM of a facet, 2) the
correspondence rule of point visibility to axes of rotation, 3) obtainment of axes

of rotation using the corespondence rule, 4axes regions for each faceb) the
axis of rotation map
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New
orientation

Slicing

Visibility Segment
to axis visibility

Facet
visibility

Assign
visibility to
axes Union
Visibility
maps

Figure8 ¢ Flowchart ofall subroutines

3.2 Computingthe Global Visibility Map
The creation of a Global Visibility Map (GVM) is the objective obph 1A GVM
is a spherical imagereatedo describe the complete set of global visible view directions for
a surfacd14]. The GVM of any surface patch is in ther of a spherical polygon. Under

spherical coordinate with unit radius, a GVM has a freedom of 2.

Limitations using segment visibility

The method if12] providess e g m evigiliilisy @bouta given slice orientation. If
they are presented on a sphere, they form arcs of a fixedcgabat Accordingly, they have
a freedom of 1 under spherical coordinates with unit radiassidering that a GVM has a

freedom of 2, such visibility actually only considers a portiothelGVM. If aGVM is to
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be derived from such visibility, the ondption is to combine multiple such visibiéisfrom
different slice orientationsThe hopewnould bethat the original arcs combine to form a
sufficiently dense portion of a spherical polygon. However, segment visibility is rather
Aexcl usi v en@ Tlewsegments resllting from two different slicing orientations are
irrelevantto each other and cannot be matchéserefore, visibility in two settings, having

no common reference, cannot be combined. This characteristic makes segment visibility

Anemcremental 6 (or unable to &igued)mul at e) ame

segment set 1
& segment set 2

slice direction 2
slice direction 1

Figure9 ¢ Two different dice orientations and resuling segments of the same facet

Solution

The key to constructinga@®¥ from a set of fAexclusiveo v
the segment visibility to facet visibility. This is because the facet, unlike segments, remains
intact during multiple slicing settings. Therefore, the gradually formed visibility map can
alwaysreér t o some particular facet. Note that L

segment visibility, but as an intermediate subroutine.

3.2.1 Computing segment8visibility
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A methodis used tawompute visibilityto the surface of a model that is rotasdmbut
a fourth axi§l2] assunng a proposed axis of rotation is givesince the tool access is
restricted to directions orthogonal to the rotation axis, 2D visibility maps for a set of cross
sections of the surface of the model can be used together to approximate visibility to the
entire surface of the modelhe method divides a 3D problem ir2Db problems and

conquers each of them separaté&lig(re10).

Visibility
range 1

Visibility
range 2

(a) (b) (c)

Figurel0c¢ Slice geometry(a) Original modell§) slices (c) msibility calcuation of a
segment

For each segmerthis visibility algorithm generates eollection of visible ranges

given in polar angle abothe axis of rotation:

e iy
ViS; 1 (©,,0,),00,.6,),..0,,6,),
ViSy.1. (Gazeb)la(ea.,ab)2"'@a.’®b)n

V;S(jk (@a’.@b)l’(ea:@b )2" ‘@aaéb)n

VISqnp ea ’®b )I’(ealgb )2"'@a’®b)n-/

Figurell ¢ Visibility of segmentg12]
Where6 ) 3 denotes the visibilitgollectionof thed segment of th& contour of théQ

slice. g by denotes one dfs visibility ranges.
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3.2.2 Computing facesdvisibility
In a certain slicing setting, the visibility of a facet is calculated as the intersection of
visibilities of all segments contained in that particular faégufe13). To facilitate an error

estimation which will be introduced later, all approximations are discussed in detail next.

Approximation One

The segment visibility is aaverage visibility overYmconsidering theinneglectable
slicing intervalYay or thefinite number of segment§igure12). The ideal situation is that
each facet is represented by an infinite number of segments. This approximation inherits

from the méhod in [4].

— — - originaltriangle visibility segments

|:| approximated shape I:l averagingover area

Figurel2 ¢ Representing a facet by a series of segments from the perspective of visibility

Therefore, the visibility of the original segment reflects visibility over an area (called
averaging over area) defined the slicing interva¥wand segment length. The bounds of

the visibility range of an area are two banéig(rel13).
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LEFT RIGHT
Visibility range of area(s) Visibility range of segment(s)
left right
visibility visibility
The 1% The 1% area bound bound
segment v
left right
visibility visibility
bound bound
(b)
left right
visibility visibility

bound bound

Facet
visibility range
left
visibility

Figure13 ¢ Facet visibility obtained byntersectingd S3 Y Sy i a Qa)lBERTaAthed A A G & T
visibility range of the £ area, RIGHT: the visibility range of th& $egment, (b)
LEFT: the visibility ranges of all areas, RIGHT: the visibility ranges of all
segments; (c) LEFT&RIGHT: the right bound of the facet visibility (d)
LEFT&RIGHT: the lefobnd of the facet visibility. The two visibility bounds of
the facet define its range.

Approximation Two

It is a compromise of visibility to treat a facet as an intersection of the segments it

contains. An example is that a facet is deemed invisible e fraction of its containing
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segments are still visible. In such case, visibility is not adequately recovered. Such

disadvantage comes from the nature of approximatiohas error.

Error Estimation and Reduction

This work proposes a way to improapproximation and reduce error. All that is
needed is a way of estimating the specific error and a direction of improvement.
Visibility volume

As for error estimation, a concept of visibility volume is introdudéduyrel4). We
define the visibility volume of segment j as:

R g:y_:p Vo gy_ya)

whereY—is the range of visibilitpf segment andYis theslicing interval for segment j.

And the visibility volume of facek is defined as

6 o0 g V— i
WhereY— is the visibilityrange of facek and Y0 is the length of facek in the

slicing direction.

Segment A /

Ax

1
Ax: slice interval Volume = EAHAx

(a) Visibilityrange of an Area A/segment A (b) Visibility volume of Area A/segment A

Figurel4 ¢ Concept of visibility volume by an example; thasibility volume is decided by
I 4S3aYSyidQa Yhaadsicintdnalde NI y3IS 0o



20

Converting quality indicator

The difference in visibility volume between a facet and the segments it contains
indicates the visibility loss due to converting, tltas serve as a converting quality indicator
(Figure15). We defineconverting quality of facet to be:

o

OO0 Y— oY)
B mow'Y B Yo

Wheret is the number of segments that facebntains. Theverall converting qualityf
the model is calculated as:

Bn d
Whereo is the area of facét

A AR L

Visibility volume Visibility volume Visibility volume
Of segment 1=VVS; Of segment 2 =VVS, Of segment 3 =VV S,

(a) Sum of all segments’ visibility volumes = Zf VVs;

_ VVF
Y3Vvs,

ok
(b) Visibility volume of the facet = VVF

Figurel5c¢ An exanple of the calculation of converting quality of a facet, the example

FIFLOSG KIFa o asS3avySyidaTtT o0 ¢KS adzy 27

visibility volume of the facet

tt
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Error-reduction

As for errorreduction, a mesh refinement is implementdthtiway, the sum of the
visibility volumes of the smaller facets is at least as much as the big facet containing them,
and with a chance to be improvddigure16). In the implementation section, a tolerance
“YO Ois preset and visibility volume loss is calculated for every facet, as lapg as
p "YU (amesh refinement is implemented to increpse

Oncen p "YU 0, then visibility loss isvithin the acceptable range and it

is concluded that the facet visibility is obtained with negligible loss.

facetk od facets set S

qx =0
—— Segment with zero visibility volume

—— Segment with nonzero visibility volume

Figurel6 ¢ Mesh refinement to improve visibility converting quality

3.2.3 Union of visibility maps
A spherical polygo is aclosed geometric figure on the surface of a sphere formed by

the arcs of great circlégigurel?). In spherical geometry, geodesics are arcs of great circles.
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S

(a) spherical triangle (b) spherical rectangle

Figurel7 ¢ An example of spheridgpolygon[31] and [32]

As facet visibility using slice geometry is in the form of geodesicsGWM is in the

form of spherical polygas) constructingsVM from the former visibility is possible.

= 2D visibility map circle

visibilityrange in 2D

‘\ / Interesting facet

If sliced only in one dentation, the 7 =i
1/5"6"1

facet will still have visibility in the form of i pl’"e
arcs on a fixed great circle, namely, the 2D
V|S|b|I|ty
visibility map (Figure18). To obtain the f-nie Shc’”gdlrectlon

facetdos GVM, it is r
2D visibility maps (in variousl&ing

orientations) and union all of them. Figurel8¢

I\J

D visibility map of a facet

Geometrically speaking, it is equal to the union of all geodesics into a spherical pdiygon.

example is given ifrigure19to illustrate the procedure of obtaining a GVM by a union of

2D visibility maps.

a l
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Figurel9 ¢ Union of 2Dvisibility maps; 15) slicing the highlighted facet in 5 different
orientations within 90° 6 &7) visibility union;1-6) yellow curves denote
accumulated 2D visibility maps, blue tnsparent planes denotes slicing
orientations, 67) the slicing interval decreases td tesulting in a dense GVM.

Capturing the complete GVM

To capture all spherical polygons in a GVM, it is required that the 2D visibility maps
cover the entire spher€igure20). One good way is to select a set of coaxial and evenly

spaced 2D visibility maps.



































































































