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ABSTRACT

Advances in computer technology, such as computational speed and

display processing has allowed computer-aided design/computer-aided

manufacturing (CAD/CAM) to move into'manufacturing industry aﬁ even
; —

greater rates than expected. As this process takes place more

emphasis'-on,user—friendly, interactive, design intuitive systems will

be .necessary, taking operation of such Syst;ms, from a complicated

expert level to a level that 1is self guided and forgiving ofhé

untrained user.

CISPA, Computer Interactive Surfaces Pre-APT, was designed with

the above ideas in mind. This system utilizes a menu-driven front-end

with graphical feedback to guide a user tkrough curve and free form
.surface definition resulting in a mathema&ii?l model which may be used
to generate NC (numerically controlled) ﬁadﬁine paths-foriQilling'of
3D shapés. This front end was built upon routines taken from the
execution phase of APT 4, a processor designed to handle free-form
curves and surfaces.

Impro&ements were made in the definition and calculation of step
size basing the input on geometric attriﬁutes rather than abstract
algebraic quantities. Routines were also added tg SUpplement error

handling in the APT complex and increase flexibility'in milling

surfaces, by roughing-to-depth.




1. INTRODUCTION

1.1 BACKGROUND

Computer-Aided Design/Computer-Aided Manufacturing  (CAD/CAM)
“.(1,2) has long been ‘extolled as a boom to design and manufacturing
productivity.  Computer graphics help designers visualize their
creations without the expenée_of prototype development. Since most
engineering drawing ubilizes analytical functions such as lines,
circles, ellipses, etc. the rendering of 3-D objects in ?-B—D wire
frame format 1is not'adifficult-téskin computer graphics, hoﬁever
free-form surfaces, by definition cannot be %Escribed be a single

ey

nathematical relationship. These surfaces appear 1n a great many
applications in the aercspaée, automobile and shipbuilding industries.
With the advent of automated assembly precluding the use of fewer and
fewer fastening elements mofe complicated parts (probably plastiq)
will appear utilizing free form surfaces.

At the present the greétest need in surface Jdefinition seems to be
in the numerically controlled (NC) machining (3) of complicated parts,
although it 1is easy .to imagine the need for free form surfaces in
robotics  (painting and welding applications), art and in  the
viSualization. of large amounts of discrete data generated by today’s

finite elements code. The manufacturing of parts with blended




surfaces means the cfeatibn of a-mold:or.die.. For example, in the
production of an investment caéting-this usually means handsculpting.
the shape out "of wax. Clearly if there is a need for tolerance
control or design iteration this hand sculpting method becomes
unacceptable.  Furthermore, traditional wayé of representing surfaces
ﬁsing gréphical methods such as lofting, or multiplé orthogonal
projections, have great drawbacks in the eiffectiveness of
'visualization'and become inefficient as compléxity increases.

With the advent of the computer, computational methods were
«devised dividing the surface into an assembly of curvilinear
qUadfilateral patches, each patch mathematiéally defined by one
formula. One of the earliest contributions to surface definition was
made by FergUSon.(1963) (4) who described the patch system in terms of
parametric rather than cartesian coordinates. This coordinate
definition is‘ now in standard use for the following reasons: 1) it
enables twisted space curves in three dimensions to have a simple
mathematical represéntaﬁion, 2) it avoids problems which arise when
representing curves with. vertical tangents in a fixed coordinate
system, 3) it enables coordinate transférmations such as translation,
rotaﬁion, or perspective to be performed and 4) parametric forms of
curves and surfaces are easily digitized for display. In short, by
using parametric forms independance is gained from a particﬁlar system
of coordinates;- ,

A general theory of sﬁrface“patches-was described by Coons (1964)

(5)'wﬁich_showed how four boundary curves can be blended into a smooth

g




patch  using 'general blending functions allowing any order of
continuity between patches. The properties of spline curves wefe
investigated and found to be useful in representing smooth curves and
surfaces. Derived from the physical spline, a long narrow strip of
wood used by a loftsman to fair in curves between data points, a
spline curve 1is represented by an nth-order pol;ﬁomial. B-splines
'suggested by Schoenberg (1946) (Sj and later applied to curve and
surface definition by Reisenfeld(1974) were found to be useful for
their properties of being locally non-zero. 3

The introduction of the control polygon by Bezier (1971) (7)
helped bring designers the intuition needed in the efficient control
of surface geometry. The input to Bezier3s system is an open poY¥ygon
made up of-straightlines. The vertices of this polygon are used in
Obtaining the curve definition. The resulting curve is a loose
approximation of (the input polygon. Modifying the polygon modifies
the curve in a predictable way. Surfaces are defined in a similar way
by inputing open polyhedrons. "

Gordon and Reisenfield (1974) (8) made use of the congrol polygpn
iﬁ their work with B-splines exploiting the non-global behavior of the
B-spline basis. Multiple coincident vertices are used to pull the
curve closer to the control polygon, while increasing the 6rder'of the
spline polynomial tends to lel the Mcurve awéy from the polygon.
Local control is added.by changing vertex loéation. This concept is

extended to B-spline surfaces and prove to be useful as an interactive

®
. Y

M"tool for surface definition.




All of the apreceding- falls under a 'rathér new field called
computational geometry (9). Computationl,not ‘done by hand but by
computer. Surface geometry, .such as surface normal, curvature, etc.
are easily calculated once a mathematiéal description is found.

The final ‘result 1S uSuélly a large array of points which are
connected together in a wire frame representation. To aid in the
visualiZation of the surface, computér gfaphics are i1mplemented and
hidden line rquval, coloring of criticélﬁ areas béséd on extreme
curvature, surface texturing, perspective and view control may be

invoked (10).

1.2 PROBLEM STATEMENT
%. ' ®
With the decline in expense of computer hardwaré and improvements
¢1n speed and storage of-such machines, computer-aided manufacturing
can be introduced to virtually any size company as long as the need
exists. The real problem in the utilizﬁfion-of such technology seems
to be in'bhg price, support and friendliness of the software running
the CAM system. Specifically in NC machining applications a file is
usually submitted to a post processor in'APT (Automatically Programmed
Tool) or 1like language, errors may be flagged if the language is not
used‘ properly, however an_imp;éper cutting cycle may be introduced;
not ydeteq@ed‘ until NC machining has started}‘ Ideally, a part.may be
represented by a 3D graphics display alerting the user to i1mpossible

geometry or ‘undesirable design characteristics. If such a system is

L |




used. in design with iteration through q_series of configurations, an
iterative means of 1input "with real time resuits‘diSplayedAbecomes
necessary. In summation, 1t seems that there are currently three
- distinct 1evels of 1input used in geometry and NC machinipg
paramet;;éz 1) language input, 2) langpage 1nput with graphical
verification, 3) highly interactive input with graphical verification
(usually menu—driven). ‘

As mentioned earlier'the need for representing sculppured surfaces
for m;chining, robotic manipulator trajectories, etc. has generated a
good deal of research with McAutojs UNIGRAPHICS II (TM), Dassault
System’s CATIA (TM), Applicon’s APPLICON (TM) being notable;xamples
of working interactive systems. |

The probiem initially brought to Lehigh University’s CAD lab by
Bridgeport-TEXTRON Controls Division was rather vaguely-put as ’'the
development of methods for implementing NC milling strategies for 3D
free form curves and surfaces’. This requegt was more COnCreteiy
interpreted as : develop a system - where by 3D space curves and
surfaces may be created, and.glater'used to define NC paths. This
system should be inexpensive, yet reliable, easy to use and run on
existing hardware contained in Lehigh’s . CAD lab, namely a DEC VAX
11/780 mini-computer and DEC V511 graphiés terminal.  Future
developments woﬁld find this software ‘ported to a micro-computer
~aiding injportablity throughout a plant énd further decrease hardware
costs. In addition the_first prototype should be running in a period

of time of one to two years.




1.3 APPROACH TO PROBLEM

Lreating original software from scratch allowing definition of the
myriad of éhape5=used in NC machining proved to be a position*of last
resort. Instead a survey was started of available sculptured surface
software contained in the public domain. '

Computer-Aided Manufacguring-lnternational, Inc. . (CAM—I) was
chosen as a 1likely source for code that might be used in part or 1in
whole. CAM-I is a non-profit organization formed in 1972 to further
cooperatiéé research-aﬁd development efforts of companies with common
interests 1n computer—aidéa ﬁanufacturing. The m%mbership encompasses
government, indUstrial and educational organizations who jointly
contribute to the improved productivity of industry by identifying
need, creating specifications and evaluating solutions through
pfototype development. Sculptured surfaces research gy CAM-I has
nrogressed through several different sgéges culminating in CAM-I’s
newest release, Sculptured Surfaces SSRI1. SSR1 was rejected in favor
of a more compact processor called CASPAOB (Computer—Aided-Sculthred
Pre-APT, Version 3) because of SSR1’s size, cost and hardware
requirements.  CASPA supports many of the surfaces contained in SSR1
and seemed -té be of a more manageable ;;ze jmportant if the software
would later be run on a micro-computer. The CASPA system also
provides an integrated graphics control permitting immediate plotting

of sculptured geometry and CASPA generated cutter positions, from any

desired viewpoint. Input 1s in a fixed forma€§}§lng keywords. These




keywords are matched to a symboi table to determine approbriate
ac£ion. ‘This 1anguage!oriented ..... input Qas vieﬁed as slow and error
prone and wouidlétérbereplacéd with an interactive front end.

The problem approach would comprise of buying inexpensive code,
namely CASPA (cost, $500.00) -from which certain routines would be used
in whole or modified in part to work wiﬁh suppiementary portions
developed " to add flexibility, speed and more user-friendliness
creating a new scuibtured surfaces definition-paéﬁage. These new
features would be BaSed on an interchange of suggestions and ideas
leading from quarterly meetings and progress reports with Bridgeport-

TEXTRON.

1.4 ORGANIZATION OF THESIS

Contained in this thesis is a thorough description of the
prototype software called CISPA<(Computer—aided Interactive Surfaces
Pre-APT) including algorithmic discussion, database organization and
program operation.

Chapter 2 discusses project history, followed by Chapter 3 which
features an explanation of the mathematics of surfaces and synthetic
curves used in CASPA. Newly developed algorithms achievihg step sizg

based on surface tolerance, rough-to-depth cutting and picking

entities with general flow charts included, are discussed in Chapter
| | | o
4. Organization of the CISPA data structure ends the chapter.

Ner®™?
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Chapter. 5 presents program operation and program structure
information: the type of hardware required to run bISPA, the software:
graphics ‘driver, APT routines under CASPA, etc., and description of
the major modules. _A'summary-and conclusion is included in Chapter 6.

A case study, (blapgk common data structure and menu flowchart with
‘ 9

brief discriptions are contained in Appendices A, B, and C. For

further study a users manual (11) with subroutine documentation and
detailed explanation of menu options has been cbmpiled separate from

B

this thesis.
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2. PROJECT HISTORY

y-

Research into sculptgred surfaces started by appréiSing the public
domain for inexpensive software, thus savingtiméand-duplication of
work. It was discé}ered that CAM-I had a very powerful sculptured
surfaces processor called SSR1 (SSR2 release followed), upon further
investigation it was found that about ten years worth of effort had
produced other software embodied in SSR1. The first prototype, a
complete experimental APT 4 based system, produced was -SSXi
(Séulptured Surfaces Experimental 1) in 1970; SSX2 (12) followed in
the same fashion allowing milling of paﬁches~ based on a Coons
- canonical form . and definition of sUrfacesﬁsing a mesh of points.
Progress continued based on SSX2, through SSX6, SSX6A, and SSX7 (13)
to SSX8X (14), where by now, synthetic curves utilizing a combine
feature allowing spline and conics to be combinéd together under one
canoniéal form, surfaces of revolution, cylindrical surfaces, surfaces
through general curves, full transform capability of . sculptured
~geometry defined by forming various cross products of synthetic
curves, and regional milling features had been added to SSX2. CASPAO3
(15) was deveiopedto provide a vehicie for evaluating new sculptured
surface capabilities while Supporting‘ail of the-5cu1pﬁured.surface
definitions of ‘the APT-based SSX6A system. More extensions were added

to the SSX8X software and appear as SSR1 these include routines for

10




extracting parametric <coordinate values from. the last extrinsic
geometrig, construction with a curve or surface, provision of the
ability to extract valueés out of the canonical form of geomeiric
entities, and incorporation of  a.numb§r of arithmetic subroutines,
which can also be nested{ for use in part programs where a numerical
value is allowed. The APT 4 source codé“is required for all of these
systéms excep£ CASPA.

From eValuat{hg several of these systems 1t was determined that
CASEA should be purchased for the project for the following reasons 1)
compact size (710,500 lines, 90 subroutines), 2) written in Fortran
Iv, 3) supported_a large array of éurface types and 4) could be used
as a pre-processor to the APT 4 system (see reference 15 and
Figure 2-1). SSR1 is a.vexy powerful system, but needed to be run on
an IBM 3033 maéhine'with 2 FORTRAN H extended compiler none of which
was at our disposal. CASPA seemed an gg@d.start for thé prototypé
.interactive sculptured ;ﬁrféces processo%.‘

Since the hardware requirements of the project were to run the
system on available hardware (DEC VAX 11/780 and DEC VSll"terminal)
inqﬁiries were made 1into whetheéa_ VAX runnable CASPA was on the
market. Software~ found available,Q howgver, was being privately

9

marketed and was too expensiveito merit the purchase.

The conversion of CASPA to the VAX-required a change from IBM’s
representation of character data as EBCDIC code to ASCII code. This

can be done by readinéieach EBCDIC character finding the corresponding

o




N/C CONTROLDATA

CASPA/APT RELATIONSHIP

FIGURE 2-1. CASPA/APT RELATIONSHIP (REFERENCE 15)




ASCII code for thatcharactér, and writing that ASCII code to a new
file.
Computer dépendance as<discu;sed in the CASPA Users Manﬁal(lS) is
broken down into four catagories:
-~ computer dependance in FORTRAN routines,
__ assembly language routines, #
—- APT 4 compatability, |
-- graphics compatability.
The' CASPA system is made up of about 90 FORTRAN subroutines and
four a§sembiy 'igné;age foutinesf The total source consists of about
10;500. lines. ‘The CASPA language interpreter and graphics routines

occupy - about ~25% of the_ code, these routines are written 1in single

precision ‘FURTRAN"IV and presented no problem in transfer to the VAX.
The assembly routines were re-written in VAX FORTRAN using the VAX
-dependant ENCODE statement, these routines convert floating poinﬁ and
integer values to character format.

APT 4 compatability is achieved in CASPA by'interféce routines:
TSCURV, TSSURF, DSCURV,DSSURF and SPUNCH they convert between CASPA’s
single precision input to APT 4’s required double precision storage.

The APT sculptured surface definition routines are led by APT107
(surface pfocessor) and APT108 (synthetiC- curve processor). 'Theée

routines proved to be portable to the VAX, but it should be noted that

they are written in double precision.
CASPA utilizes CALCOMP graphics routines for display.' These

routines were replaced by GRAPH3D (16) (formerly VSllBﬁngraphics

13




package.  GRAPH3D, created at Lehighfs CAD lab, allows drawing, display
of alphanumeric' data, model orientation fOutiﬁEéjand displdy control
essential fOr.production'of an interactive f}ont—end.

Valid keywords for CASPA are stored in a symbol table and are
initialized wupon execution in the block dgta program NMBLK. Since the
VAX differs from the IBM 360/370 machine in the way it‘converts
character BCD (binary coded decimal) to integer values, the search
routine SWORDS was changed to let'the word ‘search proceed_correctly.-

After gettithASPA running on the VAX tesﬁ programs were written
to check the systems performance.l During this test phase two
observations were made: one, certain kinds of surface definition did not
work and would have to be de—bugged, two, CASPA would need a new front
end to make part definition an interactive process, and additional
improvements im error handling, surface tolerancing and provision for
'rouéh to depth cutting would have to be made.

De-bugging the code, proved to be a simple task occupying a month,
considerably more time would be spent on the front end. It was noted
thatb the CASPA interpreter and interface (to the APT complex) routines
formed a front end and that if the data transfer through the interface
routines could be . understood thé%CASPAAfront end could be replaced by
the planned interactivemgnu—drivenfront end.

‘\f\"/,

chronologically as follows:

Once this transfer mechanism was understood work proceeded

- menu-driven input, for creating points, by existing point,
absolute coordinates and cursor position,

- menu-driven input for all synthetic curves supported by

14 .




SSX6,

naming, modifying aﬂd‘selecting these synthetic curves by
cursor,

. menu-driven input of all surfaces (eXCept PNTVEC, BEZIER and
PNTSON) available in SSX6,

improved error handling and error flagging,

automatic saving of input information for curves and points,
retrieval of curves by name, deletion of curves and points
by name or by cursor selection,

cursor selection of entities from any vView,
'NC milling module in menu driven form including,machining
parameters, ie. tool diameter, offset surface, etc.,

improved step size calculation fixing step size as a function
of chordal deviation (see figure 2-2) and fixing the number- of
zig-zag passes as a function of scallop height (see figure
2-3)

giving more user cbntrol over surface tolerance,
rough-to-depth cutting of surface allowing cutting to depth

in incremental z layers, menu-driven input with system
defaults (see figure 2—4),//fm

naming and saviné of tool ﬁaths on external file in bina;y

to be written to a CLSF when ready for post-processing,

CISPA ported to a Tektronix 4107 gfaphicsdisblay-and run on a
Micro VAX T a much less eXpensive hardware conf%guration

compared to the VAX 11/780 VSll‘termiﬁél set-up,

15
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- production of a system users manual with subroutine
descriptions (only for non-CASPA routines), program

operation section, and two example tutorials.

The addition of the front end and additional features essentially "

eliminated CASPA creating a new package called CISPA for Coﬁputer—aided
Interactive Surfaces Pre-APT system, although CASPA may still be used
with the use of a software switch. The rest of this thesis will detail

the CISPA design encompassed in the above list.
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3. MATHEMATICS OF CURVES AND SURFACES

3.1 INTRODUCTION

The heirarchy of geometric elements contained in CISPA is seen as:

- points |

- simple curves

- combined simple curves (synthetic curves)

- flow curves

- patcheé

- sculptured surfaCes
That 1is, the design strategy proceeds by defining points, fitting
curves to these points, if need be, combining these simple curves,
arranging them 1n space and fitting a surface to this curve structure.

The underlying math;matics .éllowing definition .of space forms
follows with a diséussion of rational parametric cubic equations
representing conics, cubic polynomials and their use in representing
3D space curves. Surface mathematics are presented with discussion of
bi-cubic patches. Some consideration of more efficient storage and
simplified‘irepresentation of the batch canonical form ends the

chapter.
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3 9 REPRESENTING CONIC SEGMENTS BY MEANS OF RATIONAL PARAMETRIC
CUBIC EQUATIONS -

The convention used in the manipulation of geometric elements in
projective  space rather than ‘Euclidean space permeates most
computational geometry (17). The justification for  this
representation stems from the‘fact.that certain well-known geometric
eiementsare more conveniently manipulated as projective elements. ’In

Euclidean plane geometry a point is represented by a pair of

coordinates as (x,y). In projective space the point receives one more

coordinate, (x,y,w), this triplet 1s also called the homogeneous

representation of a point. There is no unique-homogeneous'codrdinate
representation of a point in 2D space, that 1is (x,y,w) and (kx,ky, kw),
k#0 _represent“the same point. The point (x,y,1) or multiples thereof
map to the original Euclidean space (x,y). The points (x,y,0) are
called points at infinity. The point (0,0,0) has no meaning in

projective space. The idea of projective representation 1s that

parallel lines do intersect at the points at infinity. For example,

consider paralléi lines

«
]

»
+
-

rewrite as

(xy 1) 1 1 0
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The 3 x 3 matrix will be called M and is singular and thus
non-invertible, re-write in alternate form as (see ref. 7)
-x—,y ::O

0

x -y + 1

X

Il
>

or

(x yjl)- 1 1 1

0 1 0
H 1s now.invéftible A |
(x y 1) = (00 x) .o -1 -1‘
0O O 1
1 1 0

(xy1l) = (xx0) = x(1 1 0)
The intersection point is (1 1 0), since x 1s some non-zero
multiplicative constant.

The use of homogeneous coordinates give representation of points
at infinity and allow the capability of generalized transformations,
as will be shown next.

Projective transformaﬁion in a plane 1is shoﬁn by'mutiplying a

3 x 3 matrix to the original point

¥k Ky N ' ]

.(x y v ) = (x yw). | 2y b1 cq
29 by <y (3.1)

a3 b3 C3

L =

or
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Py W) = oy WA

If A is non-singular, then A provides a one to one transformation of

projective space to projective space. Note that the Euclidean

rotation and translation matrix is a subset of the general matrix A

where ‘
cosf sinf 0 |
A = |-sinf cosf 0
Xq Yo 1
N -

(3.2)

Applying this matrix to a point rotates the point through 6 and

translates xo_and Yo units-along_the x and y axes respectively.

The new point is expressed in the familiar form

% * ‘ ' ,
X y X y X y

(-, -,1) = (-cosf - -sinf + xo,"—sinH + -cosf * Yo 1)

W W W w w W

This transformation matrix is uniquely determined by the mapping of

four points (Pl;P2,P3,P4), the first three non-collinear and no two

*

‘.points identical into (Pl* P P3*,P4*)-

12 )
Mapping the first three yields

(k

* * N N
1¥1 Ky kywp) = (e vy wpA
-k * * L |
(koxg koyg kowy') = (x5 y5 Wo)A
* * * :
- (kgxg kgyg=kgwy) = (x3 y5 w3)A

Solving for matrix A

-1
A =B "qC
. )\

where

23
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r - 7 3 N
Xy Y1 W -,kl 0 0
B = Xo Yo Vo : Q = 0 k2 0
, 3 Y3 M3 00 iy
“and ‘
[ * * *-
1. 10"
_ X | X x
C = Xq Yo W,
* %k * ~
X3 Y3 "3 ]

’
The matrix A is determined above except for the three constants in §,

kl, k2’ and‘k3. Invoking the condition that the fourth point P4 is
mapped 1nto P4* fully determines the matrix:
(X4* y4* W4*) = (x4 74 W4);‘L ‘ (3.5)
Substitute (3.4) into (3.5) and solve the three simultaneous equations
for k1,2,3, using these values in (3.4)'yieldstransformation-matrix
A
The fact that A e;ists and is unique stems from the_agsumption
that the first three SBintS' are not collinear making each of the
" matrices involved in the product in equation (3.4) non-singular.

The transformation matrix just discussed is useful in representing
conics. For example, p(t})z(u2 u 1) where u is a real number,
represents a pafab?la parametrically in a projective plane. Note
points (fig. 3-1) Po at u=0, and_p1 at u=1l as well as.the parametric
mid-point P u=.5 and.pt, the intersection ofvtangénts at P and Py-

y From“ projective geometry it is known that any ’'conic can be

X

represented as a projective transformation of the conic:




| 2
PIUIZ(U™ U 1)

PT (0, .5,!1) (1,1.,1)

| —QF

Gé

—PM (.25,.5,1)

PO (0,0,1)

> 0.0,

FICURE 3-1. PARABOLA-p(u) = (u2 u 1)




(3.6)

Conics, in general, can be represented by rational parametric forms.

That is 1f

(xy w) =.(u2 u 1)A | \ N
then
x Ao+ ¢ ay o
W33l T 393l T d3g
Y a12u2 * 2ol T 293 . |
and - = 5 _ , “ \ (3.8) .
W aggl * 3ggl + agg \__

To determine the above coefficients so as to represent a conic, assume

that po*, pl*, pm* the parametric midpoint and intersection of C

tangents p, are known for a give conic segment, the equation (3.4)

becomnes
] 1-1 [, 1 [ = * * |
O 0 1  k1 'Q ) Xy Yo Y
A= |0 1/2 1 [0 k, 0 | xt* yt* wt* (3.9)
| | * . * '
| 1 1 1 bO 0 k3‘; -xl Y1 EYI |

Solving for k1‘2,3 will map the simple parabola to the four known

)

points.'
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Using the fourth constraint °
L gl % ok *
/4 12 DA= (' v, w)
| s = (x * : *. * A2 10
or (1 - 2 4)A w(xm Yo wmf) | (3.10)

then A is determined.
As an example, consider representing.the semi-circle in figure 3-2
in rational parametric form. The points Pq y Pg and p, are

substituted into the B matrix and inverted, resultihg~in,

1 2 1
pl- |2 2 o
1 o o]
L -
Equation (3.9) becomes
k, -2k, kgl |1 0 1
A= |2k, 2k, O | | O 1 0 (3.11)

ky o 0] |-1 0 1

Note that the tangents at po,and Pq form parallel lines, however their
intersection exists at a point at infinity, (0O 1 0).

To determine the k’s apply equation (3.10),

o - . - -
(124)|-2k; 2k, O o 1 0 |=(11)
k1 0 0 -1 0 1

which when the three simultaneous equations are solved

Ky = kg = kg =1/2

The transformed point is then
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TANGENTS

N
00

PM
(O, 1, 1)

- |
Pl('l’O,l) | Po(l’o’l)
"PT 1S A PCINT AT INFINITY (0,1,0]

FICURE 3-2. SEMI-CIRCLE S R
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x* y* W) =@« 1[0 -2 2]
2 2 -2
r o0 1

! -

' The circular arc may then be written in Cartesian space as.

x' = -2u + 1 _, y* -2ﬁ2 + 2u
X = - = ‘ - and y = - = .
| W* 2u2 - 2u + 1 '" w 2u2 - 2u + 1
The general expression for a conic may be written as a rational
quadratic after following the steps below. First solve for the
~unknown k’s
s V
| . * *
(ky 2ky k3) | X9 Yo ¥
* * * _ (x * & *)
RS T - 3 Yo o
* x Ok
11 M
i 1

| o ¥ * * K X " . - .
where (xo Yo Yo ) and (x1 Yy W ) are the endpoints of the conic

section and (xt* yt* wt*)nis the intersection point for the tangents

*

‘at the end points. The point (xm* Yo wm*) is the parametric

midpoint. The matrix A is then

[ T [ = * * ]
k; -2k kgl | X5 Yo Vo
; | * * *
* * *
L k1 0 0 Xy ¥y oW
i}

The equation of the

given by

29

desired conic as a rational quadratic is then




(x* y* w*)°= (u2 u 1A

The problem with the above formulation is in the division of x*

* by w*, if w is zero a singularity occurs and the computation

and vy
breaks down. This happens when wusing an identical point as the
starting and ending point as in the representation of a closed conic.
One more drawback is the point at infinity resulting from the two
taﬁgents at each endpoint of the semi-circle, in practice the CASPA

sculptured surfaces processor cannot handle this case. If this

configuration is input the user will receive a CASPA error statement.

3.3 PARAMETRIC CUBIC CURVES

Frequently 1in design, avsmooth curve must be fit to a stream of
points. Again the curve takes a parametric form and uses projective
geometric concepts.

 Many curves Cannotfbe-descr{bed by a simple analytical expression
and are defined in a pilece-wise maﬁner. Continuity across the joins
between pieces can be built into the parameterized form of the curve.
.Definition of curve segments require some sort‘of parametric form that
is easily differentiable to determi;e-tangents, nofmals, curvature,
etc. . Polynomial eqﬂatiqns are an obvious choice. It is foundwin
practiéé that a high degree polynomial may.lexhibit 'unwantedd
oscillations and Mélso réquire more storage (large number of

coefficients). However, the degree must be high enough for complex

30
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curve representation, and must also satisfy certain continuity
rqquirements.  The cubic polynomial 1is utilized as a compfbmise. The
following development 1is taken from Ferguson (4) and Faux and Pratt

-

(9). The segment takes the form
ol — o 2 3 i
r = r(u) = By * 8jU + BoU + agu (3,11).
The vectors 2 al,a2  and 2, must be solved for to determine the
segment. Four conditions are needed, usually r , and the first

derivatives }, at each endpoint. If the‘parameter u is assigned the

values u=0 and u=l at the endpoints of the segment, the coefficients

are .
ay = r(0)
| 2y = (0) (3.12)
a, = 3[r(1)-r(0)] - 2r(0) - r(1)
a, = 2[r(0)-r(1)] - T(0) - r(1)
Substituting into (3-11) the expression for r results
= r() = r(0)(1 - 3uZ + 2u%) + r(1) (3% - 2u°)
(0 (u - 202 + u3) + #(1) (-u2 + o) .B-13)

The expression for r may be writtenainwmatrix form as r=UCS where

UCS denotes the product of the three matrices below:

U | c S
r(u) = (1 u v u)} 1 0 O 0| .r(O)
0 0 1 O f’r(l)-‘ (3.14)

1-3 -3 -2 -1 |r(0)

2 -2 1 1]|/|r@)

L o e -
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" The above formulation is called a Ferguson curve.

l,.

3.4 COMPOSITE PARAMETRIC CUBIC CURVES |

The curve segment given in equation (3.14) is used to piece
together a composite curve. The composite curve may have any desired
degree of continuity across joins, however, if a cubic parametric form
is used, then the degree of continuity is limited to curvature or c2.
Refering_‘to figure (3-3), the segment 1 and segment 2, form a
composite curve of two pieces with.CZ continuity if

« (D 1y =+ (g - (3.15)

' assuming tangents are equal in magnitude as well as direction (see
ref. 9, pg. 169 for further discussion of curvature continuity between
joins). Taking two derivatives of equation (3.13) for each segment
and introducing the compatability écross the join the result is

or D (0) - 6rM (1) + 26 0) + a+W (1) = _6:? (0)

ver@a) - @) - 2@ ) . (3.16)
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This simplifies because of the earlier assumption that tangents are
equal. If the cu.ve-is fit through a series of points (rO'rl"°"rn)
With tangents ap'these points (to,tl,...,tn) then equation (3.16) may
be written as - l e

+ 4ti + t = 3(ri+i - ri—l) , i=1,2,...,n-1  (3.17)

-1 %141
This recurrance .relation between the tangents at three successive
points, allows the determination of all internal tangents, given the

tangents at the endpoints t,, t_, in terms of the positional data.
| 0’ "n

The parameter u is usually based on chord length. °

3.5 PARAMETRIC BI-CUBIC PATCHES

The tYpe\of‘surface used in CISPA under the APT complex is called
a Ferguson surface, because the surface is made Up‘of a network of
Ferguson 'curves: The Fergusonsufface is a special case of the Coons
generalized form:-and often denoted as a tensor-product (or Cartesian

product) patch, for tye following form

r(u,v) = FQOF (v) - (3.18)

N

This simplification from the generalized form occurs because the
boundary curves are defined using the same blending functions as are

used in the construction of the surface patch.
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The function r(u,v) is bi-variate in u and v, and dependant on the

matrix product formed by FQFT where

| F(u) = {ao(u) -al(u) po(u) pl(u)}

and

o

r(0,0) r(0,1) r (0,00 £, (0,1)
oo PO P 5,00 =0 |
Pu(OjO) ru(O,l) ruv(oro) ruv(0’1) 

ru(l,O) ru(l,l) ruv(l,O) ruv(l,l)

The F vector is made up of interpolating functions and are chosen to
satisfy the following conditions
aO(O) =1, a0(1)
2,(0) =0, o1 =1,
'ao’(O) = ao’(l) = 'al’(vO) = al’(l) =0
B, 0) = fy(1) = py(0) = B (1) =0 (3.19)
@ =1, Po0) =0,
p,7(0) =0, f’(1) =0

This patch exhibits Cl continuity. See Forrest (18) for a general

0,

apprbach' to determine _the blending functions for patches with Cn

continuity.

-

o
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One set of polynomial blending functions satisfying the group of

conditions (3.19) and also yieldihg aestheticélly pleasing resultsiare

" the Hermite polynomials of order 1:

A

g,

ay(v) =1 - 3u° + 2u°, o (u) = 3u® - 2u (3.20)
ﬁo(u) =u-2u" +u, ﬁi(u)

H
|
=
+
=

Note that these functions form the same basis as the one used in the
formulation of the Ferguson curves,’éﬁuation (3.13).
Matrix Q@ contains geometric data from the patch corners,

partitioning the matrix simplifies analysis of this data,

The A array contains positionai information, it is possible that two
of the four points may be identical, yielding as degenerate case a
triangular patch. The B.ahd.C,paftitions hold tangent information in

the v and wu directions-respectively, for each corner of the patch.

Finally, partition D holds the parametric cross derivatives called

’twist vectors’. These vectors do not necessarily measure twist in a

surface but depend greatly on the way the surface is parameterized.
Since Q must be input, the question arises how to specify D?
Frequently, D is set to [0], the null matrix, however this may
lead to local flattening: of the generafedsurface near the patch
COrners ( 18 ). By specifying (2 continuity, that is curvature

continuity -across patch boundaries the D matrix is determined. The

~_reason being that the parametric cross derivatives must be matched to
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adjacent patches. The. derivation follows much the same method as
~those resulting in equation set (3.12). See reference ( 9,Séct{
7;2.1) for more information on Ferguson pétcheswith C2 continuity.

Since r(u,v) is a vector comprised of four elements, each patch
will necessate the storage of four @ matrices. The surface definition -
processor distinguishes special sub-types of @ which permit less
storage and greater computational speed. Accordingly, each matrix is
assigned a flag based on the following distinction. |

TYPE 1 Constant Matrix

The general form 1s

A= "1 f1| B=C=D=[0]

in this case
r(u,v) = k1 for all u,v.
TYPE 2 Linear matrix

The linear matrix is of the form

A= —x_1 X : B=‘x3—x1 Xg=Xy
T2 T4 | X472 X472

o= [%1 %a*3] b =[ Gaxg)mOgxp) (xgxg)=(xgxy) -
:sz—xl ‘x4‘*3_ ,_(X4-x2)—(x3-x1) (X4-x2)—(x3-x1) .

L\

Upon doing the matrix-‘multiplication the expression for r(u,v)
becomes .
r(u,v) = [xl(l-u) + xzu](l-v) + [x3(1—u) + g4u]v

This sub4type requires storage of only four numbers and a flag, in

.this simple form computation time is greatly improved.

a7




[ TYPE 3  Zero Twist Matrix
'AHere the parametric Cposs derivatives are all set to zero yielding
D = [0].
-A,B,'and.C'are non-zero, 12 entries are stored.
"TYPE 4 Full Storage
o | The full § matrixis stored.
.
3
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4. CISPA’S ALGORITHMIC WORK AND DATA STRUCTURE

4.1 INTERACTIVE FEATURES

.CISPA is, essentially, a menu-driven front—eﬁd'for-a set of APT
routines used in APT 4 for the creation of curve and surface geometry.
Enhanced features for user-friendliness include several methods for
cfeating points, curves and surfaces, supported by APT 4, picking, -
modifying, saving, deleting and naming entities, improved error
recovery and error flagging, advanced viewing features:using GRAPH3D
graphics package and increased flexibility 1in creéting the CLSF
‘(éutter location source file) to be used in NC machining. Sufface
tolerance control expressed as cutter step size may be based on
chordal deviation from the exact surface, additionally scallop height
may be input to fix the aumber of zig-zag passes needed to machine the
surface. JZig-zag paths may be reviewed and saved on external fileé,

The menus are designed, allowing the user.té move along a deCiSiOgu_
-paﬁh. based on graphical feedback from the display monitor. The main
ménudisplays options to either submit a 1angpage_inpu%'file, start an
interactive session or exit thé pfogramn Under the interactive module
| full uséfgf defaults, cob@fs, 1ine fonts and symbols, afe utilized to
guide the wuser through point, curve'and‘surface‘design. The diSpléy
functions both as- the entity graphiés'dispf;y and. message nonitor-.

Graphics occupy thehyieWpor§With menus, system inquiries, warning or
“ 3
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error statements Super-imposed on the left side of the screen. These
meSsageé may be blanked if ﬁhe user wishes. See Appendix C for menu
flow charts and refer to 'CISPA Package Manual’ (11) for details.:

At each decision node a global menu is activated by pressing the
G’ key on the keyboard. Contained in the global menu are the
options, redraw, view manlpulatlons, clear graphics or dlalog.and hard
copy. Redraw repaints everything in the picture file that has nd/
been deleted. View manipulationé allows the user to enter view
control or image control menus. Under view control the model may be
rotated, screen rotated or eye point changed to aid in visualization.
The ORIENT option facilitates view transformation by entering single
key inputs'\;ochange rotation, scaling and translation parameters.
For\ example, byypressing the 'x’ key the model is QPtated_abQut the x
axis by a pre-defined increment. Clear graphics and clear dialog are
self-explanatory. 'Hard' copy generates a picture on the 1ihe_printer
using the 1mage curréﬁtly< on the screen. Besides the global menu
switch ’G’ there are other‘global‘characters 73’/” a slash character
or a '!’ , an exclamation mark character back step through the menus.
In general, au’/’, returns to a major decision point and an ’!’, back
steps one in the menu structure. AE’CR’,;carriage return, is used as
a entry complete switch, .theTT’SB’, space bér, functions és the
selection key when picking entities by cursof, a 'r’, the letter r,
key is utilized as a global reje;;{ Underwthéufénterpoint’ menu a
'$ themdoliar sign kéy, indicate§ an alternate action is desired,

that 1is 1if bne 1S presently entering points by piéking existing
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points, an alternate method of - entering points may.be selected by
hitting the '8’ key dropping control back to the enter. point menu.
User-friendliness of CISPA is augmented by an error-handling and error
recovery system. In the event a system error (host computer) occurs,
the user may re-enter the CISPA program and continué work since all
input and canonical information is saved externally. A list of error
statements is kept in a file, ERROR.DAT. The record numbers of which
are stored in an érfay defined and initialized at the beginning of the
progran by ERR INIT. = The record numbers are linked to error codes
that are flagg9§ during program operation. If an error code is
flagéed the code 1s matchgd\ with the record number and the error
description is read from ERROR.DAT. Three fields are USe& in the data
file: a one integer error status code.(0 to 4), where O is a fatal
error, 1 1s a warning'or non;fatal.error, the remainder is currently
unused; a seven integer error code; - ‘and- a character string with
provision for continuation. The write statement to the screen starts
with an 'E’ or 'W’ depending on the error status, continues with the
error code and a deécriptive text statement. The error code and
status code are. retained in a common block so tﬁét error conditions
may bé. handled morél flexibly.a Control is returned to the user to
continue, make modifications or start the interactive SéssiOn over.
All curves and surfaces have défault or user input nahes to aid in
retrieving, selecting or deletingentities.rvThe names are associated
with storage locations holding canqpicalfo;ms on the external file,

FOROO4.DAT. The names are limited to four charaters and may not be
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dupliéated, -E%é storage location will be refered to as an entity
number. -'These  numbers are used to link start and end locations of
original input stored on external file CSAVESET.DAT, and also
reference the start and end locations of the discreﬁe plot data in the
picture file for efficient display processing. Importantly this
number identifies the entity and points asSociatéd with that entity.l
The default name is a concatenation of a deScriptive.letter (’C’
fof curve,- ’S?  for surface, P’ for -path) and a number which is

»

inc¢remented with the naming of each entity. The number mﬂ;t be
represented as a character ;;lﬁe to perform the concatenation. This
is done with the character'fuﬁction'CHAR provided in FORTRAN, whigh,‘
converts an ASCII integer value to a character value. All ndme table
data is converted to an integer form for storage and this is
accomplished by an internal read statement (18). Figure 4—15hoﬁs the
simplified routine for the above.

All input f{from éhe terminal is guarded against extraneous data
~entry. For example, if numéric;dgta_is expected and characters are
inadvertantly typed in, the user will be prompted to re-enter given a
data type mismatch. This is Best exemplified in the routine
READ WORDS, which reads a listhof-names for the retrieve function..
- READ WORDS examines a long charaéter .étring (300 Charac£ers) 'a
character at a time cqunting a space or a comma as a delimiter, parses
the list and returns a déuble precision array of the names contained
in the list. The.following flags are set depending on character or

| more-preciéely the ASCII equivalents encountered:
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SUBROUTINE DEF_NAME (NAME,NUM,LETTER)
CHARACTER+20 PROMPT

CHARACTER+1 NAMENUM(4) ,LETTER
CHARACTER+4 NMTEM

INTEGER+4  NAME,NUM,LNM

DATA PROMPT /’ ENTER THE ENTITY NUMBER(’/
NAMENUM (1) = LETTER |
NAMENUM (3) = ’ °

NAMENUME (4)= NAMENUM(3)

IF (NUM.LT.10) THEN

NAMENUM (2) = CHAR (48 + NUM)

ELSE
NAMENUM (2) = CHAR(48 + NUM/10) |
NAMENUM (3) = CHAR(48 + JMOD(NUM,10))
* ENDIF
NMTEM = NAMENUM(I)//NAMENUM(Q)//NAMENUM(B)//NAMENUM(4)

READ (NMTEM, 10) LNM
WRITE (6,20) PROMPT,NAME
READ (5,30) NCHARS, NAME
IF (NCHARS.EQ.0) NAME = LNM
10  FORMAT(A4)
- 20  FORMAT(A25,A3,%):’,8$)
| 30 FORMAT(Q,A8)
RETURN
END

FIGURE 4-1. SIMPLIFIED DEFAULT NAMES ALGORITHM

43




- occurance of a special character before the first word,

- occurance of gny.special character anywhere in the string,

_ occurance of a comma after the last word,

- occurance of a numeric digit as the first character of any

word, is ignored, but sets a flag,

- numbef of words or names exceeag a certain limit,

—_the'numbef of characters entered in the ﬁord list is zero.

Special characters are those ASCII characters not alpha-numeric.

Interaction is enhanced by taking advantage of cufsor selection of
entities;- This selection mode i§ used in point creation, 1in pickiné
of curves in 2synthetic curve and surface creation, and deleting
entities. Verification of a correct selection is accoﬁplished by re-
plotting a point ofjcurve in blue, iﬁdicating'it has)been picked. If
the entity is picked by mistake.the_ngxt operation Should be to reject
the pick by hitting the ’'r’ key. The curve ;s re-plotted in its
.original "color, and a correct gelectionmay occur. The underlying
stategy for all pick routines is shown in the flow diagram, figure
4-2. Referring to.figufe 4-2, note that informatioen about a previous

pick is dependant on what one does presently, in this way data is

S

stored temporarily. as a candidate pick and sent to worker routines
only if 'thé.next‘pick 1S concéfnedlwith'transmitting new information
(entry ;compiete or new selection). As a study, examine the routine
FINDJPT, tﬁis routine allows selection of junction points on a

synthetic curve for re-parameterization of the curve segment or what

will latef be thought of as-épecifiéation of a flow segment. The
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junction points are contained in an array which is defined by one pass
through the picture file. Cursor location is compared to the array
data. .

A flow structure is defined by describing the.parameteéization'
for each segment while moving from one end of the curve to the other.
This FINDJPT routine is flow charted in figure 4-3. Note the storage

of candidate data in array TEMP, the pointer to TEMP is NTEM, the

desired data is stored in JPT with pointer NJPT. Points may be
rejected, as ‘1ong,as there are points to reject, by backsteppingtﬁe
pointer NTEM. Data in JPT will be overwritten; This routine could be
‘used for the general task of picking things'that are presented in some

chained sequence.

4 2 VARIABLE CUTTER STEP SIZE ALCORITHM

In chapter 3, a surface patch aefinition was derived as a function
of two parameters u and v: Holding one parametef constant defines an
isoparametric cu?ve-én the surface patch and if one of the parameters
is set to zero or one the curve becomes exactly one of the boundary
curves surrounding the patch. If both parameters are held>constant, a
point is specified on the sﬁrface patch. To mill a surface
 parametrically, cutter_ location points afegeneratedrusihg tﬂe patch
definitidh and current machining parameters, stored in a file and.

submitted to the NC machine processor. The ball end cutter tip is
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directed to move 1in straight line motions to each point. The fewer
the points the gore.rough the surfgCe will appear. On the other hand,
it’é undesirable to create huge point files, for reasons of storage,
computation and milling time. CISPA uses two methods.of calculating
cutter location points: chordal deviation tolerance and iso-parametric
step size in the primary direction (u) and scallop height tolerance
and iso-parametric step size in the cross directio; (v).

The iso-parametric step size definition requires only input of
percent change along each direction. For example, if the iéo—
parametric step 1is specified as .1 (10%) in the u and v directions,
then u moves from O to 1 in steps of .1 and v moves from O to 1 in
steps of .1 creating 11 points perpasé, 11 passes, thus 121 points
_entered- into the CLSF for one patch. _The problem with this type of
step definition 1is that it does not take into account areas of local
flatténing where fewer points are required, plus 1t does not base the
input on geometric quantities that are familiar, such-as surface
tolerance. With the above in mind, algorithms were. formulated basing
the primary step on maximum chordal deviation (see figure 2-2). The
input being a tolerance not to be exceeded-- the distance from the
ball end cutﬁer tip to the exact surface. Reférring‘to figure 4-4, a
straight liﬁesegment is drawn from A(0) to B(1) the chordal deviation
is calculated, if the deviation 1s greater than the input tolerance,
‘“the new end points A(O) léﬁd P(r(u)) are uSed and checked for
tolerance. = The curve .is_subdivided further until all_straight line
segments aré within thespe¢ified deviation. Téicalculate the maxiﬁum

.
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normal distance, & , the curve r(u) must be known. Since the patch
A . -
definition exists, holding v constant, lets

‘ . - S . "('
.ri(u) r(u,vi)
To calculate the maximum normal distance from the chord joining
A(0) and B(1) then the condition, u=0 and u=l at the respective end

points must be satisfied. Any curve segment which is parameterized

between uOS u ¢ u, may be transformed to new parameter u’ where

-0 ¢ u” €1 by the following transformation -
u :‘(l—u’)-’uO + u’ul_. (4.1)
If the above equation is written as
u = uy ¢ Auou , where Auoé u;-uy
then
n “n, T, , n-r
u —TE)CruO (u Auo)
for n=3, in matrix form
| . .
. 2 37 1 2 5,3 2 3
[} u u u] =1 u u u’”] |1 Uy Ug u,
| ’ S R
 0 Auo 2uOAuO 3uO Auo |
| 2 | 2
{ O 0 Auo 3u0Auo
N B S 3
JLO 0 0 AuO )

or U=U’T.

The chord AB will be noted by vector ¢ , shown in figure 4—4. Let
d(u) represent the.perpendicular'from AB to general point P(r(u)) of
the curve. The equation | |

d = r(u)-r(0) - Ae (4.2 )
where ¢ and d are orthogonal or

cod = 0. N | (4.3
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Using (4.3) in (4.2)
e [r(u) - r(@] = Me|?

[r(w)-r(0)] *c

2 c
|

d = r(u)-r(0) -

| e
Which can be written
d =P [r(u)-r(0)] . (4.4 )
where P is called the projection matrix I - ccT/cTc~(9).
For the cubic polynomial derived in Chapter 3, in the equivalent

Bezier’s cubic form, equation (4.4) becomes

d =3u(1—uz?[(1—u)(r1—r0) + u(rz—ro)] (4.5 )

r(0) + r(0)/3

where Ty

ry = r(1) , r, = r(1) + r(1)/3 .

and r, are the control points for the

= r (0) , r

The vectors Ty

by 1 y 1'2

equivalent cubic Bezier curve.

At the maximum perpendiéular, the curve tangent is perperndicular

to d , so that

T4 = +TP[r (u)-r(0)] = O. (4.8)

s

Although this polynomial equation is of order.2n-1, for a curve of

degree. n, the factors u(1l-u) occur in (4.5) and thus two roots are

known, only.2n—3 roots must be solved for. |

For the cubic curve,. n=3 and there are three roots of the equation
102y r) + 2910 (ryry) WPy TP

x[(1-u) (ry-1p) + ulrgry)] =0 - | o (4.7)




’

At a true maximum, ?Td ¢ 0, so the condition

T
[(l—u)(r2-2r1+ro) + u(r3—2r2+r1)] P x
[(1—u)(r1—r0) + u(r2—r0)] <0 | (4.72)
nust be satisfied at each root calculated in equation (4.7).
If e = {c1 Cy c3} = ry-T
then matrix P 1is

2, 2 2 e
l—c1 /c_n _CICZ/Cn, c1c3/cn
2

2 2, 2
P = | —-c_lcz/cn 1—c2 /cn —c2c3/cn

2 2 2, 2
] —C1C3/Cn —C2C3/cn 1_CBI/Cn |

2 2 2 2

where c =" veg teg

Figure 4-5 shows a flow diagram of steps ﬂéken to generate the
CLSF?fbr a surface given the ﬁaximﬁm chordal deviation'ériteria.

Starting ‘at one corner of_the'sugjace,.a'patch-is loaded, v 1is
held at one value while chords are approximated in the u direction,
the point located during the sub-division process are stored, by
storing the parameter u, associated with the points in USUB. 'USUB is
a Qne—dimensional array . holding the u parameters (uj’s) fixing the
points on Othg iso-parametric curve that will later be used in the
represent%tion of the curve by straight line segments. The points are
written to the CLSF in“biparyVOnce a new patch‘is-encountered, ﬁoving
along the u direction. Each patch has topological info?mation
connected wiph it by referring to array TOP, when the last chord
_approximatingri(u,vi) 1s detected,a»new‘patph may be 1oaded depending
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on thé information in TOP (13). Specifically, if the patch number is
zero, no further milling takes place along that direction and either
the mill operation is deemed finished or a side step in the v
direction occurs. |

The roots for the cubié equation uPu3 + th + Ru+S =0
resulting from the chordal deviation calculation are found by
employing . routine GCUBIC. This réutine uses a classic closed form
solution of a cubic equation. If the discriminant is positive, an
algebraic solution method 1is used, and, if negative a trigonometric

."h hl

solution is utilized. X

The result of this algorithm was a very significant reduction in
the nhmber of ,innts-needed to generate the surface without loss of
accuracy; In one case (the yacht hull shown in figure 4-12) the two
methods were compared, 1iso-parametric and chordal deviation both
shafing the same maximum allowable tolerance. The variable step

calculation gave a 68% reduction in the CLSF,  trading off

computational time, which was doubled.

4.3 SIDE STEP BASED ON SCALLOP HEIGHT

To relate the side step or step size in the v direction, to a
surface attribute, definition was based on scallop height, see figure
2-3. The input more precisely is the maximum scallop height appearing

on the surface after millingl '
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FIGURE 4-6a. GEOMETRY NEEDED FOR SCALLOP HEIGHT CALCULATION

f -

-Sv AV

' YA
; .
FIGURE 4-6b. PATCH SHOWN WITH u. CURVES ANDMSV‘SHOWN
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Figure 4-6a shows’the geometry needed for this calculation, where
R 1is the ball end mill radius, h is scallop height, and 1 is the side

step. The relation is then

1’ = 2V h(2R-h) | (4.8 )
and the fractional parametric step 1s
Av = 1/, f (4.9))

-Sv is the total arc length given constant u, that 1is

}(ui’v)

1
S, _—_(f)

Figure 4-6b shows the above analysis.

» dv . ~ (4.10)
For small steps, the curve may be approximated by its osculating
circle, radius p . The chordal deviation for a side step based on

scallop height, is calculated using Pythagoras’ theorem

6, = p -JQQ— (1’/2)2 : | (4.11)
where 1’ 1is the chord length shown in figure 4-6a. The arc length 1
is related to ﬁhe angle between the end poiﬁ£s of ChordHI; ?
1 = pb
and then a
1’ = 2psin(0/2) = 2psin(1/2p) : | | - (4.12)
The chordal deviation is formed by-substituting'éqUation (4.12)
into (4.11) -
5. = pli-cos(1/20)] ‘ (4.13)
for 1/2p small, cos(1/2p) may be replaced by
cos(1/20) = 1- 12/8p%
and -

5, = h(2R-h) /2 L O (4.14)
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Finally, the dimensionless equation 1is
6v R 1 . :

- = - - —h ' (4.15)

h p2p .
frequently the term R/p is less than one to avoid gouging the surface,
therefore 6v/h is less than one meaning the chordal deviation on a
side step is{ less than the given scallop height tolerance. The
restriction on ineut h is h<R meaning the step is small enough
to ensure that the surface will be milled entirely.

‘The integfation in equation (4.10) is done with three peint
Gaussian quadrature, see reference (20) fer'details.

Since the arc length may vary as u changes parameter value, each
patch 1is sampled at u=0, 25 .5,.75, and 1. and the greatest number of
passes calculated is chosen as the value: needed to achleve the given
scallop height tolerance or less. . In practice, the patches are not so
severely deformed that this procedure errors, however, more checks for
arc length may be implemented at the expense of computational time.

The method for calculating scallop height relies onevaleitioﬁ of
five sample arc lengths eper patch.  More accurate assessment of
scallob height may be »undertaken.-by taking into account surface
normals- andt§;xact.point of tangency at the sdrface for each point.

<;Since a milled surface must be finished' eventually, it seems
unreasonable to use local checklng of scallop height for the little
accureey galned in surface tolerance.

Shown 1in flgure 4-7 is a general flow chart of how scallop height

is used to digitize the surface-for NC path generation.
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4.4 ROUGH TO DEPTH MILLING

While  associating step size to surface attributes such as
tolerance allows more"efficient surface repreéentation, it also
reduces the nuﬁber of points in the CLSF without sacrificing accuracy.
Hueristically, points are put where there 1is greater curvature,
therefore more 1line segments_afe needed to give a good approximation
to the exact surface. Reduction in points is particularly useful when
roughing-to-depth, see figure 2-4. The rough-to-depth module in CISPA
allows the milling of a surface 1in incremental layers, where a direct
plunge to surface by the cutté:\ would certainly damage- the tool,
machine or both.

In actuality, the cutter removes material in layers until the
surface is encountered, the cutter rides up over the surface and
continues to cut within the layer. Successive layers are milled, the
cutter rides up dn the surface until the adjacent upperllayer"is
detected where the cutter moves to a clearance plane, makes a rapid
move to the ~hext iocation above a point on the surface within the
cutting ~layer and milling continues. By making raéid moves,
previously milled areas are not re-milled, thus-saving'time. The path
is written to a file named CLSF.DAT onlogicaIunif 12. The path on
each layer is defined by projecting a previously defined path onto a
cutting plane or critical pléne .and flagging locations where the
surface z coordinates are above this piane; Figure 4-8 shows a

simplified flow diagram detailing the logic, in routine RID.

S
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RTD is more complicated by searching a point ahead to indicate
whether the path is leéving the‘part sufface moving to the clearance
plane, the plotting font turns to a dashed line to easier visualize
cutter motion. "This flag will later be used to‘signify a change in
feedrates since the cutter is on a clearance plane where rapid moves
may be employed. A line printgr plot of a surface with a RID path is

shown in figure 4-9.

4.5 DATA STRUCTURES

Four important data structures will be discussed, data in the
blank common block, use of data in a large temporary array TEM;
storage of‘ input ddta.'on external file, CSAVESET and storage of NC
path , data 1n binary form on CLSF. Thé addipionaltexplaﬁation of
entity codes and how they are used in_the piéture fiié follows.

| CASPA transfers data to the APT surface processor through the
blank common. If a cufve or a surface is input the data is placed in
the blank common and pushed' through the processing routines. The
blank common is a one-dimensional array (5000 double precision
entries) used as a daﬁa\stream into either APT108 or APT107. The data
for a curve ‘or a "surface is added to the.COMMON block wiﬁh héader
information conta;ned' in locations 40 to 48, and either étdrage
location of a canoniqal form or,geomeﬁric dataspecified from 49 on
depending on the need. For example, if CURSEG or SPLINE type curves

A
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are chosen then blocks of data are stored for each point in the curve,
these blocks comprise position coordinates, tangent, normal, cross-
tangent,weightiné or limit»valués'depending on user specification.
Each é}the aforementioned value types has a APT class code éonnected
with it, part of this code is used to specify what the following
numerical values will be wused f{for in upcoming calculatiéns by the
surface processor. In a COMBIN operation, which combines two curves
with positional continuity,_locations and size of eacﬁfcurve canonical B
fofm are placed 1n 'the common block. Generally, the information
needed for surface generation iscgﬁonicalformlocations of curves
building the surface. The notable exception being the MESH of curves
type surface. Here a user inputs 5 rectangularly ordered set of N by
M points in space which lie on the intended surface, splines are :
interpolated in each ‘direétion,'finally parametric bi-cubic patches
are calculated to fill the space between each grouping of%four points,
all achieved with C1 continuity. The data filling the blank common in
this case are blocks of data for each spline in the primary direction.
By understanding the format in which data should be placed into the
blank common, freedom is gained to use a completely different input
method, yet access all of the curve and surfaée definition types-
supporﬁed by CAM-I’s SSX6A. Examples of different curve and surface
definition as structured intq:theéblank common, with descriptive notes
are contained in Appendix B.
The TEM buffer is a temporary buffer holding information in much

the same format as the common area. This buffer is, as of now, used
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strictly for curve data, it allows storage of the maximum amount of
data for each point, that is all point;c0nstraints'couid be uséd and
stored here, if certain constraints are not input a dummy value or
default remains in place. This TEM buffer is necessary under the
MODIFY option. The curve may be modified by changing point location

or constraints associated with the point, though at the MODIFY stage

e

nd‘ new points may be added or'deleted; Once processing is decided

upon this TEM buffer is.condensed.with applicable data read into the
COM array which is 1in turn pfocessed by the APT routines. See figure
4-11 for the structure of the TEM buffer. Note that for each.vector
constraint a couplet of information is needed-- a code and the vector
itself. A code of 776. indicates that no vector follows and that the
couplet of information should be Skippea during the condensation
operation in TEM COM.

Curve input, as discussed above, is saved in~CSAVESEleAT and when
retrieved shoved through the surface processor to obtain the canonicall
form and 'picﬁure information. This is done so that the input may be
graphically shown and, if need be, modified . Saving a canonical form
stores none- éf this input data. "By fecomputing the canonical form
certain arrays and flags are initialized.' The computation of a curve
canonical form is quite easy, actuallyzmore‘calculatiOnS'are needed fo
create the digitized form of the curve for the picture file but this.
would Eave to bé done anyway since saving the pictureffile 1s

inefficient.
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DESCRIPTION

point number
APT code, point

coordinate

ISUB code
NAME
APT code, vector

direction

ISUB code
NAME

direction

ISUB code
NAME
APT code, vector

direction

- ISUB code

NAME

APT code, value
weight value
ISUB code

NAME

APT code, value

limit value

APT code, vector

Pk

b
DO =

14
15
16
17

18

19
20

21

22
23
24
25
26
27
28
29

30

31

13

NUMBER OF POINTS

19 -

FIGURE 4-11. STRUCTURE OF THE TEM BUFFER
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CSAVESET.DAT is an unformatted binary file, meaning that the data
is transferred between main memory and the file with no cenversion'—
the bit ﬁatterns representing the data are transfered completely
intact. This I/0 trensfer is more efficient in terms of execution
time, and usually in terms of file space requiredl This file starts
with header information and then curve input 1is etored.in-sequence in
much the same format as entailed by the’COM space. Each,recora.in
this file is 8 bytes long, one double precision value. The first 51
values are used for the header, the first entry holding the numberlof
curves seved and deleted.j The next 50 records contain begin records
for the curve data following the header, each curve number is equal to
the header record number minus one. At initialization of the program,
records 2 through 51 are read into array ICATALOG and serve as a
catalog to locations of curve input on the external file CSAVESET.DAT,
;%he index of ICATALOG serves as the identifying curve number. Each

’
curve has a block of information with an identifying header, and
exactly the information needed in the TEM or COM array to process the
" curve. SPLINE and CURSEG definitions keep the TEM form and COMBIN and
FLOW definitions have the COM fogm. To retrieve curves, each saved
curve name is listed and the user is asked to enter one or more names
for retrieval, each of these names is linked with its curve number.
ICATALOG is referenced, ‘the curve number as the index and the start
location on CS<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>