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Abstract: In computer-aided geometric design, a polynomial surface is usually represented in Bézier
form. The usual form of evaluating such a surface is by using an extension of the de Casteljau
algorithm. Using error-free transformations, a compensated version of this algorithm is presented,
which improves the usual algorithm in terms of accuracy. A forward error analysis illustrating this
fact is developed.
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1. Introduction

The Horner algorithm is the most usual method for the evaluation of polynomials.
Important algorithms in computer-aided geometric design (CAGD) need to compute roots of curves
and surfaces. Some of the algorithms, in order to compute those roots, need to evaluate accurately
the curves and surfaces at points close to the roots (see [1,2]). These evaluations are ill-conditioned,
and accurate evaluation algorithms could play a key role in the performances of some of these root
finding algorithms. In the last few years, in the literature it has been shown that the de Casteljau
algorithm outperforms Horner’s algorithm, among other evaluation algorithms, from the point of
view of accuracy (see [3-8]). The de Casteljau algorithm evaluates polynomials represented in Bézier
form, that is, using the Bernstein polynomials. In CAGD it is the usual evaluation algorithm for
polynomial curves.

In CAGD, polynomials (curves and surfaces) are usually represented in Bernstein form, by using
the Bernstein polynomials of degree 1. A polynomial in the Bézier form is evaluated by the de Casteljau
algorithm in the bivariate case and by an extended version in the multivariate case. The error analysis
of these algorithms in [6,7] shows a relative error bound of the following form:

Condition number x O(u), 1)

where u is the unit roundoff of the computing precision. For an ill-conditioned problem, such as the
evaluation of a polynomial at parameters very close to a multiple root, the condition number can
exceed 1/u. In that case we can obtain an approximation of the polynomial at the parameter value
with almost all its digits being false.

Error-free transformations (EFTs) have been studied by Rump and Ogita in [9-11]. In [12],
applying EFTs, Graillat and Langlois presented a compensated version of the usual Horner algorithm
to evaluate polynomials represented in the power basis. Later, in [13] a compensated de Casteljau
algorithm for the evaluation of univariate polynomialas was devised. The relative error bound for this
algorithm has the following form:

u 4 Condition number x O(u?),
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which improves the bound for the usual de Casteljau algorithms in (1).

In [7], an error analysis was performed for the extension of the de Casteljau algorithm for tensor
product surfaces in Bernstein-Bézier form. In this paper, applying EFTs, we present a compensated
version of this algorithm for the evaluation of those surfaces with improved accuracy.

The layout of the paper is as follows. Section 2 introduces some basic notation and results about
error analysis with floating point arithmetic; the EFTs; the de Casteljau algorithm for polynomial
curves and its compensated version. Section 3 recalls the extension of the de Casteljau algorithm for the
evaluation of tensor product surfaces and the corresponding error analysis. Then, the compensated de
Casteljau algorithm for Bézier tensor product surfaces is devised and the corresponding error analysis
performed, providing a better bound for the error.

2. Basic Notation and Results

2.1. Floating Point Arithmetic and Forward Error Analysis

Given a real number x, the computed element in floating point arithmetic will be denoted by
either fI(x) or X. Let us assume that u is the unit roundoff of the arithmetic floating point system we
are using. In error analysis, the study of the effect of rounding errors is usually carried out by using
one of the following two models.

aopb

fl(aopb)=(aopb)(1+5) or fl(aopb):lJr(S/

0] <u, @

where op is any one of the operations +, —, X, / (for more details see pages 4041 of [14]). Now let

us define
ku

1—ku
where k € N verifies ku < 1. Given 4y, . .., 8 with |§;| < u for all 7, in error analysis it is usual to deal
with quantities 6y satisfying that [T, (1 +6;) = (14 6;). In Lemma 3.1 of [14] it was proved that
their absolute value is bounded above by 4, that s, |6 < 7. The following result summarizes some
classic properties in error analysis (see Lemma 3.3 of [14]).

Vi = ku + O(uz), (3)

Lemma 1.

i (1+9k)(1+9j) = 1+9k+]'r
ii. YEYj < ’Ymin(k,j) fO?’ max(]', k)u <1/2,
fi. iy < Yeis
. Yt u < Y
v Y+ VY S Ve

Condition numbers of the functions to be evaluated are important for the accuracy of the result.
Let us now recall some condition numbers related to the evaluation of functions. Given a space of
functions U defined on ® C R, a basis B = (by,...,by,) for U and a function f = Y} ;c;ib; € U,
measures of the sensitivity of f(x) to perturbations in ¢ = (Cj)7:0 are important in error analysis of the
evaluation algorithms. Thus, given a relative perturbation § = (4;)}"_, of the coefficients c, we obtain
the function g = Y!' (1 + 6;)c;b;, which is related to f. Then for any x € ®

[f(x) —g(x)| =

n
Y Sicibi(x)
i=0

< |16loo ;)lcibxxﬂ- (4)

The number ,

Sp(f(x)) =} leibi(x)],

i=0
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plays the role of a condition number for the evaluation of the function f at x using the basis B
(see [4,5,15-17]).

In CAGD, it is usual that the basis B must be formed of blending functions; that is, each basis
function must be nonnegative on ®, and the sum of all bases functions must be equal to 1 for all point
in®. If B = (by,...,by) is a basis of blending functions and B = (koby, ..., knby) (k; € R Vi) then
Sa(f(x)) = Sp(f(x)).

In floating point arithmetic, given an algorithm for the evaluation of the function f(x), one obtains
the computed value fI(f(x)) or ﬂ;) From a practical point of view, to obtain an error bound
or estimate for the approximation of the exact evaluation f(x) given by fI(f(x)), it is desirable.
The success on the accuracy of the obtained aproximation when using an evaluation algorithm
despends on:

o  The backward error—that is, the error of the calculations of the algorithm;
The difficulty of the evaluated function—that is, the condition number of the function with respect
to the basis used as a representation by the evaluation algorithm.

In error analysis, the computed fI(f(x)) can be expressed as fI(f(x)) = g(x) = Y (1+
d;)cibi(x), where 6 = (6;)"_ is a perturbation in c. Thus, the upper bound of the forward error for
evaluation in formula (4) is usually interpreted as a product of the backward error ||J||« and the
condition number Sg(f(x)) (cf. [14]).

2.2. Error-Free Transformations

Error-free transformations (EFTs) will be taken into account in our algorithms in order to improve
accuracy. In particular, TwoSum and TwoProduct EFTs will be used (see [9]) for computing sums
and products, respectively. The algorithm TwoSum for the sum was presented by Knuth in [18],
whereas the algorithm TwoProduct for the product was presented by Dekker, due to G. W. Veltkamp,
in [19]. Algorithms 1 and 2 show these algorithms (TwoSum and TwoProduct), Algorithm 3 is used by
Algorithm 2.

Algorithm 1 TwoSum algorithm.

Require: 4,b

Ensure: [x,y] suchthatx+y=a+b
x=a®db
zZ=x6©a4a
y=@oe(xez2)®(boz)

Algorithm 2 TwoProduct algorithm.

Require: a,b
Ensure: [x,y|suchthatx+y=a-b
1. x=a®b
2: [al, le] = Splzt(a)
3: [bl,bz] = Splli’(b)
4 y=a0bo((x0a®b)Sab)Sa b)

Algorithm 3 Split algorithm.

Require: a

Ensure: [x,y] such thatx+y =a
1: ¢ = factor ®a  %factor = 2% + 1 in IEEE 754
2 x=co(coa)
B y=a0x
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Error analyses of both algorithms were presented in Theorem 3.4 of [9] and Théoreme 3.14 of [20].
The following result shows a summary of these results.

Theorem 1. Let [ be the set of standard floating point numbers corresponding to a certain floating point
arithmetic. If a,b € F, then:

i.  [x,y] = TwoSum(a,b) verifies
atb=x+y, x=a®b, |yl <ulxl, |yl <ula+bl.
ii.  [x,y] = TwoProduct(a,b); if not, underflow occurs,
a-b=x+y, x=a®b, |yl <ulx|, |y|<ula-b|

2.3. De Casteljau Algorithm for Polynomial Curves in Bézier Form

The Horner algorithm is the best well-known method for polynomial evaluation. It uses the
monomial basis of the space Py, M" := (mf(t), m}(t),...,mi(t)), t € [0,1], given by m!'(t) = ¢,
i=0,1,...,n. Given p(t) = YI_,c; m}'(t), the error analysis of the Horner algorithm in chapter 5
of [14] shows that

n .
lp(t) = FLp(O)] < van Y leilt' = 720 Smn(p(t)), forallp € Pyandt € [0,1].
i=0

In CAGD the usual evaluation algorithm for polynomial curves is the de Casteljau algorithm.
This algorithm evaluates polynomials represented using the Bernstein basis (see [21]). The Bernstein
polynomials of degree n, B" := (b{(t), by (t),..., by (t)), t € [0,1], form a basis of P, and are defined by

b (t) = (’:) FA—0", i=0,1,...,n ®)
A polynomial
n
p(t) =) c;bl(t) € Py (6)
i=0

is said to be in Bézier form or in Bernstein—/Bézier form. Algorithm 4 shows the de Casteljau algorithm
for the evaluation of polynomials in Bézier form (6).

Algorithm 4 De Casteljau algorithm for the evaluation of p € P, at ¢.

Require: ¢ € [0,1] and (c;)},
Ensure: fJ(t) =~ Y/ cib!(t)
forj=0tondo
fjo(i’) =Cj
end for
forr =1tondo

forj=0ton —rdo
fi)=@1-1 ®fjf—1(t) @t@ﬁ;ll(t)
end for
end for

A corner cutting algorithm is an algorithm such that each step is formed by linear convex
combinations (see [6]). The de Casteljau algorithm is a corner cutting algorithm. In [6] an error analysis
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of corner cutting algorithms was carried out, which for the particular case of the de Casteljau algorithm
can be written as

n

[p(t) — fl(p(t))| < van 2 |ci| b () = yon Spn(p(t)), forallp € Pyandt € [0,1].
i=0

In addition, the optimal conditioning of Bernstein basis for polynomial evaluation among all
the bases formed by nonnegative polynomials on [0, 1] was shown in [5]. Thus, there does not exist
another basis of P, up to positive scaling, formed by nonnegative polynomials on [0, 1] that is better
conditioned for every p € P, atevery point t € [0,1]. In particular, we have Sg: (p(t)) < Sy (p(t)) for
all p € Py and t € [0,1]. Hence, the part of the error bound corresponding to the condition number for
the de Casteljau algorithm is lower than the corresponding part of the bound for the Horner algorithm.
In fact, the numerical experiments in [3] show that the algorithms using the Bernstein representation,
like the de Casteljau algorithm, present better stability properties than the Horner algorithm.

2.4. Compensated Evaluation Algorithms for Bézier Curves

It is usual to apply EFTs (see [9] and Section 2.2) in order to devise compensated evaluation
algorithms providing more accurate results. Hence, in [22,23] Graillat, Langlois and Louvet devised a
compensated Horner algorithm for the evaluation of a polynomial in monomial form. In Theorem 5
of [22] it was proved that the evaluation of a degree n polynomial with the compensated Horner
algorithm provides an approximation fI(p(t)) verifying

[p(t) = fL(p(D)] < u|p(t)] + 13, Snin (p(8)).

In [13] a compensated de Casteljau algorithm for the evaluation of polynomials curves in
Bernstein-Bézier form was presented. In Theorem 5 of [13] it was proved that the evaluation of
a degree n polynomial with the compensated de Casteljau algorithm provides an approximation

fl(p(t)) verifying
[p(t) = f1(p(£)] < ulp(t)] +295,Spn (p (1))

According to the previous bound for problems where

) S(p(t))
275 ()

the relative error for the approximations provided by the compensated de Casteljau algorithm is u.

<u,

3. Evaluation Algorithms for Tensor Product Bézier Surfaces
In CAGD ensor product polynomial surfaces are usually represented in the Bernstein-Bézier form

(see [21]) by using tensor product Bernstein systems.

Definition 1. Let B" = (b',...,by) and B" = (b}, ..., b)) be two Bernstein systems defined on [0,1],
where b and i = 0,1...,k, are the Bernstein polynomials of degree k. The system B" @ B" := (b]"(x) ®

b”(y))l g is called a tensor product Bernstein system and the surface
Z Z P;b!"(x) b} (y), (x,y) €[0,1] x [0,1], )
i=0j=0

is called a tensor product Bézier surface.

A tensor product Bézier surface can be evaluated by de Casteljau type evaluation algorithm
inspired in the de Castaljau evaluation algorithm for Bézier curves (see [21]). By considering the
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components of the points Pj;, the evaluation of (7) depends on the evaluation of scalar functions.
Hence, based on the de Casteljau algorithm for Bézier curves, the corresponding evaluation algorithm
for tensor product Bézier surfaces is shown in Algorithm 5.

Algorithm 5 De Casteljau algorithm for the evaluation of F in (7).

Require: (x,y) € [0,1] x [0,1] and (f3;){™ .
Ensure: f3"(x,y) =~ L, 27:0 fi i]-bl?”(x)b]” (v)

fori = 0tomdo

forj =0tondo

go(x’ y) = f1]
end for
end for
fori =0tomdo

fors =1ton do

forj=0ton —sdo
0,5—1 0,5—1
Ploy) = A=y) 7wy +y 75 ()

end for
end for
end for
forr=1:mdo

fori=0tom —rdo
ég;(x,w (1—x) fiy " () + x f1 17 (xy)
en or
end for

In Theorem 5 of [7], error analyses of algorithms evaluating tensor product surfaces were
performed. Taking into account the roundoff error when computing 1 © ¢, for the particular case of
tensor product Bézier surfaces we have the following error analysis of Algorithm 5.

Theorem 2. Let us consider the system of functions B"™" = (b]" ® b”)] —0n 1, defined on [0,1] x [0,1].
Let F(x y) be gwen by (7), and let us suppose that 3(m +n)u < 1, where 1w is the unit roundoff. Then, the
value F(x,y) = 0" computed in floating point arithmetic through Algorithm 5 satisfies

IF(x,y) = F(x,9)| < Y3(m1m) Spm (F(x, 1))

Compensated de Casteljau Evaluation Algorithm for Tensor Product Bézier Surfaces

In this section we devise a compensated de Casteljau algorithm for the evaluation of tensor
product surfaces—that is, a compensated version of Algorithm 5. In order to track the local errors at
each step, the following EFTs will be used:

[Fy, py| = TwoSum(1, —y), [Py, px] = TwoSum(1, —x),
[Py yr 7T ] = TwoProduct(ry,]??’sfl), [P1x, Ty | = TwoProduct(rx,f ”),
P2y, (7 ] = TwoProduct(y,]?,?]’-i_ll), [Py, 07y'] = TwoProduct(x flJrl o)
[J?Ss/g '] = TwoSum(Pyy, P> ), [fin, &) = TwoSum(Py y, Py ).
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Then we can describe the error in the following way:

0s _ 0s 0Os 0s 70,5—1 m o __ rn m m r—1n
L = mij + o + 8 +oy- fii” 0 =T + 0 +&o +px- fig

70,5s—1 70,s—1 _ 70s 0Os r—1n r—1n _ 7in rm
A=y)-fi" +y-fifqa =f T (I=x)-fig " +x-figp =fio +lio-

Now let us define the global errors at each step as

0s __ 0s 70s mo__ g rrn
ofi = fif —fii» 9fi0 = fio —fio-

It can be seen that the local error satisfies the following expressions:

off = (L—y)-of" " +y-affT + 1, ff = (L—x)-ofy " +x-of g + I (8)

If computations are performed in exact arithmetic:
F(xy) = fio" + ofiy" ©)

Taking into account the previous discussion, Algorithm 6 shows the corresponding compensated
version of the de Casteljau algorithms for tensor product Bézier surfaces.

Algorithm 6 Compensated de Casteljau algorithm for the evaluation of F in (7).
Require: (x,y) € [0,1] x [0,1] and (f;;){5 o
Ensure: res ~ Y2 Y7 fl-]-b:ﬂ(x)b]'? (v)

[y, py] = TwoSum(1, —y)

fori =0tomdo

for j =0tondo
F0xy) = fi

9fy (x,y) =0
end for
end for
fori =0tom do

fors =1tondo

forj=0ton —sdo

70,5—1 (

[P1y, 7125] = TwoProduct(7y, f;; x,Y))

(P2, 025] = TwoProduct(y,ﬁ?}iql(x,y))
[Jﬂi}s(x,y), 25] = TwoSum(Py,y, Py )
T =rSerFetkenef (xy)
—0s e —0,5—1 —~0,5—1
ofy (xy) =0 (70dfy () o (yodfa ()
end for
end for
end for

[7x, px] = TwoSum(1, —x)
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forr=1:mdo

fori =0tom —rdo

[Py, ] = TwoProduct(rx,fr 1’”(x,y))
[Pz 2+ 01t] = TwoProduct(x, 7+110”(x v))
[ (x ]/) ] Twosum(Pl X/PZX)
lm: 69‘Tio Tio D Px @ fig
~ —~r—1n r—1n
asz = lm (Vx ®df ) (x®afz+1o)
end for
end for

~ —mn
res = fao" ©9fgo

Now an error analysis of the compensated de Casteljau algorithm for the evaluation of tensor
product surfaces (Algorithm 6) will be carried out. First, an auxiliary result will be proved.

Lemma 2. Let F(x,y) = Lo Yty fijb]" (x)b] (y) be a bivariate polynomial and (x,y) € [0,1] x [0,1].
Then, the de Casteljau algorithm for tensor product surfaces, i.e., Algorithm 5, verifies:

n—

i Z| 0s bn S(y) < Z |f05 1‘bljl*5+l( <2|f1] b” *(y), foralli € {0,1,...,m}.
]_
m—r+1 5 m n
i Y R < Lol ) < e Zlﬁ”ibm DM NLACLAG]
i=0 i=0j=0
Proof.

i.  Since fgs =(1- y)fl(]Js T4 yfojil1 and y € [0,1] we have

A= =lfif +y

0,5—1
fi,js+1 E

By using the recurrence relation of the Bernstein polynomials, b%(t) = (1 — t)bi-(_1 + tbé‘_‘l1 (1),
we can derive

ZI *[b7 e ( Z((l—y)lfos Ayl AR e ()

j=
= 1fi o5 W)l + ZI 7= )b () + b () + | for 0 (W)

n—s+1

Z | Os 1|bn—s+1(y)'

By iterating this procedure, we obtain all the inequalities in i.
ii.  Analogous toi.
O

The error analysis for J?O”é” was already seen in [7] (and recalled in Theorem 2). Hence, let us see
how the roundoff errors affect the computation of 5]\‘ g:)n using floating point arithmetic.
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Theorem 3. Let 5]\‘ ggl be the computed value in Algorithm 6 as an approximation of the exact value 0 fyy" in (8).
If no underflow occurs, then

mn _ g v m n
|9f00" — 9fqo | < 'Yg(m+n+1) 2 Y Ifijl bf ()65 (v)

i=0;=0

Proof. By formula (8) and using i of Lemma 1, we can prove by induction hypothesis on
se{l,...,n} that

afq = a + Z kz lz ]+k (n+1— q)+2bn_ (y)
q_ =

fori=0,1,...,mandj =0,1,...,n —s. Then, analogously, we can also prove by induction hypothesis
onr € {1,...,m} that

m B
8in =9 iron Z 1Zk 027 osl?+k] (n+r+1—s)b1r<(x)b]r-l S(y)

e (10)
+ Lot Do ik 00311-g) 128 7 (%),
fori=0,1...,m—r.
By formula (10) for r = m we can deduce that
—mn
+Z Zm_ llo 93 mt1— r)+2b ( )-
By Theorem 1 we can derive
loy| <ulry| and |7y < (14u)lry
% < ulry- 2 < (w2 [ Iy
AO 1
|Ulojs S v fl];_ol 1 70,5—1 (12
61 <ulyefif ey i = ulfy x f Ty x ffn - wl - off

1 "0 1
_w+mz+uMMI@SI+W+u>Mlzﬁd

By formulas in (12) we deduce that

18] < ]+ 0%+ 1621+ 177 - oy
< Gut 32 41y [ 4 u )y [ 13

sw0@|W“H+wwmﬁn)+ow»

Analogously we can deduce that

131 < 3u (Jral - 1™

231 +oaa). (14)

Taking into account that |r,| = ry, [rx| = 1y, [x| = x and |y| = y for x,y € [0,1] and using
the well known recurrence relation for Bernstein polynomials b¥(t) = (1 — t)bfffl (t)+t bf.‘:ll (t),itis
derived that

<|ry| |f1]s 1‘_'_|y| |f1]+l )b’?*s(y) Zn s+1 ’fij,sfl|_b]y'zfs+l(y) and

—1n m—r (15)
]OWAvlwuwmmowww R )

By the error analysis of Theorem 2 performed in [7] we have that

E}S = 85(1 + 935) and f (1 + 63(r+n))
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where 6y is a quantity usual in error analysis satisfying that [0| < 7 (for more details see Section 2.1
and [14]). Then we can obtain

" 01 1 e 1
Y. AT () = (14 650,-)) Z 710 (y) and
] ] ]
j=0 j=0
m—r+1 1 1 m—r+1 1 .
—1,n — ¥y — —
Yo Ufio BTN ) = (U4 O3pgany) Y i BT (R).
i=0 i=0

Then, applying Lemma 1 and that |6)| < 7, we derive

DA ) S (o) B il () and )
m ’“ Fio 10N R) < (1 Yapman—1) Zio Do fifl - B ()b (1)
By (13)—(16) we have
S Do P10 (y) - < 3nu(l+ va-1)) Do |fif 07 (1),

2,:1 ;”0’ \l’”|b’” () < B3mu(l 4 v3(men—1)) Lilo Lo [fis|bf" (1)b] ().

By (11) and taking into account that 3nu(1 + y3(,—1)) < 73 and that 3mu(1 + Y3(10-1)) <
V3(min—1) We conclude

<=mn m e
19f00 — 9fo0" | < Ya(mrn) '73nZZ|f1]|b b *(y)

i=0j=0

m n
+ ')’3(m+n+l)')’3m+2 Z Z |fij|b:'n(x)b]r'l (]/)
i=0j=0

Taking into account that Va(man) S V3(mtn+1) and that, by v of Lemma 1, ¥342 + Y30 <
Y3(m4n+1), the result follows. O

Finally, the following result shows the error analysis of the approximation to a tensor product
Bézier surface F(x,y) obtained with the compensated de Casteljau algorithm (Algorithm 6).

Theorem 4. Let F(x,y) = Y20 Xty ﬁjb;«”(x)b;? (y) be a tensor product Bézier polynomial with f;; € R and
res the approximation of F(x,y) computed by Algorithm 6. Then

[E(x,y) — res| < ()] + 73 im) 12580 (F(x,).

Proof. By Algorithm 6 we have that

Ires — F(x,y)| = (" ®©fgp ) — F(x,y)]
Tmn mn mn | g
= |(1+0)(foo" +9fo0" —9fo0" +9fg0 ) — F(x,y)l-

By (9) and taking into account that |§| < u, we deduce
—~mn mn
[res = F(x,y)| = |(1+0)(F(x,y) = 9fgg" +9f oo ) — Flx,y)| < u[F(x,y)| + (1 +u)[dfo0" — 9fgo |-
Then, by Theorem 3 we have

|res — F(x,y)| < ul|F(x,y)|+ (1+ u)’)/g(m+n+1)53nm (F(x,y)).
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Since (1 + u)V30m4n+1) < V3(m+n)+4 We can deduce

res — FCo )| < u|E(x,9)| + By 4S5 (F(1,1))

and the result follows. O

Remark 1. Assuming that (3(m + n) +4)u < 1, the error bound for the evaluation of tensor product surfaces
by the compensated de Casteljau algorithm obtained in the previous theorem is much lower than the error bound
corresponding to the usual de Casteljau algorithm in Theorem 2. The assumption (3(m +n) +4)u < 1is
typical when working in a CAGD framework. In fact, if

2 Spm (F(x,y))

T3(m+n)+4 E(x,y)] <u

the relative error for the approximation provided by the compensated de Casteljau is u.

4. Conclusions

A compensated version of the de Casteljau algorithm for tensor product functions has been
presented. This new method is carried out with the usual floating point arithmetic and operations,
and it uses only the same working precision as the data. With this framework, the following bound for
the relative error of the new compensated method has been provided:

2 Spmn (F(x,y))
u+ Y3 (m-+n)+4 IF(x,y)|

which is lower than the bound corresponding to the usual method

v San (F(x, y))
S E (e y)|

Hence, the new compensated de Casteljau algorithm for tensor product functions can be quite
useful for problems with ill-conditioned situations.
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