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PREFACE:

Advanced production System (APS) is a joint German Norwegian CAD/CAM
research project.

The project is sponsered by:

* Royal Norwegian Council for Scientific and Industrial
Research
Norway

* Bundesministerium fir Forschung und Technik (BFMT)
BRD

* Deminex
Norway / BRD

The participating research institutes are:
IPK - Fraunhofer-Institute fir Produktionsanlagen
und Konstruktionstechnik
Berlin, BRD
WZL - lLaboratorium fir Werkzeugmaschinen und
Betriebslehre der RWTH Aachen
Aachen, BRD

SI - Center for Industrial Research
0slo, Norway

NTH/SINTEF

Trondheim, Norway.

This report is a part of the documentation of the APS-Integrated
Geometric Modeller. This has been built in coopertion between IPK and
SI. The COMPAC Volume Modeller from IPK has been integrated with the
APS-Sculptured Surface Modeller from SI (APS-SS).

The B-spline library of APS-SS version 4.0. is documented in this
report.

Oslo 5 Oclolay, 198 %
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Tor Dokken
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Chapter 1. Introduction 1
Version 4.0

1 Introduction

Th.; iepurt describes the used routinss at the geumetry calculation
1ovel of the APS sculptured syrface module. These subroutines ars wzed
by the sculptured surface module of the APS Integrated Geometric
Modeller. They can also be used directly, thus avolding the data
styructure handling of the sculptured surface modeller. In the
case the subroutines/program using these subroutines must tak
sf the data stvuchure handling.

Tk ks
lattel

AT
tarae

L0

The APS-Integrated Geometric Modeller hai been developed Ln a
cooperation project between IPK (Berlin, BRD}, Morsk Data {HMulhieim,
OR0 .nd Dslo,Kongsbery Norway) and SI {0s5lo, Morway) finaoced by Dhe
Avrman-Morwegian Couperation Project APS-Advanced Productian T,u%
The volume mod@iler COMPAC from IPK and the Sculpbured Surfile
modeller from S1 have been integrated. The data structures and
application interface uf the Sculptured Surface module of this
integration is documented in:

-~

SI-Report 87 Ot 14 - 3: Reference Manual: APS-Sculptured Surfaces.

This report documents the mathematical routines available in the
APS-Sculptured Surface Module, the B-spline library. The routines in
this library are self contalned, they do not call routines from other
packages.

The first chapter is this introduction. In chapter two we giva some
general comments on the philosophy of the geomefry calculation
subroutines and how the routines should be used. First the general
B-spline format is gxplained, then the use of scratch arrays. The
naming conventions and standard parameter names are listed as well as
tpe standard errolr messages.

Chapter 3 centains different ways of defining curve geometry. Chupler
L goes intu how to calculate points and derivatives on the curves,
while chapter 5 goes into the intersection problems and chapter B
contains some additional useful subiroutines,

Chapter 7 tells how to define B-spline surfaces, while chapter 8, 1
and 10 describes respectively, calculation of points and curves on
surfaces, intersection routines and other B-spline routines.

Selow the subroutines described, many B-spline service routines exist,
these take care of the B-spline specific problems and are hidden fGr
the users. We want to maks the users think geometry and try to avaid
ko force the user into thinking of mathematical problems not relevant
to the geometry problems he/she wants to solve.

This is versiun 4.0 of the B-spline library. The prior versions
are documented in Report Na:

87 01 14 - 1 from SI: Reference Manual: APS B-spline Libravy.
version 3.3.
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Chapter 2. General cumments 1
Version &.7

" General comments.

T, make a general subroutine package for calculations on curves and
surfaces, the following philosophy has been followed:

- Curves and surfaces can be defined in a set of different ways.

The evaluated curves and surfaces are represented in a geteral
fi-spline format.

- All calculations performed an tne curves and the surfaces assume
that the curve geomebry 1s expressed in the gesneral B-spline
format.

Parameter names and seguences are standardized. The error status
returned from subrgutines are standardized, as well as names on
parameters. Naming conventions exist For variable names.

2.1 The format of ewvaluated curves and surfaces.

parametric B-splines are used as the storage format for evaluated
curve yeometry due to the versatility in shapes Lt can represent, the
compact storage format, the explicit representation of the continuity
petween adjacent polynomial segments and the stability of the
algorithms warking on the B-spline format.

2.1.1 The B-spline format for curves.

Piecewise polynomial curves can be represented in a variety of ways.
Grme of these is the B-spline representation, which is used here Ln tha
APS sculptured surface modul. This representation consists of five
different components.

t1g) - The knots wf the D-spling representation. 2, s oW R

C{i,3) - The coefficients/vertices of the 8-spline representation. |
i=1,....DIM, 3=1,....N0 ‘

H - The number of vertices.

The pelynomial order {degree+t) of the B-spline basis.

F

DIM - The dimension of the space in which the curve lies.

The knots of the B spline curve are a 1ittie tricky to understand.
They describe the following properties of the curve:

. The parametrization of the B-spling curve.

- The continuity at the joints between the adjacent polynomial
segments on the B-spline curve.

The information of the knot veclor <an be read in the fuollowiny way:

[+

The K th entry in the knot vector is the parameter value uf the
start point of the cC

=
3
<
[17]
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The 1Met)-th entry In the koot vecotor 1o the paramaber value of
the =nd puint of the curve.

- The entries in the knot vector with number k+1,...,N are parameter
values where one polynomial segment ends and another polynaimial
sagment starts. The knots are always listed in increasing order.
More than one knot can have the same value. If some or the internal
knots have the same value as the start or the end parameter value
ul the curve, some of the description of the 8 spline curve Lan Le
degenerate. Degenerate curve Jescription dees not affect the
geometry algurithms.

- The continuity of the curve ab the knot values depends on the
number of knots having the same valug. The number of knots having
the same value is called fhe multiplicity, "m", of the knob value
The order of continuity at a knot value is "k-m-1". {"k" 1s as
earlier defined as the polynomial vrder of the B-spline curve.)

If k knot values are equal, the curve is discontinuous at the
specified parameter value. IF the multiplicity "m"=1, the order of
continuity at the knot value is "k-2".

To illustrate the properties of the description of the B-spline
curves, we will look at an example.

ENAMPLE.

t a B -spline curve have the following description.

17

1
[

Knut vector:
T T8 15 1 B 2Bs a8 8, 8 3y by %y S5 by 855 85 8y 5

Vertices:
(v.1), t2,2), (3,1), &&,2), (5,1), (6,2}, 17,3), {8,2), (9,1},
(ro,2), (11,1}, (12,2, (13,1}, (14,2

Number o+ vertices:
M=i

Polyhomial order:
k=4

Humber of knots:
N#k = 14 + & = 18

Dimension of space:

CiM=2
In Figure 2.1 the vertices and the resulting curve are shown. It is
clear that not only the vertices affect the shape of the curve but
also the knot values and multiplicities. Figure 2.2 shuws how the hnot
values are mapped ovnto the curve and how the multiplicity of the knois
affects the continuity of the curve.

Aralysis of the knot vector:

- The start parameter value is 1, because the k-th entry, i1.e. the
4-th entry in the knot vector is 1.
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The z2nd parameter value is &, hecause the MH:+i-lh antry, s s THUE
1€—th antry Ln the knoft vector i3 3

internal joints between polynomial segments ac the parameter values
2, 2.5, 3 and 4.

Cantinuity up to and including sacond derivative at parameter value

2, becauss the multipiicity of the parameter value 2 is m=1, and
Kom-tsh-1-1=2.

continuity up to and Lrgluding ©
value 2.5, hecause the multiplic

m=2, and k-m-1=4-2-1=1

st derivativ the parameter
\ £ r

value 2.5 15

g W
i
+
l.l.

inuity of poaltlon at parameber value 3, Lecause the
iplicity of the parameter value 3 ig m=3, aind kK-n-lsh-3-1ed

[
Ll
=
L

o
m l

- Discontinuity at parameter value L, becausez the multiplicity of the
parameter value L is m=4, and k-m-1z4-4- t=-1.

Figure 2.1, In sddition to the vertices the koot values and
multiplicities affect the shape of the curve.

paragfter value 2 parimaisr Ll & parameter value 5

parameter value 1 L i ¥
. parameter
OATANMURE  ARluE 3 parameter value 4
value 2.5

Figurs 2.2. The multiplicities of the knots affect the continuity
of the curve.
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2.1.2 T=2 B-spline format for surfaces

The B-spline description for surfaces is similar te the B-spline
description for curves described in section 2.1.1. It consists of
gight parts in stead of the five parts in the curve description.

£} - Knots in first parameter direction 1=1,...,N1+K!

ta{i) - Knots in second parameter direction i=1,...,NZ+K2

£{1,i,3j) - Vertices of the B-spline surface, 1=1,...,DIM,
i=1,..., Nl and j=t,..., M2

Nt - Number of vertices in first parameter direction

N2 - Mumber of vertices in second parameter direction

K1 - Order in first parameter dirction

K2 - Order in second parameter direction

DIM - The dimension of the space in which the surface lies,

The knot vectors describe the following properties aof the surface:
- The parametrization of the B-spline surface

- The knot lines in the parameter plane of the surface will he lines
along which some derivative of the surface Ls discontinuous,

- A rectangular area limited by knot lines, will be the domain of
ane aof the polynomial pieces from which the surface is built up

The information of the knot vectors of & surface can be read in a
similar way that we read the knot vector of a curve:

- The K!-th entry in the first knot vector 1s the parameter value of
the left boundary of the surface, seen from the parameter plane of
the surface.

- The IM1+1)-th entry in the first knot vectsr is the parameter value
of the right boundary of the surface, seen from the parameter plane
of the surface.

- The K2-th entry in the second knaot vector is the parameter value of
the lower boundary of the surface, seen from the parameter plane of
the surface.

- The {M2+1)-th entry in the second knot vector is the parameter
value of the upper boundary of the surface, seen from the parameter
planeg of Lhe surface.

- The entries in the first knot vector with number K1+1,...,N1 are
constant parameter lines where some derivative im the first
parameter direction of the surface is discontinuous. Thus also a
boundary between polynomial segments.

The entries in the second knot vector with number K2+1,...,N2 are
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cwnabtiant parameter linei where sume derivatlive in the secand
paramebar direction of the surface s discontinuouns, Thus also i
Soundarvy betweell pulyiulicdi it il .,

e knobs ale always lisisd Do phureaaiing wides. Theaw Ll wnE anoas
Cai tiave bhie samg value. [F some of the inteinal knots have the
same value as the start or the end parameter value of the surface
in the actual parameter direction, some of the description of the
B-spline surface can be degenerate. Degenerate surface description
do not affect the geometry algorithms.

- The continuity of the surface at the knot values depends on ths
number of knots having the same value. The number of knots haviiyg
the same value i3 called the multiplicity, "m”, of the knot value
The order of continuity at a knot value is "k-m-1". {TK" 1z the
order of the knot vector in question). If Kk knot values are sgual,
the surface is discontinuous at the constant parameter line in
question. IF the multiplicity "m"=1, the order of continuity acru
the parameter line is "k-2".

u
n

2.2 Use of scratch array.

To have dynamic allocation of memory, all space needed for arrays in
the subroutines is allocated from a scratch array given as input to
the subroutines. Which part of the scratch array is free for use, 1s
indicated by two pointers. One pointer indicates the position of the
first free element in the scratch array, while another pointer
indicates the last free element in the seratch array. It 1s assumed
that the space hetween the two pointers is free for use. The scratch
needed is thus allocated from either the start of the free area ot
from the end of the free area.

The scratch allocated can be used in two ways:

Internal use in the subroutines. This scratch is usually allocatad
fram the end of the free scratch area, and is released before
leaving the subroutine.

- Transpaft of output arrays from the sybroutine to the program or
subroutine calling the subroutine. This scratch is usually
allocated from the start of the scratch array. Pointers intc the
scratch array will be output parameters from the subruutines. Thsse
pointers tell where the space allocated for the output is located
in the scratch array. In addition information will be given telllng
the dimension of the scratch areas used far output.

HB'The scrateh allocated for output from the subroutine:s <€an oney we
released by the program/subroutine calling the geometry routii=s.
If scratch is not releasad, then at some stage in the calculation,
all scratch can already have been allocated and an eryur stabaa,
"ISTAT=-90C%", is returned from the geometry subroutine called.
This type of scratch allocation is poassible since parameterd L.
FORTRAN subroutines arve transfered Dby a reference to the address of
the parameter. Thus an actual call of a subroutlne can be using . ond
dimensional array, while the subroutine can view the parametss a.
array of higher dimension. ’

T

W 6

N

-
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2.3 Uze 5f parameter names.

L]

The parameter names af the subroutines follow certain conventiuns.
Arguments Lo different subroutines carrying the same type of
information hav. S=zen glven the same names.

2.3.1 Parameter naming conventions.

The first character in parameter/variable names:s reflects the type of
parameter/variable:

Integers
1 - Single argument (Formal parameter)
J Jingle common

K - Single local

'
|

tocal array

=
1

Cemmon array
N - Array argument
J - Functien

Reals

A - Single argument

C - Single comman

—
i

Single local {temporary)

(%5}
1

Loucal arrvay

fommon array (global}

[y}
i

E - Array argument (external)

Function

i
1
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2.:.72 Standard parameter names used for input parameters.

EPQINT

INBPNT

IDIM

EFTYP

ICNSTA

ICNEND

CUOPEN

ET

EBCOEF

ESURF

IK

IDERIV

Array used for the input of points, tangents tderivatives)
or sacond derivatives to subroutines producing curves. The
dimension of the array is (1:IDIH, 1 INBPHTI.

An integer used to give the number of different puints,
tangents (derivatives} and secand derivatives 1n the arecay
EPOINT.

. The number of dimensions in the space in which the geametry

1

we are warking on, is lying.

An array used for describing the entries in the EPCINT
array. For each entry it 4115 if the entry is a peint, a
tangent (derivative) or a second derivative. The dimensian
of the array is (1:INBPNT}

Interpolation condition to be used at the start of a curve.
Interpolation condition to be used at the end of a curve.

A logical parameter having the value .TRUE. if the curve to
be produced is open and CFALSE. if the curve to be produced
is closed.

Array used for the input of knot values for curvas. The
dimension of ET is {1:IN+IK)

Array used for the input of knot values in the First
parameter direction of a surface. The dimension of ET! i3
{1:IN1+IK1)

Array used for the 1nput of knot values in the second
parameter direction of 4 surface. The dimension uf ET2 1
(1:IN2+IK2)

Array used for the input of B-spline vertices/coefficients
of a curve. The dimension of EBCOEF 13 (1:IDIM,1:IN).

Array used for the input of B-spline vertices/coefficients
of a surface. The dimension of ESURF 1is (1:I0IM,1:IN1,1:IN2)

The pulynomial order of the B-spline basis to be used for
curves. The polynomial order of the B-spline basis is the
polynomial degree plus .

The polynomial order of the B-spline basis to be used il
first parameter direction of a surface. The polynomial urdoer
of the B-spline basis is the polynomial degree plus 1.

The paolynomial order of the B-spline basis to be used in
second parameter direction of a surface. The polynomial
order of the B-spline basis is the polynomial degree pids 1.

Integer telling which derivative tu calculate at a spenlfied
parameter value uf a B-spline curve.
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The cumputation resclution. The relative accuracy wanted
in the galeulation. AEPSCO=30E -6, will glve 3i. figil.. IF
this resolution iLs specified smaller thaa the compuber
resolution, then the computer resclubticn will Sz used in
stead in the algorithms, since the algorithms detect when
the computer resolution is reached.

The resolution of the geomebtry. How close can two polnts be
and avold heing treated as the same polnt.

2.1.31 Standard parameter names used for both input and output
parameters.

ASTPAR

IN

IN1

ESCR

INXTFR

IMXSCR

The parameter value to be used as the start parameter value
nf a pilecewise pulynomial curve. In this variable the
parameter value of the end of the curve is returned when
leaving the subroutine.

The number of B-spline vertices/coefficients describing a
B-spline curve. IN+IK is the number of knots describing a
B-spline basis.

The number of B-spline vertices/coefficients in first
parameter direction of a surface. IN1+IX1 135 the number of
knots in the first parameter direction of a surface,

The number of B-spline vertices/coefficients in second
parameter direction of a surface. IN2+IK2 is the number of

“ knots in the second parameter direction of a surface,

The array to be used for allocation of scratch. Dimension
{1:IMXSCR)

The first free element in the scratch array.

The last free element in the scratch array.

2.3.4 Standard parameter names used for output parameters.

ISTAT

IKNT

1Tz

The status variable returned from the subroutine. In
section 2.5. some standard values are given.

Pointer inte ESCR telling where the knots of a curve are
stored. The knots occupy ESCR from entry IKNT up to and
including entry IKNT+IN+IK-1.

Polnter into ESCR telling where the knots calculated in
first parameter direction of a surface are stored. The
knots occupy ESCR from entry IT1 up to and including entry
ITH+INT+IKI-1,

Pointer into ESCR telling where the knots calculated 1in
second parameter direction of a surface are stored. The
knots occupy ESCR from entry IT2 up to and including entry
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IT2rIN2-IK2-1.

TCOEF . pointer into ESCR telling where the B-spline
coefflcients/vertices of a curve or surface are stored. Far
curves the vertices occupy entry ICOEF up to and including
entry ICOEF+IN*IDIM-1 in ESCR. For surfaces they occupy ’
entry I[COEF up to and including eantry ICOEF+INTXIN2*IDIM-1
in ESCR.

IPAR - Pointer inta ESCR telling where the parametrization of the
points given as input in the array EPOINT(1:IDIM, 1: INBFNTI
are stored. The parameter values calculated are stored from
gentry IPAR up to and Lncluding entry IM+INBPAR-1 in ESCR.
1f multiple interpolation conditions are given at a
specified point in EPOINT, i.e. a tangent or second
derivative is given in addition to the point, only one
parameter value is produced and stored in the indicated
area of ESCR. Thus INBPAR can pe smaller than INBPNT.

INBPAR - The number of parameter values calculated.

2.4 The sequepce of parameters.

Some of the arguments used in more than one subroutine will always be
used in a given sequence.

The first of the parameters is always the status parameter ISTAT.

- When a B-spline curve is given as the input to a subroutine the
sequence of the parameters describing the curve is always: ET,
EBCOEF, IN, IK, IDIM.

When a B-spline surface 1s given as the input to a subroutine the
sequence of the parameters describing the surface is always: ET1,
ET?, ESURF, IN1, IN2, IK1, IK2, IDIM;

- When a B-spline curve results from calculations in a subroutine,
the pointers to the knots and vertices, and the numbers giving bhe
number of vertices and the order will always be in the followlng \
grder: IKNT, ICOEF, IN, IK.;

- When a B-spline surface results from calculations in 4 subroulong,
the puwinters to the knots and vertices, and the numbers giving the
number uf vertices anu the urder will always be in Lhe tollowling

orders I1T1, ITZ, ICGET, ini, iNd, iki, Ine.

- The parameters describlny the scrateh allocation will always be (ASTS
three last parameters. Thelr seguence is: ESCR, INXTFR, IMXSCR.

2.5 Standard status variable values.
The status variable values returned form the subroutines are

standardized. The values used are described in appendix A. the
follaowing conventions are followed for the error messages.

ISTAT < 0O - ERROR
ISTAT = 0 - OK
ISTAT » 0 - WARNING OR MESSAGE.
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The two following status values are Lmportant to know. They will be
among tiiuse appearing most frequently:

00631 Mot enough scratech ar errvor in scratch pointers.

Action: Checlt that INXTFR>D and IMXSCR»0. IFf one of these are
less than 1, the program calling the B-splins
routines tries to references array elements befare tha
start af the scratch array. A correction must be done
in the subroutine or program calling the 5 suline
subroutine that is giving the error status.

IF INXTER:O and IMXSCR:Q the the ESCR array is to
small, increase the size of the array and try once
more.

-90803 - Error in B-spline description.

Actian: Check the input curves or surfaces. Either the number
of vertices is less than 1 or the number of vertices
is less than the polynomial order of the
curve/surface.

2.6 How to control the resolution factors

As mentioned in the list of standard parameter names the two
resclution factors AEPSCO and AEPSGE exist. The way the values of
these are set will both influence the accuracy and the execution time
of the calculation subroutine. In the next two subsections sume advice
of the use of these factors will be given.

2.6.1 fontrol of AFPSCO, the computation resolution

The computabtion resolution is rather easy to contrel. The value af
this should be specified in the interval between 1 and the computer
resolution. 'If a too small value or a negative value is given, then
the computer resolution is used. If we want the calculation toc have
five digits accuracy then AEPSCO=10E-5 is the value to usa.

2.6.2 Control of AEPSGE, the geometry resolution

‘The geometry resolution specifies how close two points shall be to be
regarded as the same point. AEPSGE specifies the maximum depth of the
recursion in routines that use recursion. The geometry resolution
should be given different values according to the kind of problem one
intend to solve. The size uf AEPSGE is related to the world
coordinates of points and vertices.





