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These pages are intended for the audience of my lecture on the Mathematics of Computer—Aided
Design, Univ. Gottingen 2010. The text is based on an earlier manuscript I wrote for 1999/2000
and 2002/2003, but it is extended at certain places. It requires some knowledge of standard
material that is accessible in almost every book on Computer—Aided Design. I concentrate on
some nonstandard stuff here. In particular, the way of introducing B—splines seems to be rather
unusual, but efficient.

R. Schaback, TgXed 4. Mai 2010

1 Some Simple Splines

Splines are piecewise polynomial functions or curves, which are patched together in a suitable
way to form smooth functions or curves. Each part can be called a “patch”, and the main
problem is to handle such curves together with their smoothness conditions at the patch
boundaries.

1.1 Polygonal curves

The simplest spline is the “connect-the-dots” polygonal line, which is C° and has no serious
continuity problem.

1.2 Quadratic Splines

The next case will consist of pieces of quadratic polynomials, which we could write as Bernstein—
Bezier patches with control nets [by;, bo;y1, bojio] for i = 0,...,n to make them automatically
continous at the patch boundary points by;. If we parametrize each patch over an interval of
the same length, we get the C* conditions

bait1 + baiq

If we consider the by; as given, the remaining control points can be expressed via
boit1 = 209; — bai1

recursively, such that in general

i—1
b2i+1 = Z(—l)jbgi_gj + (—].)Zbl, ]_ S Z S n — 1
7=0
and finally
n—2
bon—1 = Z(_l)]an—Q—Qj + (=)™ by
7=0

This means that the control points b; and by, 1 are related by

n—2

bon—1 = (=1)" "oy = D (1) bop 29

J=0
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where the right—-hand side is given by the data. Conversely, any choice of control points b; and
by,—1 with this property will lead to a C'! curve interpolating the points bs;.

But one can proceed differently, assumeing points by; 11 for —1 < ¢ < n to be given, with two
auxiliary points b; and bg, 1 at the end. Then

Dois1 + by .
PP

by; : 5 >~

will lead to a C' spline curve without problems.

If we now look at subdivision at midpoints, we see that we have a case of “corner cutting”. The
partial control polygon [b_1,b1, ..., bay_1, bani1] gets its corners gut at 1/4 distance to the next
point, and we know by the standard subdivision argument that this will generate the pecewise
quadratic curve. This simple scheme is due to Chaikin, and it is the first case of a subdivision
that can be implemented as a simple geometric rule on a control net.

1.3 Cubic Splines

Assume that we want to patch together a C? curve consisting of cubic patches with control
nets [bs;, bsiy1, bsipo, baiys] for i = 0,...,n— 1 with a total of 3n + 1 control points in IR¢, since
we already made sure by notation that the curve will be C? at the bs; fori = 1,...,n—2. If we
assume each patch to be defined over a parameter interval of the same length, the smoothness
conditions will be

b3it1 —bsi = bz — bz
byive — 2b3iv1 + b3 = bz — 2031 + b3i—2
for i = 1,...,n — 2. Like for univariate classical splines, we assume the b3; =: f; to be given

and use “second derivatives at the junctions” as unknowns. These are

s; = bz — 2bsg;_1 + b3;_o
= bsiyo — 20311 + bs;

where we have put the C? transition condition into the notation. We then have to show how
the other control points can be derived from the s; and the b3; = f;, and we have to write down
the C" condition.

We start with

Siy1 +25; = baiys — 2b3iro + bzip1 + 2bziro — 4bzi1 + 2bs;
b3iv3 — 3b3i11 + 203
—3(bgip1 — b3;)

Sit1+ 28— fizi + fi

Si—1 +2s; = bgi—1 — 2b3i_o + b3i_3 + 2b3; — 4b3;_1 + 2b3;_o
= bgi_g — 3bs;i_1 + 2bs;
sic1+2s;, — fisi+ fi = —3(bsi—1 — b3i)

and note that we can use the third and sixth equation to get the missing control points from
the unknowns and the given data via

Siv1 + 28 — fiy1 — 2fi = —3bziy1, (1.1)
Si—1+ 28 — fic1 —2fi = —3bzi_1. '
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The C" condition then is

0 = —3(bsi-1 — bsi) — 3(baiy1 — bzi)
= Siy1+28 — firi+ fi tsic1+ 28— fia + i
= Sip1+4si+ sic1 — fir1 £ 2fi — fiaa

or, as a vector equation,
Sip1+4si+si1=firn —2fi+ fiir, 1< <n-—1.
For i = 0 and @ = n we get the equations

sit2s0 — fi+tfo = —=3(bi—bo)
Sp—1 + 25n - fn—l + fn = _3(b3n—1 - b3n)
and assume b; and bs,_; to be given. Altogether we get a block system of equations with a
matrix

2 I 0 O ... O
I 41 I 0 0
0 I 4I 1 :
0 I 41 1
0O ... ... 0 I 2I

which has three bands of scaled d x d identity matrices I. We can deal with it blockwise as if
we had the real-valued matrix

2 1 0 0
1 4 0 0
0 1 4 1

0 1 4 1
O ... ... 0 1 2

which is diagonally dominant and has eigenvalues between 1 and 6 due to Gerschgorin’s theorem,
independent of its size. Thus the system is solvable by O(n) operations. It can be checked that
the solution in terms of the s; and after use of (1.1) is indeed C?.

This construction will have drawbacks if the data f; = bs; are very unevenly distributed. In
such a case, one can come closer to arclength parametrization if the patch between f; = bs;
and f;11 = b33 is parametrized over an interval of length ||f; — fii1]|2. Now the transition
conditions are somewhat more complicated.

We shall come back to the more general construction of cubic spline curves in Section 3. bla

2  Multiaffine Forms

2.1 Elementary Properties

Definition 2.1 A mapping
M (le) — IR?

is a symmetric multiaffine form of degree n on IR* with values in IR?, iff
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1. M is affine in each argument,
2. the values of M are independent of the order of the arguments.

The set of such M is denoted by SMAF (n,k,d). Symmetric multiaffine forms are also called
polar forms or blossoms.

If an argument z of a symmetric multiaffine form M is repeated r times, we write r#x instead of
x,x,...,r with r repetitions. We suggest to read r#x as “r times x”. For an affine combination
c=Aa+ (1 —A)b of a vector ¢ in terms of a and b and a scalar A we shall frequently use

Mle,...) =AM(a,...) + (1 — N)M(b,...)

either from left to right (i. e. replacing ¢ by a and b) or right to left (i.e. coalescing a and b into

c).

Note that the arguments of M are vectors in general, and M is vector—valued. The image space
IR? will usually be of dimension d = 2, 3,4, and k will be 1 for curves and 2 for surfaces.

Readers may consider multiaffine forms as a rather exotic subject. But if we write a univariate
real-valued polynomial p with real roots x1,...,z, as
n
p(a) = [[(z — )

i=1

it is clear that we have a symmetric multiaffine form of zq, ..., x,, for each fixed x. Furthermore,
all coefficients of p are multiaffine forms, and for n = 2 we get the three examples

M(.Tl,.l’g) =1
M(zq1,20) = —(21+x2)
M($1,IE2) = I1- X2

from the coefficients of p. This can easily be generalized to
p(x) = Zx"(—l)”*ngfj(:pl,...,xn) (2.1)

with the classical elementary symmetric functions

SH (. xp) = > oy i (2.2)
Nntjet...+tin=17J
jk S {07 1}
having the property
n _ n /
St (nt) = (9) j, (2.3)

In fact, evaluating the product form of p via the multinomial formula yields both (2.1) and

(2.2), while (2.3) follows from the fact that there are (?) indices in (2.2), because (?) is the
number of ways one can pick j out of n items.
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Equation (2.3) is a fundamental observation when read from right to left. It then means that
each monomial 27 can be written as

. 1 n
¥ = ﬁSj (n#x)
J
via a symmetric multiaffine form S7 of some order n > j with fully coalescing arguments. This

fact will be proven below, but we start with an easier fact:

Lemma 2.1 Let a polar form M € SMAF(n,k,d) be given. If an argument t € IR* of M
occurs precisely j times, and if all other arguments are kept fixed, the form M is a k—variate
polynomial of degree at most j as a function of t.

Proof: We proceed by induction over j, and the case j = 0 is trivial. Let the assertion hold for
J < n, and look at M(j + 1#t, x4, ...,2,). We write

t= tmem + <1 —Ztm> 0

and get
MG+ 1#t, xjho, ... x) = MG#HEt, Tjgo, ..., Ty)
= D taM(#t, em, Tjto, ..., T)
+ <1 — Ztm> M(j#1t,0, 249, ..., 2y)
and get the assertion. O

Note how the trick of the above proof can be used repeatedly to evaluate M in terms of its
values on unit vectors and zero.

Corollary 2.1 For any polar form M € SMAF (n,k,d) the function M (n#zx) is a k—variate
polynomial of degree at most n with values in IR® as a function of x.

Lemma 2.2 Any symmetric multiaffine form M € SMAF(n,k,d) for n > 1 can be uniquely
written as
M(zy,...,x,) = A(xo, ..., x5)x1 + B(2a, ..., T,)

with A € SMAF(n—1,k,d-k) and B€ SMAF(n—1,k,d).

Proof: As M is an affine function of 1, one can clearly write M in the above form, but it must
be shown that A and B are multiaffine forms of x,, ..., x, and unique. For B we get this due
to

B(xg,...,xy) = M(0,z9,...,2,).

Furthermore, the action of A as a matrix on a vector z is

A(zg, ... xp)z = M(z,29,...,2,) — M(0,29,...,2,)
and thus A is clearly symmetric and multiaffine in o, ..., z,. a
Note that Lemma 2.2 also yields an easy inductive proof of Corollary 2.1.

We now go for the already announced converse result:
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Theorem 2.1 For each k-variate polynomial P of degree at most n with values in IR® there
is precisely one polar form Mp € SMAF (n,k,d) such that P(x) = Mp(n#x).

Proof: We first concentrate on the existence of Mp. For the univariate real-valued case we
can use the elementary symmetric functions and (2.3) to get the result for the monomials,
and by linear superposition also for arbitrary polynomials. The vector—valued case can be done
componentwise from the scalar—valued case, and we are left with the scalar—valued multivariate
case. But we can vary (2.2) for

Sy, .. ) = Z xf‘lxgn forallozGZgO, Ty,...,x, € IR
al+ ... +a"=a
ol € {0,1}*

in standard multivariate notation
k .
2P = Hzfj for all z € IR*, 3 € Zgo
j=1

and see that z® and S”(n#z) coincide up to a positive factor.

We now have to prove uniqueness of Mp for given P. Assume that a polar form M &
SMAF(n,k,d) with M(n#tx) = 0 for all x € IRF is given, and we have to show that
M(zxy,...,x,) is zero for all z; € IR*. We proceed by induction on n and state that the
case n = 1 is trivial. Writing

M(zy,...,x,) = A(xo, ..., x5)x1 + B(2a, ..., 2,)

with A € SMAF(n — 1,k,d - k),B € SMAF(n — 1,k,d) due to Lemma 2.2, we get
Vo, M(xq,...,2,) = Axg, ..., 2,). Now
0 = V,M(n#zx)
= vajM<x17---7xn>|n#m
j=1
= nVu, Mz, ..., T0) e
= nA(n — l4#zx)

because M is symmetric. By induction, the matrix—valued polar form A must vanish, and we
get B(n — 1#x) = 0. Again, induction yields B = 0. O

At this point, we can look more closely at the polar form of the gradient V, P of a multivariate
polynomial P corresponding to a multiaffine form Mp. Since the derivatives with respect to all
arguments are equal, we have

pr(l’) =nNn- VMP(n#x) =n: (vleP(:L‘la s axn))\N#x =n: A(an s 7xN))|(n71)#m
using A and B as above. This implies

Mg, p(xo,...,xn) =n- Az, ..., xy,)
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because the multiaffine form for V, P is unique and n- A does the job. For any z and z+h € IRF
we can write
A(zg,...,xn)h = Mp(x + h,x9,...,2,) — Mp(x,29,...,2,),
and thus we get
My, p(xo,...,x5)h =n(Mp(x + h,xo,...,x,) — Mp(z, 29, ...,2,))

for all x, h € IR*. If all arguments are scalar (i.e. k = 1), then

n

h
for all x,h € IR with h # 0. We shall use (2.4) later.

Mpi(za, ..., x,) (Mp(x+ h,z9,...,2,) — Mp(z,29,...,2,)) (2.4)

Let us look at directional derivatives VL7 in the case of nonscalar arguments. We get

Mryyp(Te, .o 2n) = n-A(xy, ... 20)r = n-(Mp(y+71,29,. .., 0,) —Mp(y,12,...,2,)) (2.5)

for arbitrary y by the same line of argumentation.

2.2 The Algorithm of de Casteljau Revisited

Assume that we have a polynomial curve of degree n € IR? over [a, 8] C IR in Bernstein—Bézier
form

«

n t — J —t n—j
P() ::jz:;bj (ﬁ_a) <§_a> =: BBlbo, ..., by]jag

with control points b; € IR?. We can express the control points as values of the unique symmetric
multiaffine form Mp associated with P:

Theorem 2.2 For any polynomial curve P of degree n in IR? over [a, 3] C IR in Bernstein—
Bézier form, the control points by, by, ..., b, are representable as

bj - MP(n_j#aaj#ﬁ)v 0 S] S n.

Proof: We define ¢; by the right-hand side of the above representation, and we define ) to be
the Bernstein-Bézier polynomial curve with control points ¢;. We shall first prove P = () and
then get b; = ¢; from the uniqueness of the Bernstein-Bézier representation.

If we define ¢} := ¢; and proceed by the deCasteljau algorithm for some ¢ € [, 5] as

t— « 06—t
ro__ r+1 r+1
Cj_(ﬁ—a>cj+1+<ﬁ—a>cj ’

i = Mp(r — j#a,n —r#t, j#8), 0<j <r <n

we get
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by induction

=

B—a) i
E %Mp('r—j#a,n—r—l#t,j—l—l#ﬁ) +

MP(T_'_ 1 _j#()é7n_r_ 1#t7j#ﬁ)

t—a r+1
o) G+l +
—t Cr—i—l _

-
Q

o @
~ Q

=

MP(T _J#Oé7n - T#tuj#ﬁ)

because of the affine combination

(t—a 06—t N
t_<ﬁ—a>ﬁ+(ﬁ—a>'

Now ¢ = Q(t) = Mp(n#t) = P(t) holds, and we are finished. O

Corollary 2.2 The intermediate points b} of the deCasteljau algorithm

r l—« 41 ﬁ_t 41
bj = <ﬁ_a>bjil+<ﬁ_g)bj+

starting with by =: b} and corresponding to a polynomial P over la, B] satisfy

V; = Mp(r — j#fa,n —r#t, j#3), 0<j <r <n.

M(at,b)

M(a,ab) M(a,b,b)

M (t,b,b)

M (b,b,b)

a t b

The above figure shows the values of the multiaffine form M corresponding to a Bernsterin—
Bézier representation of a polynomial of degree 3 over [a,b], if the de Casteljau algorithm is
carried out for an intermediate point ¢.
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2.3 Subdivision
We specialize Corollary 2.2 and get

by = Mp(r#a,n—r#t), 0<r<n
bl = Mp(n—r#t,r#03), 0 <r <n.

With Theorem 2.2 this proves

Theorem 2.3 If the control points 0}, 0 < j < n represent a polynomial P in Bernstein—
Bézier form over [a, (], then the deCasteljau control points by = Mp(r#a,n—r#t), 0 <r <mn
represent P over |a, t], while b. = Mp(n — r#t, r#3), 0 < r < n represent P over [t, [3]. O

Subdivision can be used recursively for generating approximations to the actual curve. We
prove convergence of this process later. The recursion is stopped by a flatness test that we
analyze now. The basic idea is that the curve is a straight line if the control points lie on a line
(by the convex hull property). How far is a curve from a straight line if the control points are
“nearly” on a line?

By degree elevation of the line segment L(t) between the control points by and b,, of a polynomial
P(t) in Bernstein-Bézier representation over [, 3], we get the representation of L by control
points ¢; := by + Z(b, — bp),0 < j < n. Now

IP() = LN = ||i0(bj — ;)07 @)

< D 1BOIIb; — o
j=0 .
< gax b — cﬂ!jZ:;ﬁ?(t)
= gl =l
— asx 1o — bo % (b, — bo)|

is a bound on the distance of a point of the curve P() to a point on the line L(¢) at a parameter
t € [a, B]. Note that we have used the partition of unity property of Bernstein polynomials B1(t)
of degree n.

Recursive subdivision is stopped if the above bound is smaller than a prescribed constant.
Then either the line segment between b, and b, or the control polygon through by,...,b, is
used as an approximation of the curve segment. The analysis of the error wrt. the latter will
be treated later, because it requires spline theory.

2.4 Convergence of Subdivision

We now want to show that the quantity

J
Qax [[b; = bo — = (bn — bo)|

decreases quadratically during repeated subdivision. More precisely:
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Theorem 2.4 If a polynomial curve P is represented in Bernstein—Bézier form over |a, (3],
there is a constant C' depending only on P, a, and (3, such that for the representation of P over

any subinterval [, '] C [a, B] with control points by, ..., b, the error bound
ax [|b; —bo——(b —bo)ll < C(F' — o)
holds.

In other words, subdivision at the midpoint of the interval can be expected to reduce the error
wrt. the line through by and b,, by a factor of 0.25 in the limit. Or, each subdivision step usually
gives two binary digits of relative accuracy.

Proof: Of course, we represent the control points as
bj - MP(n _j#alvj#ﬁ/)a 0 S j S n
and perform a Taylor expansion of the vector—valued univariate functions

9i(t) = Mp(n — j#o', j#a' + 1+ (j#1))), 0< j <n

around zero. Here, we write j#0' = j#a' + (8’ — ') * (j#1) and get, taking points §; € [/, ],

G5 ') = g;(0)+ (8 — a)g}(0) + (5 — a')2gl(&,) /2
b = bt J(F — o) M) + (9 = o M (n — ol ol +8; + (1#1)2
be = bo+n(8 — o) Mp(nfta’) + n2(8' — o) Mp(nal + &, * (n#1)) /2

using symmetry of the j arguments that are used for differentiation. In fact, we have g:(0) =
JMp(n#a'), where we write M}, for any of the partial derivatives of Mp, which coincide by
symmetry. For the same reason we can just write M} and M}, respectively. Now we evaluate
bj — by — %(bn — by) and see that the constant terms drop out right away, while the linear terms
vanish due to

<

J(B = o) Mp(ngka) — Zn(f' — o) Mp(nga’) =
n
The rest is bounded above by

n*(B —a')*  sup ; [Mp(z1, .2,
proving the assertion. O

2.5 Continuity Conditions

We now look at conditions for a C" transition from a Bernstein—Bézier representation
P = BBlby, ..., by

of a polynomial curve P on [a, 3] to a Bernstein—Bézier representation
Q = BBlco, ..., ][54

of a curve @ on [3,7]. We assume both degrees to be equal. If this is not satisfied, degree
elevation should be applied.
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We first look at the polynomials
Pk = BB[bn,k, ey bn][a,ﬁ]; Qk = BB[C(], . 7@4:][6,7}

of degree at most k, and defined by a Bernstein—Bézier representation of k£ + 1 control points
near the transition.

Theorem 2.5 For 0 < m < n, the polynomials P and Q) of degree at most n have a C™
transition at 3, if and only if the polynomials Py and Q. coincide for 0 < k < m.

Proof: Let’s look at the derivatives:

!

QU(B) = (n_j)zv_ﬁ)jAjco,0§j§n,

() k! - :

i (B) , Ay, 0 < j<k.
k— )y — B)

. (n—ﬁé —a) |

B0 = G a0 =g =k

where A is the forward difference Ad; := d;j,; — d;. The conditions PU)(3) = QU)(3) are

1 , 1 ,
. Neg=—— NIb, .
=8P T Byt

while P (3) = Q) (8) are

1 : 1 A
— Ny = —=Ab,_;.
(v —B) (8 —a) ’
Thus a C™ transition from P to @ is equivalent to a C* transition between P, and Q) for all
0 < k < m. Since these polynomials have degree at most k, they must coincide with their own
Taylor representation of degree k at (3, which is the same for both of them, if and only if they
have a C* transition at £3. O

We now look at the multiaffine form

Mk<.§lfl, e ,.’L‘k) = MQ(JZ‘l, vy Ty (n — k)#ﬁ)

of k arguments and compare it with Mg, . Clearly,

¢ = Mq(n—j#0,j#7)
= Mg, (k—j#8,j#7),0 < j < k.

This means that the polynomial @)} and the polynomial M (k#t) must coincide, because they
generate the same Bernstein—Bézier representation. But then M, and M, are the same. Using
this argument on both sides of 3, we get
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Theorem 2.6 For 0 < m < n, the polynomials P and ) of degree at most n have a C™
transition at 3, if and only if the multiaffine forms

MP('rla"'7xk7n_ k#ﬁ) = MQ(JTl,...,Ik,'I’I,— k#ﬁ)

coincide for 0 < k < m. O

M(a,b,c)

Mib,b,c)

M(b,b,b)

M{(a,b,b)

M(a,a,b) M(b,c,c)

d b C

The above picture shows how two cubic pieces P and ) have a C? transition. By the previous
theorem, the multiaffine forms of P and () coincide as long as one of the arguments is b. This
is why we can write M instead of Mp or M.

We now go back to the original notation and look at the polynomial R := P,, = @,, for a C"™
transition between P and @ at 3. We can represent everything over [, ] or the subintervals
defined by (3. We have the Bernstein—-Bézier representations

R(t) = BBldy,...,dn)an
Pm(t) - BB[bn—ma R bn] [aﬁ]
Qm(t) = BBlco,...,cmlipAl

and by subdivision at § we get

Theorem 2.7 For 0 < m < n, the polynomials P and Q) of degree at most n with Bernstein—
Bézier representations

P(t) = BB[Z)O, R bn][a,ﬁ]

Q(t) = BB[CO, e ,Cn][gﬁ],

have a C™ transition at (3, if and only if the control points b,_p,,...,bp_1,b, = co,C1,...,Cm
are obtained by subdivision of a polynomial R(t) = BBldy, ..., dyln~ of degree at most m at
the intermediate point (3. a

The previous picture illustrates this as well. Just consider the multiaffine form Mg(z,y) =
M (x,y,b) that defines R, and you can see the three-point control net of R over [a, ¢| together
with the two control nets generated by subdivision.
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2.6 Cubic Spline Curves

We now patch many copies of cubic curves
Pi(t) := BBI[bsi, bsit1, b3iv2, D3itslit, t,01]
together in such a way that a C? curve results.

MI[';1_1";i’ti+1:I

b
31-2

I | \
L t. t t
i-1 i i+1 i+2

This works nicely as before, but we can also turn the strategy upside down, starting from the

points
dig = M(ti1,ti, tiv1).

If we split the line between d; o and d;_; by two points into three pieces as in the split of
[ti_1,tire] by t; and t;,1, we get the control points bz;, 1 and bs;yo. If we do this for i — 1 also,
we get bg; 1 and bs;_5. But then we find b3; between bs; 1 and bs;y1 via the split of [t; 1, ;1]
at t; (see the colors in the figure, but note that the affine splits are not to scale). Note further
that M (t;_1,t;,t;11) corresponds to the multiaffine forms of at least two polynomials, one over
[ti_1,1;] and one over [t;,t;11]. A somewhat more precise analysis by Theorem 2.6 shows that the
polynomial P; over [t;,t;41] can be used for all multiaffine form values d, = ij(tg+1, toyo, ters)
that have ¢; or ¢, in their argument list, i.e. for j —3 < £ < j.
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3 Spline Curves

3.1 Carl de Boor’s Technique

We now generalize the above approach by brute force, starting from a (formally) biinfinite
control net

o do_1,de,dogr, ... LeZZ, dy e IRY

and a weakly increasing sequence of knots
S 1 <ty <ty < teZ, t, € IR

together with a fixed polynomial degree n. Governed by the previous example, we try to find a
curve consisting of polynomial pieces P; such that

dg - ij (tf-i-l) e atf-i-n) (3].)

holds for j —n < ¢ < j, where P; lives in [t;,t;11]. Since we now allow coalescing points, we
have to assume
tj < tj+1 (32)

for P; to be well-defined. The basic idea of Carl de Boor’s method now is to fix an intermediate
point ¢ € [t;,t;41] and use affine combinations of the dy as if the hypothesis (3.1) were satisfied,
ending up in Pj(t) = Mp,(n#t).

More precisely, we start with
dpi=dp, j—n <0<,

and generate points d; "(t) that hopefully satisfy
dy™"(t) = Mp,(r#t, tesr, - s togn—y), J—(n—1) <L <5
The rules for the transition » — r 4+ 1 can be easily obtained from our heuristics, if we take

d?_r(t) = ij (T#ta tf-i—la cee 7t€+n—7")7 j - (’I’L - ’I°) S l S ]

e . | 3.3
-1 (t) = MPj(T#tatfa"'7t€+n—7"—1)7 J— (’I’L—T‘) SE_ 1 S] ( )

and compose t affinely by ¢, and ty,,,_,. For this composition as
togmr — 1t t—t
o+ / ¢

= ¢+ Lopn—
tﬁ—l—n—r - tf tﬁ—l—n—r - tﬁ o

we require
te <t <tjy1 <loeyn—r,

but this follows from ¢ < j and j — (n—7) < ¢ —11in (3.3). Thus we define the recursion of de
Boor’s algorithm as

t—t
C (1), j—(n—r—1)<{£<j, 0<r<n. (3.4)

n—r— tf-HL—?" —1 n—r
dé 1<t) = 7d271 (t)+m (4

B tﬁ—l—n—r - tﬁ
This procedure is independent of our heuristics, and it clearly yields a polynomial P; on [t;, ;4]
via

Pi(t) := d? (t).
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; — —— —

The above picture shows how the de Boor algorithm works. The plot is not completely to scale,
but note how the colours indicate the correct splitting of affine combinations of ¢ from knots ¢,
and t,,. The first sweep calculates the three values of d? by picking three sets of four consecutive
knots that overlap ¢t. The second sweep takes two sets of three consecutive knots that overlap
t, while the third sweep just picks ¢; and ¢;;, i.c.one set of two knots that overlap ¢. The red
part is always to the left of the new de Boor point, while the blue part is always to the right,
the other colours following appropriately.

We now want to prove that our heuristics is correct. The method of de Boor defines a linear
mapping
B (dj—na---adj) D—)Pj

from IR ™Y into the space of polynomials of degree up to n with values in IR?, and this space
of polynomials also is of dimension d(n+1). The mapping A that associates to each polynomial
Pj the n + 1 vectors dy := Mp,(te41,...,te4n) maps the polynomials into a subspace C' of
IR¥™+1D) On this subspace, the mapping B inverts A, because by our heuristics the method
of de Boor recovers P; when started from control points that actually come from P;. But this
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argument proves that B is surjective, and by equality of dimensions of range and domain of B,
we get that B must be bijective. This proves:

Theorem 3.1 Under the hypothesis (3.2), the algorithm of de Boor constructs a piecewise
polynomial (spline) curve out of a control net {d¢}wcz such that the polynomial piece P; on
[t;,tj+1) is of degree at most n and such that (3.1) holds for j —n < { < j. The construction
uses dj_p, ...,d; only, and performs convex combinations of these points. a

The dimension argument also proves

Corollary 3.1 A multiaffine form M of order n with arguments in IR is completely determined
by its values dp :== M (toy1, ... toyn), J—n < < j for points satisfying

tjfn+1§---§tj<tj+1S---Sthrn-

Proof: In fact, the de Boor algorithm based on these data will construct a unique polynomial
P; with M = Mp,. O

Note that not necessarily all control points d, are used for the de Boor algorithm on nondege-
nerate intervals when the degree n is fixed. We can define the set

L, ={leZ : j—n</{<jforsome j with t; <t;11}. (3.5)

of all indices that are actually used. If some index k is not in L,,, we have t, = ... = {111,
i.e. the knot t; is at least (n + 2)—fold. Or, by some additional elementary argumentation, we
can rewrite L,, as

Ln = {g € Z tg < t5+n+1} . (36)
In fact, if £ € L, from (3.5), then we have
ty < tj < tj+1 < tg+n+1. (37)

proving that ¢ is in (3.6). The converse is simple: if ¢ comes from (3.6), then there must be
some j with (3.7), and this j must satisfy ¢ < j < ¢ + n, ans required for (3.5).

Corollary 3.2 The polynomial piece P; of a spline curve on a nondegenerate interval [t;,t;11)
lies within the convex hull of the control points d;_y, ..., d;. a
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) The consecutive pieces of the quadratic
K B-spline curve defined by the control net
/ must lie in the consecutive triangles.
More precisely: PJ liesin the triangle
d j-2

annedbyd .,d ., andd. .
P Y -2 G2 4G

Corollary 3.3 Ift; < t;41 are two knots with multiplicity n, the n+1 control points d;_y, ..., d;
are control points for the Bernstein-Bézier representation of the polynomial P; on [tj,tj+1),
and the de Boor algorithm for evaluating P;(t) fort € [t;,t;41) coincides with the method of de

Casteljau.
Proof: Due to
tj,nleI...Itj <tj+1:...ztj+n,
we have
de = Mp,;(tep1, - tewn) = Mp (5 — OFt;, (n — (G — 0))#tj11)

for j —n < ¢ < j and can use Theorem 2.2 to prove the first assertion. The second follows from
inspection of the formulae. A short form of the proof just observes that the k—th sweep of the
de Boor method for k = 1,2,...,n takes n+ 1 — k affine combinations of n 4+ 2 — k points with
the ratio defined by t within consecutive sets of n + 2 — k consecutive knots. For n—fold knots
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t; and t;4, this ratio is always the ratio of ¢ in [t;,t;11], i.e. the de Casteljau ratio, and thus
the geometric constructions must coincide. a

The practical consequence of Corollary 3.3 is that we can calculate a Bernstein—-Bézier control
net for each polynomial piece by insertion of additional knots up to multiplicity n. Knot insertion
will be treated later.

Another useful application of Corollary 3.3 occurs at the “endpoints” of a control net. If we
just want to work with a finite set dy,...,dy_1 of control points, it is good practice to let the
“ends” have the meaning of Bernstein—Bézier control points. This means that the control points

d() = M(tl, P ,tn), del == M(tN, e ,tNJrn,l)
should be based on coalescing points, i.e. the knot set should satisfy
t1=...=, <lpn1 < ... <iy 1 <tn=...=Tnyfn-1- (38)

For adjacent spline curves one can use the techniques of section 2.5 to write down the conditions
for a C" transition at the “ends”, provided that the knots ¢, and tx_; have been inserted
up to multiplicity n.

3.2 Smoothness

We now have to work a little to prove something about the smoothness of the spline curve
defined by de Boor’s algorithm.

Theorem 3.2 At a knot t;1 with multiplicity p, 0 < p < n, i.e.
tj < f}j+1 = tj+2 =...= f;jer = 17< tj+p+1,
the spline curve is at least n — p times differentiable.

Proof The adjacent polynomial pieces are P; and Pj,,, respectively. We use Theorem 2.6 for
P; and Pjy, at the intermediate p—fold point 7, and we assert

Mp,(p#7, 21, ... Tnp) = Mp,, (pH#T, 21, ..., Tp_p) (3.9)

for all arguments 1, ..., z,—,. Now we look at the d, that are admissible for both P; and P;,,.
The corresponding indices ¢ are restricted by 7 —n +p < ¢ < 7, and thus we have

de= Mp,(tey1, - tegn) = Mp,,, (terrs -5 tegn)
for j —n+p < € < j. We can rewrite these inequalities in two ways:

jondp+tl < €41 < j+1
j+p < l+n < j+n

to read off that there always is a p—fold instance of 7 within the arguments ¢y,4, ..., %, due
to
tg+1 S t]’+1 =T =...= t]’+p =T S tf+n- (310)
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The remaining n — p arguments are different from 7. We now drop the p instances of 7 from
the knot sequence by defining

Si =1, 1 < 7, Sj4i = ljypti, 0> 0

and get
Sj—n+1 <...< Sj < 841 <...< Sjtn- (311)
We define
Nj(x1, ..., 0q_p) = Mp,(p#1,71,...,00_p)

Niip(w1,.. . 2np) = Mp, (pF#T,21,...,70_p)

and get
dp = Mp(tegr, - stern) = Nj(Sew1s--o5Se4np)
= MPHP (tZJrlv e 7té+n) = Nj+p<£€+17 SR SZJrnfp)

for j —n +p < € < j by careful enumeration of the arguments as in (3.10):

t5+1 S tj+1 =T =...= thrp =T tg+n

Se1 <

IAINA

St+n—p

The assertion now follows from Corollary 3.1, because N; and N, coincide on the points with
(3.11). O

3.3 Derivatives

We now want to derive the control net representation for the derivative of a spline function
S defined by a control net {d,}, and a knot sequence {t;},. On any nondegenerate interval
[t;,tj4+1) we can use (2.4) to write

Mpr(torss o tean) = gt (Mp (b + (ban — ), Lo - o bign)
—Mp,(te,teg1, - togn—1))
= o (de—dpy)

for all ¢, j—n+1 < ¢ < j. Thus the control net {te-m—tz (d¢—dg—1)}eer,_, generates S’. As in the
Bernstein—Bézier case, we see that the control net of a derivative consists of scaled differences
of the original control points. This makes it easy to evaluate derivatives by application of the
de Boor algorithm.

3.4 Knot Insertion

We now insert a new knot 7 into a nontrivial subinterval [ty, tx.1). If we use ’ to denote the
knots in the new numbering, we have

<t
A

T < lgs

IAIN

<
/ /
S ey <ty

The polynomials P; on [t;, ;1) will turn into polynomials @, on [t/,,t/ ), but it is clear that

the @, are the P; in some new numbering. Of course, the given control net {d,}scz now needs
to be modified and extended by an additional vector, and we denote the new control net by
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{d}}ve z. We derive the formulae for construction of {d}}scz from {ds},cz by application of the
necessary equations

dy = Mp,(terr, - stegn), J—n<€<j

dy = Mg, (tyyy, . thy), j —n <l < (3.12)

where P lives on [t;,;11) and Q; lives on [t},, %), respectively. Let us first look at knots up to
ty, = t,., where the renumbering is trivial. We can take all £ = ¢’ in (3.12) with {+n = ¢'+n < k,
and this allows for intervals [t;, ;1) = [t},t},) = [t} t},,) for all j = j' < k — n. This means
that we have

dy=dy forall ¢ <k —n and P, = Q, for all { < k —n.

Now we look at knots from t;41 = t;,,, on, where the renumbering is by adding 1 to the index
of an old knot. We can take all ¢ in (3.12) with £ +1 > k+ 1, and all ¢ with ¢/ +1 > k + 2.
Thus we should set ¢ = ¢+ 1 and get

= d2+1 =dy and Q1 = P, for all ¢ > k.

So far, everything works as expected: we can keep the “lower” part of the control net, and just
have to shift the numbering of the “upper” part to allow for one additional control point. The
n control points dj,_,, 4, ..., d;, in the “middle” need some more work. Let us look more closely
at

2’ = MQj/ (t2’+17 SRE) ;97 ;H—l? ;€+27 s 7t2’+n)
= MQj’ (tgurl, e ,tk, T, tk+1, e 7t2/+n71>
for k —n+1 < ¢ <k and observe that this range implies that 7 = ¢}, is always one of the
arguments. Furthermore, we can take ;' = k and j' = k + 1 in the above identities for the full
range of ¢/, and thus we have @Q);; = P, for these j'. We compare this to

dp—y = Mp(te,. .. togn-1)
dp = Mp (tesr,. - togn),
where the admissible range of ¢ again is k —n + 1 < ¢/ < k. With the affine combination
_ togn — T T — 1ty by
ton — Lo torin — to
we get the affine combination
ti‘ff:;:, dp_1 + te,:tf'te, dy = Mp (7T, tes1,. . tygn_1)
= Mg, (trsr, -tk T g, -5 orgn1) (3.13)
- 4,

and this is the recipe for knot insertion.

Theorem 3.3 Let a control net {d;}icz C IR and a knot sequence {t;}icz C IR be given,
and let S be the spline function of degree at most n defined via the algorithm of de Boor. If an
additional knot T € [ty, ty11) is inserted, the new data

d, = dy, ¢ < k—n

d, = ff::_;dgl—i— —t—d, k—n+1 < ¢ < k

d, = dy_, k+1 < ¢
t, = ty, ¢ < k

t, = T, k+1 = ( = k+1

ty = tyq, E+2 < ¢

define the same spline S. O
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Of course, the first sweep of the de Boor algorithm coincides with knot insertion. It is left to
the reader that the full de Boor algorithm is the same as inserting a knot n times, provided
that the new control points are stored and numbered appropriately.

3.5 Convergence of Knot Insertion

We now want to see whether the control net defined by insertion of sufficiently many knots
must necessarily converge to the spline curve S it defines. Of course, we shall repeat the logic of
the corresponding proof of the Bernstein—Bézier case and employ Taylor expansions of control
points dy = Mp,(te41, ... teyn) for j —n < £ < j. The expansion point will be the Greville
abscissa

& = (t£+1 + ...+ f}ngn)/n

satisfying
trv1 < & < togn (3.14)

for all ¢ € ZZ. For each ¢ we can find a j such that & € [t;,¢;41), and this j must satisfy
Jj—n < { < jbecause of (3.14). In fact, & € [t;,t;+1) implies t,1, > t; and tp11 < t;41 because
otherwise the Greville abscissa would not fall into the interval.

For such a pair (£, j) we expand dy = Mp,(te11,. .., tern) around S(&) = Pj(&) = Mp,(n#&)
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and get, up to second-order terms in ¢y, — &, the error

n

dy — S(&) = Mp (n#&0) > (terk — &) = 0.

k=1

Again, we used that the derivatives of a polar form with respect to each of the arguments must
be the same, and the reader will see why the trick requires the Greville abscissae. We can add
that the bound on the second—order terms depends on the maximum absolute value of the
second derivative of Mp, at arguments somewhere between ¢, and t,,,, multiplied with a factor
bounded by n?(te ., — t¢)>.

For a convergence argument, we start with a fixed set of polynomial pieces and do the analysis
just for one piece and its two neighbors. Inserting lots of knots, with the quantity

h:= Il’lélX(tg+n - tg) (315)

tending to zero, we have just three different polynomials involved if h is small enough, and can
thus bound the local error by a constant times h?, where the constant depends on the second
derivatives of the polar forms associated with the three local polynomial pieces.

If the spline curve is twice continuously differentiable, we can use standard arguments of linear
interpolation to conclude that the control net converges to the spline at a local rate that is
proportional to h%. If we have just continuity of the spline, we have uniform continuity locally
because the spline consists of polynomials, and then we still get local convergence of the control
net to the spline, but no convergence rate.

So far, we looked at local convergence, disregarding “endpoints” of the control net. But in the
standard situation (3.8) the constants are uniform, because we have just a finite number of
polynomial pieces. Furthermore, the outermost Greville abscissae coincide with the endpoints
of the finite spline curve piece we look at, and the convergence argument will work uniformly,
because it works for all parts of the curve that correspond to arguments between Greville
abscissae. This can be formulated more exactly, but we omit a proof:

Theorem 3.4 For any finite and twice differentiable spline curve of degree at most n with
(3.8), the piecewise linear interpolant of the control net converges uniformly to the spline curve,
and the error can be bounded by a constant times h?, where h is defined in (3.15). The error is
measured by parametrizing the spline curve linearly between the Greville abscissae associated to
the points of the control net.

The reason for not giving the proof is as follows: it is common practice to evaluate a spline by
inserting each knot sufficiently many times to make in n—fold. The one can use subdivision on
the Bernstein—Bézier control net. And we have already proven quadratic convergence of this
process.

3.6 B—Splines

Though we did not need to define and use them, B—splines always were behind the scene. They
come out to form the partition of unity building the representation of a spline curve S of degree



3 SPLINE CURVES 23

at most n defined by a control net {d,}, and a knot sequence {t,},. In particular, we want to
write

S(t) =Y deNo(2) (3.16)

¢eLy,

with certain piecewise polynomials N(t) called B—splines that are a partition of unity in such a
way that only a finite number of them is nonzero for each fixed t. Here, we only use the relevant
control vectors with indices in the set L, from (3.5). The others are irrelevant and should be
dropped right from the start.

For any nontrivial interval [t;,¢;,1) and the corresponding part d;_,, ..., d; of the control net,
the algorithm of de Boor constructs a polynomial

J

Pi(t) = Y pjelt)dy

l=j—n

with certain nonnegative scalar-valued polynomials p;¢(t) that depend only on the knot vector,
but not on the control net. Thus we can write

S<t) - Z X[tjvtjﬂ)(t)S(t)
- Z Xltj tj+1) (t)F;(1)

J

= ZX[tj,tjﬂ)(t) Z pjvé(t)dg
J

{=j—n
l+n
= Z dﬁ Z X[tj7tj+1)(t)pj7€(t)
teln  j=t

with the characteristic function
Xit;t;.0)(t) = 1 for all t € [t;,t;,1), zero elsewhere.

Thus the B—splines
l+n

Ng’n<t) = Z X[tj,tj+1)<t)pj,g<t)7 g ~ Ln (317)
j=L

are what we asked for. They yield (3.16) for all spline functions defined by control nets associated
with a fixed knot vector.

Theorem 3.5 The B-splines corresponding to a knot sequence {t;}, have the following pro-
perties:

1. Ny, is defined for the £ with t; < tpyni1.

2. Ny, is consisting of polynomial pieces of degree at most n, with breakpoints at the knots
of [te, torns1] and vanishing outside this interval.

3. The spline curve defined by the algorithm of de Boor can be represented as (3.16) with
(3.17).



3 SPLINE CURVES 24

4. Nyp can be calculated via the algorithm of de Boor, started with the scalar—valued control
net {9 e}ti. Therefore the B-splines are uniquely defined by a knot sequence and the de
Boor algorithm on this special control net.

5. Ny, is nonnegative on [te, toyni1) and zero elsewhere.

6. If a knot of [te, torni1] has multiplicity p, the function Ny, has continuous derivatives up
to order n — p there.

7. The set of all B-splines Ny, for ¢ € L, and a fized knot sequence forms a partition of
unity.

8. If a spline curve of degree at most n vanishes outside some interval [ty, ty ], it vanishes
everywhere. In particular, the B-splines Ny, for { € L,, are linearly independent.

Proof: The first property follows from (3.6), while the second is contained in (3.17). Our
discussion preceding the theorem proves the third statement, and the fourth is just a special
scalar case. Now the fifth follows from the fourth due to the convex combinations performed
by the de Boor algorithm. Theorem 3.2 yield the sixth property. The first property that needs
a real proof is number 7. For the scalar—valued control net {1}, the de Boor algorithm takes
affine combinations of 1 all the time, and it just ends up with

Sit)=1= > 1-Npu(t).

teln

For the proof of 8, take a vanishing linear combination of the form (3.16) outside of some
interval [ty, ;4] and consider the polynomials P; = 0 on nondegenerate intervals [t;,t;1,) for
j+1<kandj> k+n, respectively. The multiaffine forms d, = Mp,(t;, ..., t¢,) must vanish
for the ranges j —n < ¢ < j for these j. But this means that d = 0 for / < 7 < k —1 and
¢ > 7 —n > k, respectively, and since all d, vanish, the complete spline is zero. If we take
a scalar control net generating a vanishing spline function, we can use our previous proof to
conclude that the control net must be zero, proving linear independence of the B—splines. Note
that these proof steps do not account for terms with indices ¢ ¢ L,. The corresponding control
points d; are redundant in de Boor’s algorithm, and they spoil any uniqueness proof. O

3.7 Recursion of B—Splines

If we look at the formula (3.4) for the de Boor algorithm, we can see that it has a recursive

structure. In fact, if the transition from the control points d;_,, ..., d; for some t € [t;, ;1) to
d'p 1 (t), ..., d)(t) is defined as a map Dj,, : IR — IR™ we can write (3.4) as an
action of Dj .y on d; ;. (1), ..., d;7"(2).

But this implies for ¢ € [t;,¢;41) the identity

S(t) = Djii0...0Dj, 140 Dj,n,t<djfn7 R dj)

= Dj,l,t 0...0 Dj,nfl,t<d?:rlz+1(t)7 ooy dglil(t))

Since the second line means that the de Boor algorithm for degree n — 1, when applied to the
control points d}—,;(t),...,d} '(t) gives the same result as the standard form, we can write
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the second line in terms of the B-splines N, _; of degree at most n — 1, and recursively all the
way down, i.e.

S(t) = i d¢Neu(t)

- zjj d} = (1) N (1)
t=j—n+1

= > &y () Ny (t)

l=j—n—+r
= &),

This is another close connection to the de Casteljau algorithm, but there still is something left.
If we write the second formula down in explicit form, we get

SU) = 3 A ()N ()

l=j—n—+1
J to t t—ty
- 3 (e 4t) Now1(8)
l=j—n+1 boyn — Loyn — L
I teirem —t t—t
= > ( EE Npstme1(t) + ——— Ny (1) | do,
00 \ter14n — U topn — Lo

and since the B—splines are uniquely determined by the control net representation, we get the
recursion formula

t n— t—1t
)—LN€+1nl(t)+ ¢

—— Ny (t
Log14n — Lo toyn —te 7 ®)

Nyt

for t € [tj,tj41) and all £, j —n < ¢ < j. This recursion needs some explanation, because
for ¢ € L, the indices ¢ and ¢ + 1 need not be both in L, _;. But if, by additional definition,
Ny n—1(t) vanishes outside of [t,ts,) for all ¢, there is no problem with the recursion.

3.8 Special Cases

For n = 0, we have d; = Mp, = Pj(t) for all t € [t;,1;;1), and the B-spline Nj, is the
characteristic function on [¢;,%;41). Here, the set Ly is the set of j with ¢; < t;4;.

For n = 1, the control points for evaluation in ¢ € [t;,¢;41) are d; = Mp,(t;41),dj—1 = Mp,(t;).
These are precisely the degree 1 Bernstein—-Bézier control points on the interval [t;,¢;11], and
thus we have the linear interpolant

—t t—t;

dj 1+

tit
(t) = -~ 1t
! i1 — 1

= I d.

i1 — !
between d;_; and d;. The spline is a continuous polygonal line, if all knots have multiplicity
one. The set L, is the set of all ¢ where t;, < t;, o, and the B-spline NN, is the piecewise linear
interpolant of the data 0,1,0 on the points t,,ts;1,ts12 on nontrivial half-open subintervals.
Clearly, these functions must sum up to one on each nontrivial interval.
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For n = 2, the control points for evaluation in ¢ € [t;,¢;41) are

dj = Mp;(tjs1,tj42)
dj—1 = Mp,(tj,tj+1)
djo = Mp(tj1,1;)-

These are not Bernstein-Bézier control points for the interval [t;,¢,41], but we can form these
by the de Boor or knot insertion algorithm. In fact,

tig —t; ot
Mp,(tj,t) = o dis o d;
Lip1 — 11 Liv1 —tj1
SO S
Mp,(tjt1,tj1) = defﬁrﬁdj
Jj+2 J Jj+2 J

do the job together with d;_; = Mp,(;,1;41). The spline is a differentiable sequence of parabolic
arcs, if all knots have multiplicity one, and the curve then touches each line segment d;_;d; at
the intermediate point defined by the ratio of ;4 between ¢; and ;5. These touchpoints are
the images of the knots under the curve mapping.

dj-2

d -1

disg

j tivg Lj+2

This construction also works for the B-spline N;_; 5. The control net should be placed at the
Greville abscissae, i.e. value 1 at (¢; +t;41)/2 and zero at all other (¢4 +t5+1)/2. The polygonal
lines between these data are then marked at the abscissae t;, and these points define the outer
Bernstein-Bezier control points for the pieces of N;_j o.
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R E:

4 Some Basics of Computer Graphics

4.1 The View Transformation

Here is a little bit of Mathematics behind Computer Graphics. Assume that we want to map
a point X € IR? to some plane that an observator sees if he is placed at an “eyepoint” E
and looking into the direction D. The view direction vector D should have length one, and we
assume another unit vector U to be given such that U and V' := U x D span the viewing plane.
The “view—up-vector” U should be perpendicular to D, and thus we have a full orthogonal
coordinate system formed by D, U, and V. The origin F' of the viewing plane is assumed to be
at a distance d on D from F.

X T

B
\; Y;

~— E
l
Ul —
\
\
|

‘ —~
-

The point Y should be in the viewing plane and on the ray from F to X, when the observer
looks from E at X. We thus write Y = AE+(1—\)X, and the local coordinates of the projected
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image Y of X on the viewing plane are
u = U (Y-F) = U'QOF+(1-MNX—-F) = UNX-F+\E-X))
v = VIY-F) = VIQE+(1-MNX-F) = V(X - F+\E - X)),

while the “depth” coordinate of X with respect to the eyepoint E is DT(X — E). Since YV
should be in the viewing plane, we know that

DT(Y —F) = 0
= DTAE+(1-=NX—F)=DT(X - F+AE-X)).

We want to get rid of E in favour of F' and allow parallel projection later, i.e. d = oo. Thus we
use F' = E +dD and get

0 = DT(X—F—l—)\(E—X)) = DT(X—F)+)\DT(F—dD—X)
and )\ comes out to be
B DT(X—F) 1= d B 1
- DT(X —F)+d DX -F)+d 1+DT(X-F)/d

We can introduce o := 1/d and write

A

1
14+ 0DT(X — F)
in a form that makes sense for d = 0o or ¢ = 0. We now consider the depth coordinate

DX - E)=D"(X -F+dD)=D"(X - F)+d=d(1+oD"(X - F)),

1—-A

and for the application to z—buffering we simply rescale it by division by d to get
2 =D"(X-E)d=1+cD"(X - F), 1-\=1/z

Any monotone transformation would be feasible, because we just want to keep points on the
rays from X to E ordered properly by the depth information. Then we go back to the cordinates

v = UNY-F) = UNX-F+XNF-X-dD)) = (1-NUT(X-F)
v = VIV -F) = VI(X-F+XF—-X—-dD)) = (1-MNVHX-F)
for the final form
z = 14+oDT(X - F)
v = UNX —-F)/z
v = V(X -F)/2.

Note the simplification for parallel projection, i.e. for 0 =0, z = 1.

4.2 Z—Buffering

The standard way to render a scene with proper treatment of hidden parts is to calculate the
(u,v, z) coordinates for each point of the scene, but to display for each (u,v) only the one
with least value of z, because the others are hidden by it due to their larger distance from the
eyepoint. This is done by discretizing the (u,v)-plane into pixels P(u,v) := (iy,i,) € Z?* and
to keep two arrays dimensioned by pixels, one, call it C', for the colour information and another,
call it Z, for the depth information. The colour array is initialized by some default value, e.g.
a background colour. Then one loops over all points (u, v, z) in the scene and performs the
following:
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e If the colour information for pixel P(u,v) is not the background colour, and if z is larger
than the value stored in Z(P(u,v)), then ignore the point, because it lies behind a point
that was already generated. Otherwise calculate a colour ¢ for the point (u,v,z) and

update C'(P(u,v)) = c and Z(P(u,v)) = z.

Of course, this process is rather time—consuming, and therefore modern graphics hardware keeps
an internal (discretized) Z—Buffer along with the array C' with entries consisting of coded colour
values. Furthermore, the calculations of the scene rendering are broken down by subdivision
of surfaces, until here is a huge mass of small planar polygons, usually triangles or rectangles,
that are later handed over to the hardware, which may be called a “polygon pipeline”. Note
that planar polygons in world coordinates are mapped to polygons in the view plane for every
view, may it be a parallel or a central projection (lines are always mapped to lines, planes are
always mapped to planes...). The image of the view consists of planar polygons in the view
plane, and these are finally displayed. The subdivision can often be made independent of the
actual view on the scene, and then each new view just involves processing all the tiny polygons
over again, assigning new colours and a new Z-Buffer for rendering. This is why the speed of
modern graphics equipment is measured in polygons per second. Measuring frames per second,
the latter being roughly equivalent to view calculations per second, depends on the complexity
(or number of polygons) of the scene, while the polygon rate does not. We supply a simple
self-made rendering program, implementing a Z—Buffer, for the exercises.

4.3 Colour, Shading, and Highlights

The standard way of assigning a colour to a point P of a surface F'(u,v) needs a normal vector
N on that point, i.e. a unit vector that is perpendicular to the tangent plane, for instance
N = g—i X %—5 plus normalization. Note that the normal gives a local orientation of the surface,
i.e. one can talk about the “front” or “back” side and assign different colours to these. The
sign of the inner product of the normal N with the view direction D decides which side is seen,
and the absolute value of the cosine of the angle between D and N can be used to define a

“shading” towards black for the angle moving towards 90°.
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Another cheap way of improving the appearance of a rendered object is to add a highlight
coming from a light source al L. From the ray L — P of light falling at the point P, and
using the standard reflection law, one gets a direction M for the outgoing reflected ray, i.e.
the direction of the line between L + 2(Z — L) and P, where Z = P + NT(L — P). Then the
cosine of the angle between M and D describes how much reflection reaches the eyepoint, and
by Phong’s rule the colour of the surface point is changed towards white (or the colour of the
light source) by an amount governed by a power of this cosine. For large powers, there will be
a sharp and centered highlight, while small powers give diffuse and large highlights.

The polygon rendering technique, as described above, is the standard way of displaying 3D
scenes quickly. More sophisticated techniques are

e ray tracing and
e radiosity methods,

but this lecture focuses on Mathematics, not on Computer Science.

5 Tensor Product Surfaces

5.1 General Facts

Surfaces are classically defined either
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e implicitly by equations satisfied by the points on the surface (e.g. (x — x.)* + (y — y.)* +
(z — 2z.)* = r? for all points (z,y,z) € IR on the surface of a ball in IR® with center
(e, Ye, 2¢) and radius r) or

e cxplicitly as the image of a two-dimensional domain  C IR? under a map F : Q —

IRY, d > 2.

We concentrate on the second case with range in IR?, though many facts are valid in arbitrary
dimensions.

An important notion for surfaces with differentiable explicit parametric representations F

) — IR? is the tangent space spanned by g—i, %—f at a point F(u,v), (u,v) € Q C IR*. A
vector perpendicular to the tangent space at F'(u, v) is called a surface normal at F'(u,v). The
point F'(u,v) is called nonsingular, if the dimension of the tangent space is 2, i.e. if the above
tangent vectors are linearly independent. In this case, the vector %—5 X %—f is a surface normal, and
in IR® the surface normals span a one-dimensional space. Assigning a surface normal to each
point F'(u,v) gives a local orientation to the surface, and the practically interesting surfaces are
those that have no singularities and allow assignment of a continuously varying surface normal,

e.g. via the choice of 2 x 9L everywhere.
ou v

5.2 Tensor Products

A standard way to generate multivariate functions from univariate functions is by taking sums
of products. In particular, if we start with two univariate partitions of unity

w o, Bl = IR? i€l
Uj [775]_>B3 jed

we can define a bivariate partition of unity via
wij(uav) = ui(u)vj(v)v [aaﬁ] X [775] - lea (17]) el xJ

A tensor product surface on [, ] x [y,d] will then be generated for any control net
{bij}(i,j)eli via
F(u,v) =YY bijui(u)v(v), (u,v) € [a, f] x [7,4].
iel jeJ
Note that we can use either Bernstein polynomials or B—splines for each of the univariate
partitions of unity, and we thus can construct surfaces defined on rectangular domains. The
sum can be reordered in two ways:

Fluv) = Y ev)u(u)
ei(v) = %bijvj(v),iel

F(u,v) = gdj(u)vj(v)
dj(u) = %bijui(u),jej

with two finite sets of curves ¢; and d;. These formulae can be used to boil the computation
down to a finite number of univariate computations. In fact, to get F'(u,v) we can first fix v
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and calculate the ¢;(v) for i € I by the second formula. Then we put these vectors into the
first formula of the above display, using the ¢;(v) as a control net for the curve defined by the
functions u;(u). But we can do better, as we shall see below, using the de Casteljau/de Boor
algorithm and subdivision/knot insertion.

Keeping u or v fixed, the function F'(u,v) describes an isoparametric curve on the surface,
and the above equations describe the univariate control nets for these curves.

5.3 Bilinear Patches

If we have two linear Bernstein—Bézier representations on [0, 1], the resulting tensor product
surface on [0, 1] x [0, 1] is bilinear and can be written as

F(u,v) = bpo(1 —u)(1 —v) + b1 (1 — u)v + bygu(l — v) + bjyuv

with four control points. Note that each isoparametric curve is linear, but the surface is not in
general planar. It is a hyperboloid, as some further analysis reveals, and the hyperboloid is a
member of the family of ruled surfaces that can be generated by a motion of a line through
space.

Note that the bilinear surface interpolates the four control points, and patching many of these
surface elements together will yield a continuous piecewise bilinear surface. This feature is
used by many primitive display routines for general (nonparametric) bivariate functions. The
function f is evaluated on a fine grid, the four values on each corner of a grid cell are interpolated
by a local bilinear function, and then the resulting piecewise bilinear function s is used as an
approximation to the original function. If this is done for a real-valued function f(u,v), the
standard way of plotting contour curves

Ci(f) = A{(w,v) = flu,0) =1}

is to plot the curves Cy(s) instead, and this can be done locally in each grid cell, solving
equations of the form

boo(l — U)(l — U) -+ b()l(l — u)v —+ b10u<1 — U) -+ bnuv =t

for four given scalar values b;; by a curve v(u) or u(v). This leads to a quadratic equation,
which may be solvable or not, depending whether the contour set hits the cell or not. A further
simplification splits the quadrangle spanned by the four control points of a bilinear patch into
two triangles by a diagonal line. Then the triangle vertices are interpolated by a linear function
in each of the triangles. The resulting continuous piecewise planar and piecewise linear function
is even simpler to handle, and pieces of contour lines will always be line segments. Note that
the general solution of the equation f(u,v) = t can be a mess, especially if there are many
unconnected branches to pick up. Programs calculating contours of functions can sometimes
have a very strange output, but if you understand the above logic behind such programs, you
will stop wondering.
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5.4 Multiaffine Forms

We now concentrate on the case of a polynomial tensor product of degree (m, n), i.e. we consider

polynomials

Plu,v) = >3 ajju't? (5.1)
=0 j=0
with vector coefficients o;; € IR,
Theorem 5.1 For any polynomial of the above form there is a unique multiaffine form
Mp = Mp(,) IR™ x IR" — ZRd
such that P(u,v) = Mp(m#u;n#v) holds for all u,v, and such that Mp is invariant under
permutations of the first m and the last n arguments.
Proof: For existence, we just superimpose univariate multiaffine forms
Mp(up, ... Um0, ..., 0p) = Z Z(){Z‘jMui<'U/1, e U ) My (v, . 0p).
=0 j=0

For uniqueness, we assume that besides the above Mp there is another M of the required form
such that P(u,v) = Mp(m#tu;n#v) = M(m#tu;n#v) holds for all u,v. Keeping u fixed, we

get from the univariate case that the symmetric multiaffine forms Mp(m#u;vy,...,v,) and
M (m#u; vy, ..., v,) must coincide for all v; and all u. Keeping vy, ..., v, fixed, we get that
Mp(uq, ... Up; V1, ..., U,) and M (uq, . .., Up; vy, .. ., v,) must coincide for all ;. O

We now want to relate the Bernstein-Bézier representation of a tensor product polynomial
surface to its multiaffine form.

Theorem 5.2 For any polynomial P of the form (5.1), the control net of a Bernstein—Bézier re-
presentation

P(u,v) =) > bz’jﬁmm WW;‘?@A] (v)
i=0 j=0

over |a, 8] X [7,0] can be uniquely obtained as

bij = Mp(m — i#a,i#0;n — j#v,j#0), 0 <i<m, 0<j <n. (5.2)
Proof: Let us keep v fixed for a moment, and consider the polynomial @,(u) := P(u,v)
with the multiaffine form Mg, (uq, ..., um) = Mp(uy, ..., uy; n#v). If we form a Bernstein-

Bézier representation of it on [«, (], we get
P(u,v) = Qu(u) = Y Mp(m — igta, i#8; ndkv) B 5 (). (5.3)
i=0

We now represent the polynomials Mp(m — i#a«,i#3;n#v) in Bernstein—Bézier style with
respect to v over [vy,d] and get

Mp(m — i#a,i#0;n#v) = > Mp(m — i#a, i#06;n — j#%i#&ﬁﬁiﬁ](“)-
=0

Plugging this into (5.3) gives the required representation, and the uniqueness follows from the
linear independence of the Bernstein polynomials in each variable. a
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5.5 Variations of de Casteljau and Subdivision

The process of the preceding proof can be used to define three different de Casteljau algorithms
for evaluation. Let us go backwards and evaluate the m—+1 polynomials Mp(m—i#a, i#; n#v)
for 0 < ¢ < m as functions of v at some t € [y, d] by application of the univariate de Casteljau
algorithm. We would fix i and start with b} (t) :==b;j, 0 < j <n to proceed via

0—t t

n—r L n—r+1 — 7 n—r+1 .
by (t) = msz () + Ebi,j—f—l (t),0<j<n—-r 1<r<n

By this affine combination, we have
bZ*7’<t) = Mp(TTl - i#OZ, Z#ﬁa n— .7 - T#% j#& T#t)

and the procedure ends with 0% (t) = Mp(m — i#ta, i#3; n#t). We now use these values for
0 <¢ < m and perform the univariate de Casteljau algorithm with respect to the variable u at
some s € [« (] to arrive at Mp(m#s; n#tt) = P(s,t).

Let us check the computational cost of this. We first have m + 1 instances of the deCasteljau
algorithm for degree n in IR?, needing O(dmn?) operations. Then we have a single de Casteljau
process for degree m, taking O(dm?) operations. If n > m holds, we should have worked the
other way round, and this is a second way of writing a de Casteljau algrithm.

If we ignore the final single de Casteljau process, we already have the data needed for subdivision
into polynomials over [«, 8] X [v,t] and [, 8] x [t,d]. In fact, we have the control nets

bl%_r (t) = MP<m - Z#Oé, Z#ﬁv n— T#% T#t)
Uil (t) = Mp(m —i#ta, i#0;r4t,n — r#0)

for 0 <r <mn, 0 <7 <m and this is all we need.

But there is a third variation that works by taking a bilinear formula, performing subdivision
at a point (s,t) € [«, 3] X [y,0]. For this, we assume m = n, possibly after degree elevation.
The starting point now is the full array

bi;(s,t) := by = Mp(n — i#a,i#0;n — j#v,j#6), 0 < 1,j <n.

We do two affine steps to introduce one instance of s and ¢ into the multiaffine form, and this
gives the bilinear formula

n—r o—t B_Sn—rl S— O 11
blj (S,t) = m (mb” + <S,t> + /6 _ abi+17;— <S,t>>
_t—’)/ ﬁ_sn*T STy
+5 — <ﬁ _ abi,jJr;rl(S, t) + ﬁ_—abiﬂqy;}il(s’ t))

for 0 <14,j <n —r. Clearly, these values have the form

blr';iT(S? t) = MP<n — 11— T#Oé7 Z#ﬁu T#S; n— .7 - T#77j#57 T#t)
and the process ends up with

boo(s,t) = Mp(n#ts; ndtt) = P(s,t).
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But let us look at the cost. We have to work on a full array of n?, (n — 1)?,... control vectors,
and this yields a O(dn?®) computational cost.

In general, the calculated intermediate points of this method are not sufficient to form subdi-
vision control nets. A full split of a control net into four subnets will take two applications of
the first technique.

5.6 Flatness Test and Convergence of Subdivision

To look at subdivision and its convergence, we first need some bound on the distance between
the original surface P(u,v) of the form (5.1) and a simplified surface L. Our candidate is the
bilinear surface L defined by the four control points byg, b0, bon, bmn and with subsequent degree
elevation. If we first lift the degree with respect to the variable u, we get the two control nets
{Vo}i := {boo+ (i/m) (bmo —boo) }i and {b},, }; := {bon + (¢/m) (byn —bor ) }+ and the representation

m

L(u,v) = Y- (big(1 = ) + H,0) 8" (w)

1=0

on [0,1]% and we can then lift the degree of the inner bracket to get the control net

biy = b+ (j/n)(bi, — b)
= boo + (i/m)(bmo — boo) + (/1) (bon + (/™) (b — bon) — oo + (/M) (bmo — boo))
= ((m—=1)(n—7)boo + (m — 1)jbo, + i(n — j)bmo + 1jbmn) /(mn)
(5.4)
that we can use to compare with the control net of P. Due to the partition of unity property,
we have

I1P(u,) = L )l = iz LECEEE

§ () () 507 (5.5)
< ogzglglﬁogjé b ”ooz =0 5=0 ﬁ )‘
= max by — bl

0<i<m,0<j<n

as a possible flatness test.

We now want to show that the bound gets small if the domain gets small. For this, the differences
bij — by; are treated as usual, i.e. by Taylor expansion of the multiaffine form, asserting that the
constant and linear terms vanish, yielding a second—order bound with respect to the domain
size. Since we work with a single polynomial piece, and since the first m and the last n arguments
of the multiaffine form can be permuted, we just express the b;; and b; as multiaffine forms

bl] = MP<’U/1,...7um;T17"'7rn>
/! _ N
by = Mp(vi, ..o Um; 81, - -5 Sn)

and prove

i(u@- —v)=0= i(m o))

i=0 §=0
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to get the asserted quadratic behaviour. This is due to the simple fact that for a C? map
F : IR" s IR? we can bound the difference F(z) — F(y) via local expansion around some
point z as

F(z)—F(y) = F(2)+VF(2)(x —2)— F(2) — VF(2)(y — z) + second-order terms
F(z)— F(y) = VF(z)(x —y)+ second-order terms,

where the second—order terms can be bounded by an upper bound on sums of absolute values
of second derivatives of F' near z,y, and z, multiplied by ||z — y||%,. In our case, all first—order
derivatives are the same, and thus we are left with the quadratic residuals if we can prove
>i(z; —y;) = 0. (I added this remark due to the problems the students had with Exercises 24
and 25).

Now back to our multiaffine forms. From (5.2) we can read off the multiaffine representation
for b;;, and we can sum up the arguments in two groups:

(m —i)a+i0 and (n — j)y + jo. (5.6)

Now we still have to look at b7; in(5.4). The latter is a bi-affine combination of the four control
points bog, bimo, bon, and b,,,, and therefore we can take bi—affine combinations of the respective
arguments when plugged into (5.2). Then we have to sum the arguments up, to prove that the
result equals (5.6). For

mnb;'j = (m —1i)(n — J)boo + (m — 1) jbon + (N — 7)bmo + 15bmn
this yields the argument sums

(m—1i)(n—j)ma+ (m —i)jma+i(n —j)mB +ijmpB = mn((m —i)a+if3)
(m —i)(n — j)ny + (m —i)jné + i(n — j)ny +ijny = mn((n — j)v + jo)

as expected. All arguments are in the respective domains, and thus all argument differences
can be bounded by max(3 — a, 6 — 7). Thus we finally have proven

Theorem 5.3 Subdivision of rectangular polynomial Bernstein—Bézier surface patches conver-
ges quadratically. More precisely; the right-hand side of the final line in (5.5) can be used as a
flatness test, and this quantity is bounded by the product of a constant (depending only on the
starting domain and second derivatives of the surface polynomial) with (max(8 — a,d —7))?.

5.7 Smooth Transitions

We now want to glue two rectangular Bernstein—Bézier surface patches together. For this, we
have to assume that the domain rectangles coincide on a full edge, and that along this edge the
degree is the same on either side. Thus we assume a surface P of degree (m,n) to be defined on
[, B] X [, 6], while @ is defined on [a, 3] x [0, €] with degree (m, k). The domains meet on the
line v = §, and we have to look at the cross—boundary derivatives 9°/0v* at v = § as functions
of u. For a C'" transition, these must be equal for 0 < ¢ < r when calculated from either side.
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If we use (5.1), we can write P in Bernstein—Bézier form

Plu,y) = 303 by )5 (0)

ZrznO]ZO
= Y 6" (u waﬁ("
=0
‘P mo bp .
Fur () = A5 36" )
e am) n! e e
= &° <“><n—€>!<5—v>f§Aﬂ‘bz’ﬂj v
83 . U (m) n' g

where we take forward differences in the respective control nets. Doing this on both sides
will yield similar expressions, and since the corresponding Bernstein polynomials are linearly
independent, we can compare the coefficients to check the smoothness at the transition. If we
write

= Y e )M )

=0 7=0
on the other side, this implies
nl k! , |
(n =05 —)* Bn-ibi; = (k—0)!(e — 5)@AOCZ‘~ 0<l<r 0<i<m

as the full set of conditions for a C" transition. The conditions can be rephrased in terms of de
Casteljau steps or multiaffine forms, but we skip over these details.

5.8 Patching Several Rectangular Surfaces

The previous paragraph patched just two rectangular polynomial surfaces in Bernstein—
Bézier form together. If we want to repeat this in order to get a surface composed of lots
of rectangular patches, we still have to restrict the transitions to full edges, and therefore
the standard way of multiple patching involves four patches meeting at a “crossroads” vertex.
For simplicity, we assume the degree to be equal to n everywhere, possibly after some degree
elevation.
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bhn2 €oOn-2

If we write down the continuity requirements for the four C” transitions involved, the conditions
will have a serious overlap, because the r + 1 “strips” of control points near and parallel to
the common edges are involved. For r = 0, we see that the control points at the joining vertex
must be the same for all four patches. In the figure, where we ordered the control points around
the vertex corresponding to their numbering (they may lie much more chaotically in IR?), this
means a,g = b,, = con = dgo. Continuity along the border edges means a;g = b;p,, b = Coi, Cin =
dio, do; = an;, each for 0 <7 < n, and these equations imply the preceding four.

If we go for r = 1, we need that all partial derivatives at the common vertex lie in the same
(tangent) plane. This requires the five points a,0 = bp, = con = doo, @10 = bin, bp1 = co1, C1n, =
d10, do1 = a1 to be coplanar. Furthermore, continuity of the cross—derivatives along the joining
edges needs a1 — a0 = bjn_bj,n—la bnj _bn—l,j = C15—C0j,Cjin—Cjn—1 = djl —djo, (p—-11—0Apn—-1,0 =
dij — dy; for 0 < 7 < n. But these equations are not independent, because the twist vectors
Ap—1.1,bn—1n-1,C1n—1,d1,1 Occur twice.
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In this simplified plot we already have incorporated the C° conditions at the vertex V, and we

rewrite the C' conditions:
24, = Ty +Ty

24y = Tio+Tss
2435 = Toz+Ts
24y = T3+ Ty

But, if we know the vectors Ay, As, As, A4 from the C° transition on the joining edges, we are
not able (in general) to solve the above system for the four unknown twist vectors! In fact, the
homogeneous system has the nontrivial solution (T, Ti2, To3, T34) = (+1,—1,+1,—1). This
makes it hard to construct piecewise rectangular surfaces just from precribed curves along the
joining edges. A more close inspection yields that the equations 2A4; + 243 = 24, + 2A, =
4V = Ty + Ty + Ths + Ty must hold for C! across the vertex V, and thus one of the
equations is redundant anyway. If the A; vectors are satisfying the above condition, the choice
T;; = A; + A; — V does the job nicely, and without any further calculation. The reader should
by now have realized that the coupling of the continuity requirements across a vertex may cause
problems. The situation for surfaces on triangles will be even worse, because there may be any
number of triangles meeting at a vertex.

6 Bernstein—Bézier Representations On Simplices

6.1 Generalized Bernstein Polynomials

We now want to generalize the case of polynomial Bernstein-Bézier curves to surfaces, 3D
bodies, etc. The basic trick to generate a partition of unity is to write 1 = 1™ and to replace
1 in the right-hand side by an affine combination. Here, we want to work on d-dimensional
simplices, and thus it is natural to use barycentric coordinates A\g(x), A\1(x),..., A\s(z) of a
point x € IR? with respect to d + 1 points zg, x1, ..., 74 € IR? in general position, i.e. forming
a simplex. Note that we have curve pieces on intervals for d = 1 and surfaces on triangles for
d=2.
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We use the multinomial formula and multi-index notation to get

1 = 1"
d n
= <Z /\j@))
k=0
n! Jo Ji Jd

0§j07j17"'7jd <n
Jotnt...+ja=n
- Y 8w
JENG™, |jl=n
. nl , : , ny\
ﬁ( Nz) = — X ()N ) .. N (x) = < .>)\j T
@) = e @M @)X = () V@
where the last line contains generalized Bernstein polynomials, forming a partition of unity on
the base triangle.

The above notation looks somewhat strange at first, but we can go back to the univariate case
and see what we have there, if we work on [z, z1] = [«, 5]:

1 — X T — Xo
+

1 = X(x)+ Mi(z) =
1 = 1"
= (Aolz) + Mi(2))"
B Z n!
0 <o <n P
Jotji=n

VR,
m%@))w (})

wwfnﬂﬁf:;)%@(i:ﬁ)nqw

We see that in the univariate case we should have given the j—th Bernstein polynomial the pair
(7,m — j) of indices, summing up to n, and running over j =0,...,n.

1 — Zo 1 — o

A (@) A ()

M1

J

We now have our partition of unity, and we can generate vector—valued polynomials by a
control net representation using the same index set. In particular, we take a control net
{b;} JENIH, Jjl=n C IRP | and then we define a Bernstein—Bézier representation over a simplex
by
_ (n)
Pa)= ¥ bA" ). (6.1)

. d+1 |-
]€N0+ 7‘.]|:n

6.2 Special Cases for Surfaces

Let us look first at the case n = 1. We construct a linear polynomial via three control points
b100, boro, boo1 € IR? and a triangle spanned by non-—collinear points xg, z1, 72 € IR?. The surface
is

P(x) = biooAo(x) + boroA1(x) + boor A2(2)
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forming a planar triangle in IRP with vertices biog, bo1o, boor -

b bo11

X0 1 booo

The quadratic case has six control points that are usually arranged in the form of a subdivided
triangle
boo2
bio1 bo11
baoo bi1o boz2o

which can be viewed as the image of the base triangle

X2

Zo T

X0

Correspondingly, the cubic case looks like

bOO3
b102 6012

b201 blll b021
6300 b210 bl20 b030
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6.3 The Algorithm of de Casteljau

We derive it the classical way and first generalize Pascal’s triangle to

n! o=, & (n—1)!

=2 D

Joli! o dd ot e dd ol - ke Gk — Dl - !

for all j,j € IN¢ , |7] = n, where terms with factorials of negative numbers are ignored.

If we denote the unit vectors by eg, eq, ..., eq, the recursion for the factorials can be rewritten
as
(D-£()
j k=0 j — €k
and this immediately implies
(n) L (n
8" (x) = (J))\J() Z(]—ek>)\j ( Z)‘k ]ek (7)

where we omit a term as soon as a component of its index gets negative.
Now we proceed to the de Casteljau algorithm by starting with

0 (@) = by, j € INTY, || =n

and performing the recursion

Pz) = Y b (@)8"(2)

JENGTY, |jl=n
1
= Z Z Ak J(nek )
JENGT, |j|=n
(m = j—e)

SR I () ST

;mEWSHl, |m|=n—1

= > B ”(az)bﬁﬁ V()

;mEWSHl, |m|=n—1

= > BRI @) ()
mEW(‘)i'H, |m|=n—r
via
n—r) n—r+1)
b7(n Z )‘k erekJr (.T)

for all m € IN§™ . |m| =n —r, 0 <7 < n. This ends up with

P(z) = 3" ()b (x) = b (x)

as expected.
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6.4 Degree Elevation
We want to raise the degree n of a Bernstein—Bézier representation (6.1) of a polynomial P.

P(z) = S b8 (@)1

. A+l -
]€W0+ s |dl=n

- ¥ @(?)Aj(x)lioAk(w)

JENG™, ljl=n

<n+1>
d .

= > () vme e

T\ J n—+1

JENG, |jl=n k=0 ite )

k

(m = j+ex)

= > Bt zd: Do M

mEWg+l, |m|=n+1 k=0,m;>0 < n+1 )
m
(n+1) d My
mEWg+l, |m|=n+1 k=0,m;>0

Z ﬁ(n+1)( ) i b Mk
= x m—er . 1 °
m = Fn4+1

mel\/g*l, |m|=n+1

The final form makes sense if we ignore terms with illegal indices or zero scalar factors. The
new control points for degree n + 1 and indices m € IN§™, |m| = n + 1 are weighted means of
the nearby control points:

d
m

S L by

—ont 1

where the weights neatly correspond to the index vectors.
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b003 =b 002

bo12

Let us illustrate degree elevation from 2 to 3. Note that on the boundary we can work with
the univariate rule, i.e. by splitting in thirds. The central point b;1; is the mean of the points
bo1, bio1, and bi1o.

6.5 Multiaffine Forms

It is now easy to guess how the control points of a polynomial Bernstein—Bézier representation

P over a simplex X C IR? spanned by d + 1 points zg, 21, . .., zq € IR? in general position can
be obtained from the multiaffine form Mp for P. We simply define
bj := Mp(j#x) := Mp(jo#two, 1#a1, ..., ja#za), j € INg™, |jl =n (6.2)

and see how far we get with this. Let us forget about Bernstein polynomials and just evaluate
P on t € X via the multiaffine forms. We get the de Casteljau algorithm again! In fact, if we
represent t affinely by

d
k=0

we can introduce ¢ into the multiaffine form, step by step. We define bgn)(t) := b, to start, and

we assert
b (t) = Mp(m#ta, r#t), m| =n—r, 0<r <n,

m

which is true for r = 0. If we assume the above representation for some r — 1 with r > 0, then
we can write

Mp(m#x,r#t) = Mp(m#x,r — 14, i Ak (t)xy

k=0
= Z)\k YMp(m#x,r — 1#t, xy)

= Z)\k (H)Mp(m + ex#x,r — 14t)

- ZAktb%é’f()
= b(””(t)
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provided that we take the de Casteljau recursion for the final step, and this proves our assertion.
Now b3(t) = Mp(n#t) = P(t) holds, and we have reconstructed P.

As in the spline case, we do not need to know the partition of unity, i.e. the multivariate
Bernstein polynomials, to derive the de Casteljau formulae. But we want to prove that the
Bernstein—Bézier coefficients have precisely the above form:

Theorem 6.1 If a polynomial P of degree n is represented in Bernstein—Bézier form over a
simplex X spanned by d + 1 points xg, 1, . .., xq € IRY, its control points are necessarily of the
form (6.2).

Proof: We do this the same way as in the spline case, invoking a dimension argument.

Let us first count the number of nonnegative integer index vectors j € INJ™ with |j| = n. It is
the number of integer index vectors k € ]Ng witk 0 < |k| < n because we can uniquely extend
each k to (k,n—|k|). Thus this number is the same as the number of d-variate monomials 2* with
0 < |k| < n. Therefore the space B of all d—variate polynomials of degree at most n with values
in IRP has the same dimension as the space C' for the full control nets {b; € IR"} JENTH jl=n"

The linear mapping S from B to C defined by (6.2) and the linear mapping 7" from C' to
B defined by the de Casteljau algorithm have the property T o S = Id, due to our second
presentation of the de Casteljau algorithm. Since B and C' have the same finite dimension, S
and T must be bijective. But then T~!P leads to the unique control net that generates P via
the de Casteljau algorithm, and this is what we wanted to prove. a

By the same argument, we see that the multivariate Bernstein polynomials are linearly inde-
pendent.

6.6 Subdivision

As in the case of surfaces on rectangles, we have several possibilities to do subdivision. The
simple de Casteljau process for some ¢ in a simplex spanned by zg, x1,...,zq € IR? generates
intermediate points

bén_r)(t) = Mp(l#x,r4t), | =n—r, 0<r <n,

as we have seen. Among these are d 4 1 sets for the simplices spanned by letting ¢ replace one
of the simplex vertices. The simplex Xy where ¢ replaces xy needs the points

D (t) = Mp (0o, Coftan, ..., Lattea, Lodtt), 1] = n,

and the other simplices are treated similarly.
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Splitting a triangle this way is not the best possible thing, because the angles get small and
the triangles degenerate into short lines. A better way is to bisect the edges and to generate
four similar triangles.

X
xo Y2 M1
If y; is the point in opposition to x;, we have to generate the four sets

Mp(bo#xo, 13y, L2Fyo2)
Mp(bo#yo, Li#xy, LaFyo2)
Mp(go#ym Oy, 62#1’2)
Mp(go#ym Oy, 62#312)

of control points, where |¢| = 3. Of course one could write a recursive routine to do the
evaluation, replacing points y; by their neighbors x;_; and x, 1, taking indices mod 3.

But one can determine the correct linear combinations beforehand. Each control point of the
four sets of 10 control points we look for must be an affine combination of the 10 control points
we started with, and the weights should just be determined by the indices. The points we have
to calculate can be split up in different classes A to G, depending on their relative position,
as in the figure above. The univariate subdivision process can be used to determine the points
of type A to D. Here are the examples for points of types B to D for the control net b’ in the
upper triangle:

Mp(xy, 29, x2) + Mp(x2, 22, 22))/2
bo12 bo12 + boos) /2

MP(y0,56’27372) = (

=
Mp(yo, Yo, x2) = (Mp(x1,21,32) + 2Mp (21,72, 22) + Mp(22, T2, 72))/4

(

(

(

boa1 + 2bo12 + boos) /4
A4P($1,$1,1ﬁ)‘+’3A4P($1,$1,$2)‘+:3A4P($1,$2,13)‘+'A4P($2,$2,$2))/8
boso + 3bo21 + 3bo12 + boos) /8

b621
Mp (Yo, Yo, Yo)
b630

U QAW
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For type F we pick the example

MP(y(b Y1, 372) = MP((% + $2)/27 (36’0 =+ 352)/27 372)
by, = (Mp(x1,20,22) + Mp(x1, 22, 22) + Mp(22, 20, x2) + Mp(x9, T2, x2)) /4

and for type E we have

Mp(yo,y1,y1) = Mp((x1 + 22)/2, (20 + 22)/2, (20 + 22)/2)
byo = (Mp(21,20, (To + 22)/2) + Mp(21, 22, (T0 + 72) /2)+
MP(IQ, Zo, (.TO + .’172)/2) =+ MP(IQ, o, (ZIIO + .TQ)/Q))/4
= (Mp(z1,20,20) + Mp(21, 20, 22) + Mp(21, 22, %0) + Mp (21, 22, T2)+
Mp(l‘g, X, l‘o) + MP(ZL‘Q, Zo, ZL‘Q) + MP(ZL‘Q, T2, l‘o) + Mp(l‘g, 9, {L‘Q))/8
= (ba10 + 2b111 + bor2 + bao1 + 2102 + boos) /8

1bgo3

10415

b
021
18501 2919

0b 300 1510 Ob 120 439

The above plot shows the weights (to be divided by 8) with respect to the original 10 control
points. Or, look at the following simplified picture:

1

m

0 1 0 0

It should be clear by now how to get the other points of type E and F. The corresponding
weights for F (to be divided by 4) are here:



6 BERNSTEIN-BEZIER REPRESENTATIONS ON SIMPLICES 48

The remaining case is G-

Mp(yo,y1,y2) = Mp((x1 + 22)/2, (20 + 22)/2, (20 + 21)/2)
bin = (Mp(21,20, (xo +21)/2) + Mp(21, 22, (X0 + 71) /2)+
Mp (22, o, (o + 21)/2) + Mp (22, T2, (T0 + 21)/2)) /4
= (Mp(z1,20,20) + Mp(z1, 20, 21) + Mp(21, 22, %0) + Mp (21, 22, 1)+
Mp(l‘g, Zo, l‘o) + MP(ZL‘Q, Zo, ZL‘1) + MP(ZL‘Q, T2, l‘o) + Mp(l‘g, 9, {L‘l))/8
= (ba1o + b120 + 2b111 + bo21 + b201 + bio2 + bo12)/8

and here are the (relative) weights:

6.7 Derivatives

Let us recall from (2.5) that the derivative of an n—th degree polynomial P over a simplex in
IR? in the direction 7 € IR? has the symmetric multiaffine form

Myryp(T2, ... 20) = n-(Mp(z+1,29,...,2,) — Mp(2,72,...,17,))

= nAY Mp(u,zs,...,2,) (6.3)
for all z € IR?, and the directional derivative of P itself at ¥ is
(VEN)R, = Mpop((n = D#) = n-(Mp(z-+7.(n = Dty) = Mp(z. (1= D)) g

= nAY_Mp(u, (n — 1)#y)

for arbitrary z € IR?. Here A? , 18 the first-order undivided difference evaluated at y 4 r and
y with respect to the variable z, i.e.

A7 9(2) =gy +71) —g(y).
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Again, a directional derivative of a polynomial is just a difference acting on the multiaffine
form, and this generalizes easily to higher—order derivatives.

Lemma 6.1 The k-th directional derivative aty in directionsry,...,r, € IR? of an n-th degree
multivariate and vector-valued polynomial P is

!
Vi, Vi P(z) = T _Am AR Mp(ug, .. ug, (00— k) #y)

Tkly (n—k)! "l Tk |z
and has the symmetric multiaffine form

n!

— u1 Up
MVil‘y...Vik‘yP(z)(Zk-f—l)'"azn) - (TL— k)'Arl 2y Ark| MP(Ul,---,Uk>Zk+1>---,Zn)
as a polynomial of degree n — k, where z1, ..., 2z, € IR? can be arbitrary.

Proof: The first statement follows from the second. if all z; are equal to y. But the second just
is (6.3) extended by induction. O

Let us make all r; equal to a fixed direction r and set the z; equal to y. Then

MV,%fyP(z)(’ZkJrl’"'?zn) = (n_k)'A;,“‘ A Mp(ul,...,uk,zk+1,...,zn)
k
n! ,
- = Z() PN+, O s 2)
and i
VPO = G () v 0.t ).
Assume now that we write P in Bernstein-Bézier representation on a simplex S(zo,...,zq)

with control points b; = Mp(j#z) for |j| = n, j € IN§™. The directional derivatives are
expressible via the control net if, for instance, we take y = x; and r = z,, — x; to describe
derivatives from a vertex z; towards another vertex x,,. The result is

(V2. gg,)ﬁiP(z)zi = i() D T Mp (j#am, (n — j)#)
R

A

and we recover the formulae for derivatives of Bernstein—Bézier curves. More generally, the

k
)‘ P(z) of degree n — k is represented via the control net

i

polynomial (Vz

I —T4

k
bg(l m, /{7 ( < ) B bZJrjeer(k F)ess w| =n— k IS WdJrl

over the same simplex as P.
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6.8 Continuity Conditions over Simplicial Faces

We now want tor describe conditions in terms of control nets that describe a smooth C™
transition from one polynomial piece to another via an intersecting simplicial face. We take
two polynomials P and ) over nondegenerate simplices S := conv(zg, z1,...,24) and T =
conv(yo, T1, - . ., xq) over the common face conv(xy, ..., z4). Note that this numbering of vertices
looks simple, but implies that the orientations of S and T differ. We shall assume that P and
() are degree—elevated to the same degree n > m.

Clearly, a C"™ transition between P and () on S NT means that all directional derivatives in
all directions r and of all orders &£ < m taken at all points y € S N'T must coincide. We now
transform this statement step by step in order to find conditions in terms of control points.

Lemma 6.2 A C™ transition between P and QQ on S NT is equivalent to

Avt A},‘:‘%Mp(ul,,uk,(n—k)#y)

71 ‘Zl N

= A" LA™ Mo(u, ..., ug, (n—k)FYy)

T‘l‘zl ’ rk‘zk
forallry,...,ri,21,..., 2 €IRY, 0<k<mandallyc SNT.
Proof: We take an arbitrary y € S N7 and apply Lemma 6.1. 0.

Lemma 6.3 A C™ transition between P and @ on S NT is equivalent to

MP(Zla- < Rmy (n_m)#y) = MQ(Zla <y Rmy (n_m)#y)
forall zi,...,zm € IR, ye SNT.

Proof: From the preceding lemma we get equivalence to

MP(lea sy Ry (n - k)#y) = MQ<217 <oy Rk (n - k)#y)

for all z1,...,2, € IR*, 0 < k <m and all y € SN T, because we can pick arbitrary points 2j
and directions r; anyway. The strongest case k& = m is the assertion of the lemma. a

Lemma 6.4 A C™ transition between P and @ on S NT is equivalent to

Mp(21, -y Zms Ymats - - -5 Yn) = Mo(21, -0y Zims Ymtts - - - Un)
forall z, ...,z € IR, Y1, ...,yn € SNT.
Proof: The assertion follows from the next lemma that we should have proven earlier. a

Lemma 6.5 If two n—th degree polynomials P and Q) coincide on a simplex C, then
Mp(cy, ... cn) = Mg(cr, ... c,) forallcy,. .. c, €C.

Proof: Clearly, the polynomials P and () have the same directional derivatives on C' if these
are evaluated at points in C' and taken into directions leading into C' again. Equation (6.4) then
first proves

Mp(cy, (n — 1)#c) = Mg(cq, (n — 1)#c) for all ¢,¢; € C

and the rest can be done via induction. O
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We consider control point representations of P and () on s and 7', respectively, by

bj = Mp(jo#xo, h#x1, ..., ja#tra), i =n, j € INJ!
¢; = Mq(jo#tyo, i#tan, . .., jattaa), il =n, j € INg™

and perform an “extrapolating” de Casteljau algorithm twice: we evaluate P at y, and @ at
X, respectively. This yields control points

D" yo) = Mp(k#tyo, jodtwo, ke, jattea), il =n—k, j € INJT', 0<k<n
n—k . . . . .
C§ )($0) = MQ(k#$Oaj0#y0ajl#xla"'a]d#xd)’ |j| :Tl—k’, J Eﬂ\fg“, OSk’STL

(6.5)
and due to Lemma 6.4 we see that
bgzgf}(yo) = c,izgf)](xo) foral 0 </l+k<m, |jl=n—k—1{ jo=0 (6.6)

is a necessary condition for a C"™ transition.

To investigate sufficiency of (6.6), we note first that for fixed values of k and £ with 0 < (+k < m
the polynomials Ry, , with

MRk,Z (yk+5+17 s 7yn) = MP<k#y07 g#l’o, Ykto41s - - - 7yn)

are of degree n — k — ¢ and can be represented in Bernstein-Bézier form over S N'T" by control
points

Mg, (11, - -, Ja#Foa) ljl=n—k—1¢, jeIN¢

Mp(k#tyo, (40, 1 #51, . .., Ja#xa) |jl=n—k—1, j e IN§

U 3 (40) jl=n—k=t jeNg, jo=0
= Cl(cneo_-ij(xo) jl=n—k—¢ je N, jo=0

= MQ(E#"Lb) k#ymjl#yh B ajd#yd) |j| =n—k— E, j S -Hvod

This proves the identities

MP<]€#ZU07 6#3707 Yk40+15 - - - 7yn) = MQ<k#y07 g#l’o, Yk+o+415 - - - 7yn)

whenever yg./i1,...,Y, are repetitions of the vertices x,..., x4 of SN T. By standard multi-
affine combinations a la de Casteljau we find that the above equation holds for all y; € SNT.
We then can invoke Lemma 6.5 on the convex hull C' of SUT to get

Mp(Zl, ey Rl Yktb+1y - - - ,yn) = MQ(Zl, ey Rty Ytt+1y - - - ,yn)

forall z1,...,2k0€ C, k+0 <M, Ypavs1,.--,Yyn € SNT. Since we assumed the simplices S
and T to be nondegenerate, this means that the above equations also hold for all zy, ..., 2,4 €
IR, k40 < m, Yitrosr,--- Yo € SNT. This is the assertion of Lemma 6.4, and this finishes
the proof of

Theorem 6.2 FEquations (6.6) are necessary and sufficient for a C™ transition of polynomials
of degree n between nondegenerate simplices. O
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If we restrict everything to the affine hull A of S N T, the same statement holds even for
degenerate simplices. One must restrict everything to A instead of working in IR?, in particular
the directional derivatives.

One can look at equations (6.6) from various directions. Assume that we have the control net
b; and want to calculate as many as possible of the ¢; via the C™ continuity conditions. We
then take £ = 0 in (6.6) and calculate all

n—k . .
Ckeo+j = b(()eoJrj)'(yO)v 0<k< m, |.]| =n-— k7 Jo = 0

by m steps of the de Casteljau algorithm, starting out from S'N7T. For m = 0 we just have the
C° condition

Cox = bO*
that ensures P = Q on SNT. For m = 1 we see that

n—1 .
C1j = béj )(y0)7 ljl=n—-1
calculates the next layer of control points adjacent to SNT by simple de Casteljau extrapolation
towards .

Sorry, no pictures so far...

Definition 6.1 In view of (6.6) we call control points b; of a representation of a polynomial of
degree n over a simplex S to be in layer k, if 1r£i£1djl- =k.

This means that layer 0 consists of control points corresponding to the boundary faces, and
layers up to m are relevant for C™ continuity conditions.

6.9 Continuity Conditions over Vertices

For simplicity, let us restrict ourselves to triangles. In the parameter domain, any number ¢ > 3
of triangles can meet at a common vertex,

Sorry, no pictures so far...

and the corresponding ¢ polynomial surfaces of degree n (by degree elevation) should be not
only smooth over the triangles’ egdes, but also be smooth around the vertex. For C° continuity
this is easy: the control points corresponding to triangle faces and to the vertex must simply
be well-defined and independent of the triangle in question.

A C! transition at a vertex is somewhat more complicated. Each C! transition over the faces
will affect the layer 1 control points of all surfaces in such a way that the local geometry of
the parameter triangles is mapped affinely into image space R”, D = 3,4. At the vertex this
must hold for all involved triangles simultaneously, meaning that the local “star” of triangles
in the parameter domain must be mapped affinely into the tangent plane to the full C! surface
at the image of the vertex in such a way that the control points of layers 0 and 1 adjacent to
the vertex are mapped to the tangent plane by this single affine map.

Sorry, no pictures so far...
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If the degree n is 3 or more, this construction will only affect the control points near the vertex
and not affect control points near the other vertices. This means that it is always possible to
design a control net locally around a vertex in such a way that a C*! surface results, if the degree
is 3 or more. One prescribes a tangent plane, maps the local “star” of triangles affinely onto it
and adjusts the rest of the layer 0 control points suitably.

In the general C™ case one can try to prescribe all m—th order directional derivatives at the
vertex to generate all neighbouring control points of layers 0 to m. These do not interfere with
control points being neighbours to other vertices, if control points like by,—9p m.m and by, p—2m.m
do not interfere, and this works for n > 2m + 1.

Sorry, no pictures so far...

Things get more complicated if we also consider C™ conditions along all edges. The C* con-
dition along edges will affect the twist vectors of type b1 1n-2,1n-21,C1,1,n—2,Cin—21 €tc. in a
cyclic fashion around a vertex. Even if the associated conditions are solvable, these conditions
will interfere with those coming in from other edges unless n is 4 or more. The situation for 4
adjacent rectangular polynomial surface patches and their “twist vectors” was treated in section
5.8, and we do not want to pursue this subject any further. The theses of Armin Iske (Glattes
Verheften von Bernstein-Bézier-Tensorproduktflichen. NAM, Gottingen, Diplomarbeit, 1991)
and Marko Weinrich (Glattes Verheften von Bernstein-Beziér-Dreiecksflichen. NAM, Gottin-
gen, Diplomarbeit, 1991) contain a fairly complete presentation of the patching problem.

7 Rational Curves

The stuff in italics is currently omitted, because it is more orc less standard and can be found
anywhere in the literature

7.1 Elementary Properties

Short discussion of writing curves polynomaially in homogeneous coordinates versus writing them
as rational functions with certain weights

Some easy examples showing how to represent simple conics that way.

Motivates that conics should be representable as rational quadratic curves.

7.2 Weighted Bernstein—Bézier Form

Stmple stuff: convex hull property, derivatives

7.3 Conics

Here, we follow a journal article of Lee (The rational Bézier representation for conics in
Geometric Modeling, Geometric Modeling: Algorithms and New Trends, STAM, 1987, p. 3-19)
in order to give a more or less complete account of planar conics.
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Conics are planar curves that arise when intersecting the surface of a 3—dimensional cone with
a hyperplane. We omit a proof of the fact that conics in cartesian 2D coordinates x, y coincide
with the set of nontrivial solutions of quadratic equations

ag + a1 + asy + asx® + asTy + a5y2 =0,

but we remark that this definition provides 5 degrees of freedom, because there is a free common
nonzero factor. Everybody should know the standard cases of

e cllipses
(r —20)* | (y—w0)”
a? + b2 =1
e hyperbola
(=20  (y—w)? -1
a? B b2 B
e parabola
(z — 20)* Y—Y% S
a? b )
T — 2 Y —w) _

a

b2

that apparently have 4 varying parameters, but crucially depend on cartesian coordinates and
should allow a rotation as a fifth parameter. Our goal is to represent the full range of all types
of conics by 5 parameters in a simple and effective way.

We first look at the standard weighted rational Bernstein—Bézier representation

P(t) . ’wobo(l — t)2 + w1b12t(1 — t) + w2b2t2
p(t)  we(l — )2+ wi2t(1 — t) + wot?

R(t) =

of degree 2 with three (finite Euclidean) control points by, by, by. We can assume these points
to lie in a plane. e.g. in IR?, and we can assume them to be non-collinear, because otherwise
we would just get a strangely parameterized straight line. From the preceding section we know
that this fixes two points by, by on the conic together with the tangents there, defined by the
directions b; — by, bo — by. This makes four pieces of information, and it defines the standard
local second-order polynomial Bernstein-Bézier curve, if we simply ignore the denominator by
putting all weights equal to one. We would thus get the parabolic case, but there are formally
three weights to play with. It will turn out that just one additional parameter is relevant,
making it 5 in total, which is what we are after.

We note in passing that any conic can be constructed from 5 “pieces” by a completely “projec-
tive” construction using only a rule, not even a compass. We provide a single case, consisting
of the two points by, by and two tangents we have so far, plus an additional point b inside
the triangle spanned by bg, b1, bs. This makes 5 “pieces” that uniquely define a conic, and we
construct additional points on the conic as follows:

1. Pick any line L through by. We want to construct the new point on that line.

2. Intersect L with the line bb; to get a new point c¢;.
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3. Intersect bycy with the line byb to get a new point cs.
4. Intersect byco with the line L to get the desired point c.

Though we did not prove the above strategy to be correct, it teaches us that fixing a single
additional point within the triangle should fix the complete conic and determine its type
(elliptic, parabolic, hyperbolic). In fact, it will turn out that fixing a point above or below
the parabolic polynomial curve will yield a hyperbolic or elliptic conic, respectively.

We now want to proceed somewhat more strictly and introduce barycentric coordinates
Ao, A1, A2 within the triangle byb;bs in the standard way. Then we compare

wo(1 — )3 2w t(1 —t) wot?
R(t) = ————=b — b + —=0
= Tom o
= Aobo + (I1=Xo—X)br +  Aabo
and get
)\0 _ ’wo(]_—t)2
2ulti -
T—Xg— Ny = 2wnt(l —t)
p(t)
’thQ
)\2 - .
p(t)
This combines into the quadratic equation
1 — )% wyt?
S WA ) LY S W WSS B W W (7.1)

p(t)  p(t) 4wt
for the barycentric coordinates, depending only on the single scalar quantity

WoWa2
5
4wy

k=

Curves with the same value of k& will coincide, and the case k = 1/4 yields the standard second—
degree polynomial case that we expect to turn out to produce a parabola. For simplicity, we
can set wy = wy = 1 whenever we want, controlling everything via k or ws.

The denominator polynomial has the form
p(t) = (1 =) +wi2t(1 —t) +t* = (2 — 2wy )t* + 2t(wy — 1) + 1.

If it is of degree smaller than 2, this means w; = 1 and & = 1/4, i.e. we are in the standard
polynomial case. In any other case, we have the possibly complex roots

wy =1\ /(wr —1)2 = (2= 2w1)  wy — 1+ wv/I— 4k

2—2’11]1 2-211}1

and see that there are
e 10 real roots for k > 1/4

e two real roots for k < 1/4
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e just one real root for k = 1/4, but then the polynomial deteriorates into p = 1 and has
no finite roots at all. If w; tends to one from above, we are in the above case and see that
the two real roots both tend to infinity and coalesce there in the limit.

Of course we guess that the three cases above are the elliptic, hyperbolic, and parabolic case,
respectively. Clearly, in the first case the whole curve, when seen for all ¢ € IR, stays in
a bounded region. In the second case there are two curve parameters t; and t5 where the
denominator vanishes. If the numerator does not vanish for those parameters, the curve will
have a singularity there.

We now change the sign of w; by brute force and define

é(t) _ ﬁ(t) _ wobo(1 — t)2 —wb2t(1 —t) + Wobyt?

pt)  we(l —1)2 — wi2t(1 — t) + wot?
Again, we compare
- wo(1 —t)? 2wqt(1 —t) wot?
R(t) = ———by — —————b + ——b
W= Ty DRk

= Aobo + (T=Xo—2)b +  Aoby

and get
5 = Wit
A
LKk, = Zwt-?)
p(1)
)'\v N w2t2
IO

This combines into the quadratic equation

~ ~ U}O(l — t)2 U}2t2 WoW2
No - N = 2 2 _ DT
p(t)  p(t) 4w

for the barycentric coordinates, and this is the same equation that we already had. Thus the
point R(t) must lie somewhere on our curve, but where? We call it complementary to R(t) and

(1—=Xo—A)2=Kk(1 =X — X\p)?

look at
BY(R(E) —bi) = P(t) — bip(t)
= P(t) = bip(t)
= p(O)(R(t) — b1)

to see that the three points R(t), b1, and R(t) lie on a line. There should be a parameter £ with
R(t) = R(t), and by some lengthy calculation one gets
t

L

o2t —1°
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We should verify this by

_ b(1 t)2+2b(t)(1 t)+ b(t)2
- ok 2% —1 U\ 5 1 at—1) "2\
’wob(](t — 1)2 —+ 2w1b1t(t — 1) —+ U}2b2t2

(2t —1)2

P(t)
(2t — 1)

Similarly, replacing all b, by 1 for a moment, we get that also

n p(t)
p(t) = -1y
holds and implies
R(t) = é(t)

because the denominator (2t — 1)? cancels.

But note now that the function () = t/(2t — 1) is a bijection on IR with fixed points ¢ = 1
and t = 0, mapping ¢t = 1/2 to oo, (1/2,1] to [1,00) and [0,1/2) to (—oc,0]. This means that
R(t) = R(t) lies on the curve segment outside of the triangle bob;by when t varies in (0, 1).

The point b, := R(1/2) = R(c0) is something special. For the parabolic case it lies at infinity,
but clearly not for the other cases, where it comes out to be

l~)1 _ R(OO) _ ’wobo — 2U}1b1 + U)QbQ '

wo — 2wy + wy

Strangely enough, the point by := R(1/2) = R(co) always lies on the line connecting by with
(bp+b2)/2. To see this, consider the intersection point ¢ of the line bybs with the line connecting

by and b;. It has the form

g = b+ (1—A)b

by — 2w b b
_ b1+T<w00 w11+w22_bl>
wo — 2wy + we

and we see that by and by carry the same weight, which must then be 1/2. The analogous point
s with
. U)Obo —+ 2’11]1()1 -+ w262

W + 2U}1 -+ Wy

s = R(1/2) = R(c0)

is called shoulder point and can come in useful as an additional point that controls the type of
the conic.

From this point on, one can calculate plenty of information about conics from the formulae
we have up to now, i.e. axes, foci etc. We shall not do this now, but rather show that given
an additional point S within the standard triangle we can identify a unique conic through this
point. To this end, we have to find k£ and ¢ such that S = R(t) for the conic with parameter k.
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But this is easy to do via the barycentric cordinates of S, We calculate k from (7.1). Then we
set wg = wy = 1 to get w; from k and use the equations for the barycentric coordinates via

At
o @ 1—t

to calculate t. The same argument shows that we can pick up any conic this way, once we know
that conics are defined by two points with tangents and an additional point. We go to some
place of the conic where it has no singularity, take two points and the tangents there, draw the
standard triangle and select another point from those within the triangle. Then we perform
what we did above, and we get the conic through these data.

5 T T T T T
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-3 I I I I I
-2 -1 0 1 2 3 4

These pictures were made by a simple MATLAB m-file:

% quadratic bezier curves

% points: [xi ; yi; wi]

p=L 00.62; 020; 131]

% weighted points

pb=[p(1,:) .*p(3,:) ;p(2,:).*p(3,:) ;p(3,:)]

% range for t from -100 to 100

rt=-100:0.01:100;

% Bernstein polynomial values over the full range
b0=(1-rt) . 2;

bl=2*xrt.*x(1-rt);

b2=rt."2;

% generate values over the range: [x; y; denominator]
pw=pb* [b0;bl;b2];

% this plots the upper two lines of the triangle
plot(p(1,:),p(2,:));

% this fixes the plot axes

axis([-2 4 -3 5]);

% hold axes scaling for subsequent plots

hold on

% plot the values of the function
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plot(pw(l,:)./pw(3,:),pw(2,:)./pw(3,:));

hold on

% plot red crosses at the given control points
plot(p(1,:),p(2,:),’r+’);

for varying values of the central weight, i.e. the penultimate value of the p array.

8 'Transfinite Methods, Coons Patches

Standard material, in any book on CAGD, omitted

9 Constructing Surfaces from Point Clouds

The background for all of this is the problem of reconstructing geometric objects from given
experimental data, e.g. from laser scans or satellite observations.

9.1 Constructing Curves from Point Data

Start: Standard material on interpolation, omitted

For interpolation of a sequence of data points (¢;,y;) € IR*, 0 < j < n one has both the
order information of the points and the parametrization information. This is not available, if
an unstructured set of n points in IR? or IR? is given. One needs to recover the order information
first, which need not be implied by the numbering. and then find the “right” order of the points.
This is a highly complicated problem, at least in theory, because it has apparent connections
to the travelling salesman problem.

In what follows, we assume that we have an ordering zy, ..., 2, of the points. But usually there
is no parametrization. A standard choice would be chord—length parametrization, assigning
parameters

to = 0 to 2o

t]’ = tj,1 + HZj — Zj,1”2 to Zj, j > 1

that builds up the chord length of the piecewise linear interpolant. One then has vector—valued
parametric data (¢;,2;), 0 < j < n and can use any standard interpolation scheme.

Another possibility is to estimate tangents at the data points, e.g. by differences of nearby
points, and to use Hermite—type interpolants to construct an interpolation curve by a completely
local process. This can be done along the lines of

ftp://ftp.num.math.uni-goettingen.de/pub/preprints/schaback/0GHIoC.ps
and details are give there. Also, one can do an interpolation by conics of varying type, see
ftp://ftp.num.math.uni-goettingen.de/pub/preprints/schaback/PCIbPCoAT.ps.gz

If planar interpolating curves are constructed by implicit representations, things are simpler.
The basic idea is as follows. If the curve can be written as the set S, of points z € IR? satisfying
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an equation like g(z) = 1, one can try to approximate g by an interpolant s, that attains
the value 1 at all data points z; and consider the set S, of points z with s,(z) = 1. Since
sq(z;) = 1 = g(z;) holds, the set S, contains all the data points z;, and it is a curve, if the
function s, is nondegenerate. One way of constructing such a curve is to solve the linear system

Yoajexp(—llz —all) =1, 1<k<n
§=0
for a fixed positive value of v, and then setting
sg(2) = D ajexp(—vllzj — 2[[3).
§=0

This technique does not need ordered data, but it yields an implicit representation instead of an
explicit one. And, it needs proof that the symmetric n x n matrix with entries exp(—~||z; —2x[|3)
is nonsingular for any choice of n different points in IR?. This is indeed true, and it holds even
for all space dimensions. But there still is another drawback: it is not clear whether the set S
splits into several disjoint connected components, failing to line the given points up in a single
curve.

9.2 Constructing Surfaces from Point Data



