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Abstract

This paper considers an approximate factorisation of three bivariate Bernstein basis
polynomials that are defined in a triangular domain. This problem is important for
the computation of the intersection points and curves of surfaces in computer-aided
design systems, and it reduces to the determination of an approximate greatest
common divisor (AGCD) d(y) of the polynomials. The Sylvester matrix and its
subresultant matrices of these three polynomials are formed and it is shown that
there are four forms of these matrices. The most difficult part of the computation is
the determination of the degree of d(y) because it reduces to the determination of
the rank loss of these matrices. This computation is made harder by the presence
of trinomial terms in the Bernstein basis functions because they cause the entries
of the matrices to span many orders of magnitude. The adverse numerical effects
of this wide range of magnitudes of the entries of the four forms of the Sylvester
matrix and its subresultant matrices are mitigated by processing the polynomials
before these matrices are formed. It is shown that significantly improved results are
obtained if the polynomials are processed before computations are performed on
their Sylvester matrices and subresultant matrices.
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1 Introduction

The computation of the greatest common divisor (GCD) of two univariate
polynomials arises in several applications, including signal processing, image
processing and control theory. More recent work has considered the com-
putation of the GCD of two multivariate polynomials [4-9,11,13] and these
problems are extended in this paper by consideration of an approximate fac-
torisation of three bivariate Bernstein basis polynomials that are defined in a
triangular domain. This computation arises in the determination of the points
and curves of intersection of three surfaces in computer-aided design systems
[4]. These intersections of the surfaces

fla,y)=0,  glx,y)=0 and  h(x,y) =0,

where f (z,9), g(x,y) and h(x y) are bivariate Bernstein polynomials, are given
by the irreducible factors of the GCD of these polynomials. For brevity, the
independent variables (z,y) will be deleted from the notation used for polyno-
mials, and these polynomials will therefore be denoted f g and h respectively,

that i 18, f - f(xay)ag - g(xay) and h - h(l‘)y)

A bivariate Bernstein polynomial in a triangular domain is considered in Sec-
tion 2, and the Sylvester matrix of the polynomials f g and h is considered
in Section 3. The degree ¢ of their GCD d;, = d,(z,y) is equal to the rank
loss of this matrix, but it is shown that this matrix is not unique because
it, and its subresultant matrices, have four variants. The structures of these
variants are considered in Sections 3 and 4, and it is shown that ¢ cannot be
computed reliably, especially in the presence of noise. Considerably improved
results for the degree and coefficients of the GCD are obtained when the poly-
nomials are processed before computations are performed on them, and these
preprocessing operations are considered in Section 5. The computation of the
coefficients of the GCD and coprime polynomials is considered in Section 6,
and the complexity of the algorithms is discussed in Section 7. Examples of an
approximate factorisation of f g and h in the presence of noise are in Section
8 and the paper is summarised in Section 9.

2 Bivariate Bernstein polynomials in a triangular domain

A bivariate Bernstein basis polynomial f , of total degree m, in the triangular
domain A,

0<l—zxz—y<1,



is given by

f g m - m iy —ia, i1, i
f = Z aihi?Bil,Zé = Z a'ilvi2 (l . )(1 - _y) ! 21‘ 1y27 (]‘)

i1+i2=0 i1+i2=0 1,02

where the bivariate Bernstein basis functions By, = B, (x,y) are

m m Mm—i1—is 1. i
Bi17i2 = < . )(1 -z _y) Ry, (2)

11,12

and

m m m!
il,’iQ ig,il 11'22'(771—@1 —22)'

The polynomial f has (m; 2) coefficients and it follows from (1) that it can be
written as the sum of m + 1 polynomials f; = fk(az, y),k=0,...,m, each of

which is of degree m,

A— A . m A. . m . o . A. . m
f= Z iris By} 4y + Z iy i By gy T+ Z iy in By

i1+12=0 i1+10=1 i1+io=m
m
:Z Z &i17i2BzT,z‘z
k=0 i1+io=k
m k m e hi
:Z Qk—j.; <k . ) (1 —a—y)" "2y
k=0 j=0 J>J
m A
:Z k> (3)
k=0

2.1 Vector representation and multiplication

This section considers vector and matrix representations of the polynomial

~

f(z,y) because they are required for the development of the Sylvester matrices



and their subresultant matrices of three bivariate Bernstein basis polynomials.
m+2)
2

The polynomial f (z,y) is represented by the vector fe R( ,

m

. R R . T
f:{fg o fT} :

where f, € R*1, k = 0,...,m, contains the coefficients of fk, which is defined
in (4),

. T

fr = {dk,o &k71,1 &o,k (5)

Consider the bivariate polynomials f and g, of total degrees m and n re-
spectively, that are defined in the triangular domain A. The polynomial f is
defined in (1) and the polynomial § = g(z,y) is

n
A~ 7 n
9= E: bii By
i+j=0

where ZA)” are the coefficients and the basis functions B}, are defined in (2). The
polynomial g can be written as the sum of the polynomials g, = gx(x,y), k
0,...,n,

g=go+ g1+ + Gn,

where the basis functions of each polynomial gy, which is of degree n, are
Bj_;; and its k + 1 coefficients are by_;;,7 =0...,k,

k k
0. — b, . .B" — L. .pn o
Ik = Z bk—J,JBk—j,j = Z bj,k?—]Bng_j) k=0,...,n.
Jj=0 j=0

The polynomial h = iz(x, Y) = fﬁ is of degree m + n and it can be written as
the sum of the polynomials h; = hj(x,y),j = 0,...,m + n, as shown in (3)
for f and the m + 1 polynomials f;,k=0,...,m,

. mnA m-+n i i m+nA
h = ZCZ'J‘( Zj )(1—l’—y) * j;pyjzzohj’
) j=

where each polynomial ﬁj,j =0,...,m 4+ n, is of degree m + n and iLj has
J + 1 coefficients,



_ i - l(”@ + ") (1= — gy n=igiyi=i (6)

1, —1

It follows from the definition of A that

— (foﬁo) + (fo§l1 + f1§lo) + (ﬁgo + f101 + f0§2) NI

where a typical polynomial f,g; = fs(x, y)g¢(z,y) in this sum is written as

PR S m n
fsgtzzzai,sibj,tj<. —z)( ) X

i=0 j=0 1,5 j?t_j

(1 —r— y)ernfsftszr]strtfzf]

s ety ©

1=05=0 i+j,s+t—i—j

and the basis functions Bﬁj’; +1—i—; are defined in (2). The vector of the coef-

ficients of this polynomial can be written as the matrix-vector product,

Ci(f)& = (Dilhn et T ) Q) & (9)

where Cy(f,) € RETHDXED the convolution matrix of fi(z,y), is equal to

the product of three matrices, D;m}i-n,s o T f,) and Qn.t. The diagonal matrix

Dk e € REFHDX 64D g

D;L}Fn,ert = dlag (m-lkn) ( m}kn ) e (m-lkn) ) (10)

s+t,0 s+t—1,1 0,5+t

the Toeplitz matrix Tt(fs) e R+HHDx(E+) g



S m
: a173*1(1,371)

A m

L @o,s (0,3)

and the diagonal matrix Qn,t e REHDx(E+1) g

(07,115)} : (12)

Qn,t = diag { (trfo) (tﬁ,l)

The structure of g, € R in (9) is similar to the structure of the vector of
the coefficients of f in (5),

T
g = bt,o bt—l,l bO,t . (13)

Example 2.1 considers the form of a typical term in the polynomial h.

Example 2.1 Let s =t = 2, and thus (8) becomes

2 2 q. B 19 .

. 1,2—iY5,2—] (z‘,%i) (J)2*j m+n

faie = Z Z ( o ) BiGa i
=0

=07 it A—i—j

and the coefficients of this polynomial are



The vector of these coefficients can be written as the matrix-vector product

(9),

ding |ty Ty ) T O )
zo(3)
ana (1) a2o(3)) (35) bao
aoa(g) ava(17) azo(3y) () b

t

Each of the terms in (7) can be written in the form in (9), and thus the sum
of all the terms can be written as the product of a block matrix and a vector,

Cn(f)g =h, (14)

where the convolution matrix C,(f) € R(™2)* (") i



Co(fo)
Co(f1) Cilfo)
Ci(fr)
. : Co(fo)
Cn(f) = o . o )
CO(fm) Cn( 1)
Cl(fm)
| Cn(fm) ]
and each matrix C’t( ), s=0,...,m;t =0,...,n, is the convolution matrix

fs
(9). The matrix C,(f) can be written in a form that is the extension of the
product D, o T3 (fs)@nye (9) to its block form,

Co(f) = DL Tu(F)Qn, (15)

where the block diagonal matrix DL € RO 4

m-+n

D;m}i—n = dlag DT:L}FTL,O DT:L}FTL,I e D;LErn,ern ’
and the structure of each matrix Dfnim-, i=0,...,m+mn, is shown in (10).
The matrix Tn(f) is
To(fo)
To(f1) Ti(fo)
Ty(f1)
. ' To(fo)
T.(f) = . R (16)
To( fm) To(f1)
L Tn(fm) i

where each of the matrices Tj(f;) € ROF7+DxG+1) hag the same structure as

the Toeplitz matrix in (11). The block diagonal matrix @, € R("2)*("F) i



Qn = dlag |:Qn,0 Qn,l T Qn,n:| ) (17)
where @, is defined in (12). The vector g in (14) is

n+2)

T
g=|el & - gf] er(Y),

where g; € R7*! is defined in (13), and the vector h contains the coefficients

of h(z,y),

T

e R(

m-+n ?

m+2n+2)

h=|h, th I
where flj contains the coefficients of izj(x, y), which is defined in (6).
Example 2.2 considers the form of (14) for m =n = 2.

Example 2.2 The polynomial f of degree m = 2 is

. 2 2 o
f=> dz‘u‘(. .>(1—9€—y)2_’_]$’y]

i+5=0 v

D2 A D2 A D2 A D2 A D2 A 2
=a00By o+ a10B1 g+ o1 By + ag0B5 o+ a1,1 87 + Go 2B .

It follows from (3) that f can also be written as the sum of the polynomials

JEO = .]?O(xvy)vfl = f1<$,y) and f2 = f2<l’,y),

The polynomial g of degree n = 2 is

2
g= > bm(
i+5=0

2 L
2,

and it is equal to the sum of the polynomials gy = go(z,y), §1 = ¢1(x,y) and



gQ :g2($7y)7
R - 2
go = boo <O,O>(1 —z—y)

. . 2 ~ 2

g1 = <b1,0 <17 0>$ + bo 1 <O, 1)?/) (1—2—y),

A o a 2 2 ~ 2 ~ 2 9
g2 = bayg <1’ O>9U + b1 4 (1’ 1>xy + b2 (0’ 2)9 .

The polynomial h is equal to the product of f and ¢,

~ ~

h=f
( o+f1+f2) (90 + g1+ 92)
fogo + (f0§1 + flﬁo) + (fo!b + figr + fzf]o) + (f1§2 + f2§1) + fado

4 ~
S,
j=0

Il
> Q>

This polynomial multiplication can be written as the matrix-vector product

Cz(f)g = h,

Colo) | o |
Col(fr) Cr(fo) 9 hy
Co(f2) Ci(f1) Calfo) | [ @ | = | F

Ci(f2) Ca(f) | | & hs

_ Co(f2) | i

0

The next section uses the matrix-vector form of the product of two bivariate
Bernstein basis polynomials to form the Sylvester matrices and subresultant
matrices of three bivariate Bernstein basis polynomials.

3 The Sylvester matrix of three bivariate Bernstein basis polyno-
mials

The Sylvester matrix of three univariate Bernstein basis polynomials is con-
sidered in [3] and it is shown that it can take four forms, one 3 x 3 block
matrix form and three 2 x 3 block matrix forms. The extension of these forms

10



from univariate polynomials to bivariate polynomials follows easily and it will
therefore be considered briefly.

Let the degrees of the Bernstein basis polynomials f g and h be m,n and
p respectively. The polynomials have common divisors dk = dk(:c y), where
the degree of di is k, the degree of their GCD is ¢, di is not unique for

k=1,...,t—1, and d; is unique up to a non-zero constant. It follows that
. A i )
Ai = Ai = < = dk7
U Vi W

where 1y, Uy and wy are cofactor polynomials of degrees m — k, n — k and
p — k, respectively. This yields three equations,

fon — gi, =0, (18)
faby, — iy, = 0, (19)
hiy, — gy, = 0, (20)

which can be written in matrix form,

This equation has non-zero solutions for £k = 1, ..., ¢, and the coefficient matrix
Sk(f, g, h) is the 3 x 3 block matrix of the kth subresultant matrix of f, § and
h. Each block in this matrix arises from the product of two polynomials whose
matrix form is given in (15), and thus

Sk(f).@? iL) :ch_lj;k(faga H)Qka (22)

which is equal to

dlag Dmﬁrn k Dmitp k Dnip k:| Tp*k(fA)

ding | Qo Qpr Quuor |- (23)

The block diagonal matrix

Nn-1 _ 73; 1 1 1
Dk _dlag D, m+n—k Dm+p k Dn+p k

11



is of order

m+n—k+2 m+p—Fk+2 n+p—k+2
2 + 2 + 2 ’

DL, is equal to

m—+n—

dlag m+n—k m+n—Fk mtn—k\| m+n—Fk L m+n—k
0,0 1,0 0,1 m~+n—k,0 0,m+n—k ’

-1 -1 -1 -
and D", and D, , have the same structure as D, ,, ,, and x; contains
the coefficients of the cofactor polynomials iy, U5 and wy,

Xp=|vi W, —ui| , k=1,...,t. (25)
The matrix Ty(f, §, h) is
To-i(f) Tn-k(9)
Tpie(f) Ti(h) | (26)

~

Toi(h) —Tpr(9)

where the matrices Tq_k(f), q € {m,n,p}, have the same structure as the

matrix T,,(f) in (16). The block diagonal matrix @y, is of order

n—k-+2 N p—k+2 n m—k+2
2 2 2 ’

and given by

Qr, = diag [an Qi ka}, (27)

where the diagonal matrices Q,—i, @p—r and Q,,—; have the same structure
as the matrix @, that is defined in (17).

It follows from (15) that

Coie(f) = DY kT ) Qi

and thus from (22), (23), (24), (26) and (27), Sk(f, g, h) can be written as

12



Se(f,8.h) = | Ryx | = Cpi(f) Comei(h) |-
Rek Chi(h) —Cp-r(9)
where
Rak = {Cn_k(f) O(man—rsay (p-ii2) Cm_k(g)], (28)
Rus = [0y oy Coral) Gt 2
Ret= | Cock(h) ~Cpos(@) Opwenrosy (meseny | (30)

Alternatively, any two of the three equations (18), (19) and (20) are sufficient
to describe the system completely because the third equation can be derived
from these two equations. This gives rise to three variants of the 2 x 3 block
subresultant matrices.

Variant 1: Equations (18) and (19) are written in matrix form as

Sk(f7 g7 ﬁ)xk,l = 07 (31>

which has non-zero solutions for k = 1,...,¢, and the solution vector x; ; has
the same structure as xj, which is defined in (25). The matrix Si(f, g, h) is

Cpie(f) Crnr(h)

Ra,k
Rk

where R, ; and R, are defined in (28) and (29) respectively.
Variant 2: Equations (18) and (20) are written in matrix form as

Sk(g, £, iL)Xm =0, (32)

which has non-zero solutions for k = 1,. .., ¢, and x;, 2 is obtained by reordering
the entries of xy 1,

— | AT

~

The matrix Sk(§, f, k) is

13



ﬁa,k Cmfk(g) Cnfk<f)
Rc,k Cp—k(g) Cn—k(il)

I

where 7€a7k and ﬁc,k are variations of R, and R, which are defined in (28)
and (30) respectively.

Variant 3: Equations (19) and (20) are written in matrix form as

/\

Si(h. g, fxrs =0, (33)

which has non-trivial solutions for £ = 1,...,¢, and x;3 is obtained by re-
ordering the entries of xy, 1,

T
— | T T ~ T
X3 = (U, VvV, —W,

The matrix Si(h, g, f) is the third variant of the 2 x 3 block subresultant
matrix and it is given by

R e Coni(h) Cp—i(

~h>

)
o Coi(h) Cpi(9)

)

where R, and R, are variations of R, and R, respectively.

The pairwise GCDs of f, g and h are

dy = da(x,y) = GCD (f,3), (34)
dy = dy(x,y) = GCD (f,h) | (35)
d. = do(z,y) = GCD (g, h), (36)

and thus (31), (32) and (33) are obtained by considering two of the three
pairwise two-polynomial GCD problems.

The computation of the degree ¢ of the GCD of f g and h from the subre-
sultant matrices S,(f, g, h) and Sp(f*, g%, h*), k = 1,... min(m, n, p), where
Sk(f*, §*, h*) denotes that the order of f, g and h in the arguments of S (-) is
arbitrary, is considered in Theorem 3.1. Each ordering yields one of the three
variants of the subresultant matrices discussed above.

14



Theorem 3.1 The degree of the GCD of f g and h is equal to the largest
index k such that the subresultant matrices Sy (f, g, h) and S, (f*, g%, h*) are
rank deficient, k = 1, ..., min(m,n, p).

The proof of the theorem follows easily from the same result for univariate
polynomials [1-3]. In particular, if the degree of the GCD of f,g and h is
t, then these polynomials have more than one common divisor of degree k =
1,...,t—1, and one common divisor (the GCD) of degree ¢, and thus Sk(f, g, fL)
and Sy,(f*, %, h*) are rank deficient for k = 1,...,¢. The polynomials do not,
however, have a common divisor of degree k = ¢t+1, ..., min(m, n, p), and thus
Si(f,4,h) and Sp(f*,¢*, h*) have full rank for k =t + 1,...,min(m,n, p).

Theorem 3.1 considers the GCD of three polynomials, but their coefficients
are corrupted by noise in practical problems. It is therefore assumed that the
given polynomials are coprime, but that they posses an approximate greatest
common divisor (AGCD) that is near the GCD of the exact forms of the
polynomials. An AGCD of three polynomials is defined in Definition 3.1.

Definition 3.1 (An AGCD) A polynomial d = d(x,y) of degree t is an
AGCD of f g and h if it is the polynomial of maximum degree that is an exact
divisor of f +0f,§ -+ 6§ and h + 6h for perturbations HéfH < ey, 69| < g

and HéhH < ¢gp, and HéfH + 16g]1> + H5hH is minimised over all polynomials
of degree t.

Example 3.1 shows that numerical problems may arise if the singular values of
the Sylvester matrices and their subresultant matrices are used for the com-
putation of the degree of the GCD of three polynomials. The cause of the
problems is identified and the subsequent sections discuss the preprocessing
operations on the polynomials that are required to guarantee a computation-
ally reliable solution.

Example 3.1 Consider the Bernstein forms of the polynomials f , g and h,
which are of degrees m = 14, n = 14 and p = 14 respectively,

f=(x—0.72)(z — 0.52)%*(x + 0.75)(y — 0.75)%(y — 0.15)(y* — 1.7) x
(x+y—0.5)°,

g=(r —0.72)(z — 0.52)*(x — 0.192)(y — 0.15)(x +y — 0.5)°
(y* = 1.7)(2* + y* +0.7),

h=(x—1.91987)%(z — 0.72)(y — 0.15)(y* — 1.7) (2 + 3> — 0.34)%,

whose GCD d, is of degree t = 4,

dy = (z — 0.72)(y — 0.15)(y* — 1.7).

15



The polynomials f and ¢ have a GCD d, of degree t, = 11,

~

dy = (x —0.72)(y — 0.15)(y* — 1.7)(z — 0.52)*(x +y — 0.5)°,

and d, = d, = d,, where d,,d, and d. are defined in (34), (35) and (36)
respectively.

The coeflicients of f , g and h were multiplied by 10°, 105 and 10~° respectively,
and noise was then added, such that the coefficients of the inexact polynomials
f,g and h were

iy ig = @iy in + iy yig €fir,in T i1 025 1+ = 07 e,y
bjl,j2 = bjh]é + bjl,j2 €g.51.52 T'g.51.52 Ji+72=0,...,n, (37)
Clils = Cuyly 7+ Ciyly €hllo Thilylas Lh+1lk=0,...p,

where {€74, .}, {€5.51.5.} and {€n, 1, } are uniformly distributed random vari-
ables in the interval [107%,107%], and {r;;, i}, {rgjijn} and {rns, 1, } are uni-
formly distributed random variables in the interval [—1,1]. The coefficients
of the inexact polynomials are plotted in Figure 1 and it is seen that the
coefficients of h are much smaller than the coefficients of f and g.

2
|

"y D

N
T

log;, abs. coefficient

——f(z,y)]]

10 | | | | |
0 20 40 60 80 100 120

Fig. 1. The coefficients of f, g and h in Example 3.1.

The singular values of the 2 x 3 block subresultant matrix Sk( f,g,h) and
the 3 x 3 block subresultant matrix S’k( f,g,h) are shown in Figure 2. The
figures suggest that the 11th subresultant matrix is the largest rank deficient
subresultant matrix, and therefore the degree of an AGCD is ¢t = 11. This is
incorrect and is due to the coefficients of f and g being significantly larger
than the coefficients of h, such that the block matrices C,,_(h) and C,,_x(h)
are approximately zero with respect to the block matrices that contain the
coefficients of f and g. The results for the other 2 x 3 block subresultant
matrices, gk(g, f,h) and Sk(h,g, f), are very similar to the results in Figure
2. O

16
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Fig. 2. The singular values of (i) Si(f,g,h) and (i) Sx(f,g,h) in Example 3.1.

Example 3.1 shows that numerical problems arise when the entries of the sub-
resultant matrices span many orders of magnitude [1-3]. The adverse numer-
ical effects of these problems can be mitigated by processing the polynomials
before computations are performed on them. The preprocessing operations
are described in Section 5, and Example 3.1 is reproduced with the inclusion
of the preprocessing operations. It is shown that significantly improved re-
sults are obtained when the polynomials are processed before computations
are performed on their Sylvester matrices and subresultant matrices.

4 Entries of the variants of the Sylvester matrix and its subresul-
tant matrices

It was shown in Section 3 that the GCD of f , g and h can be calculated from
the 3 x 3 block form and the three 2 x 3 block forms of their Sylvester matrix
and its subresultant matrices.

Consider the 3 x 3 block matrix Sy(f, g, h), which is defined in (22) and for
which the diagonal matrices D' and Q) have full rank for all values of k. It
follows that the degree ¢ of the GCD of f, g and h is equal to the rank loss of
the following four matrices, which are obtained from S’k( f .3, 71)

{Tk(fa ga il)a [)];bf‘k(fa ga iL)a Tk(fa ga E)Qka [)];bf‘k(fa ga }Al)Qk} . (38)
The entries of these four forms are now considered:

(1) The first form is T;(f, §, h) and the first block matrix in this matrix is,

~

from (26), T,,—r(f), the non-zero entries of which are
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A m . .
Qi iy , 11+19=0,....m
Z1722

(2) The second form is D *Ty(f, §, h) and the first block matrix in this matrix
is, from (24) and (26), D, T,—1(f), the non-zero entries of which are

~ m
iy iy (il,iQ)

( m+n—k )’
11+71,02+72

(3) The third form is T},( f. 4, )Qk and the first block matrix in this matrix
is, from (26) and (27), Ty—x(f)@n_r, the non-zero entries of which are

) m n—k . ) ) )
@u,m( )( _), i1+ =0,....m, J1+72=0,...,n—k.
i1, 12 J1sJ2

i1+i2:0,...,m, j1+j2:(),...,n—k:.

(4) The fourth form is D; 'Ty(f,§, h)Qx and the first block matrix in this
form is, from (24), (26) and (27), D;.} 1+ T—x(f)Qn—r, the non-zero en-
tries of which are

~ m n—Fk

iy iz (i1,i2) (j17j2)
( m+n—Fk ) ’
11+J1,02+72

The entries of the three variants of the 2 x 3 block subresultant matrices follow
identically, and the presence of potentially large trinomial terms may cause
numerical issues because the entries of the matrices may differ by many orders
of magnitude. It is shown in [3] that the form D; 'T%(f,§, h)Qy in (38) yields
the best results for the 3 x 3 block subresultant matrices because the ratio r
of the maximum trinomial term to the minimum trinomial term assumes its
minimum value from the set of four matrices (38), and similarly, this form also
yields the best results for the 2 x 3 block subresultant matrices. Although these
forms yield the best results, the ratio » may still be large, which may cause
numerical problems. These numerical problems are mitigated by processing
f g and h before computations are performed on their Sylvester matrices
and subresultant matrices. These preprocessing operations are considered in
Section 5.

i1+’i2:0,...,m, j1+j2:O,...,n—k.

5 Preprocessing operations

This section describes the operations that are implemented on f , g and h be-
fore computations are performed on their Sylvester matrices and subresultant
matrices. The preprocessing operations for univariate Bernstein basis polyno-
mials are considered in [1-3] and the examples in these references show that
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the inclusion of these preprocessing operations yields significantly improved
results because the rank deficiency of their Sylvester matrices and subresultant
matrices is clearly defined.

The three preprocessing operations are now considered.

Normalisation The coefficients of f, g and h are normalised by their geo-
metric means. This normalisation is performed for each subresultant matrix
because the entries of the kth subresultant matrix are functions of £ due
to the trinomial terms. The normalising constant depends on the Sylvester
matrix and its subresultant matrices considered, that is, the 2 x 3 block
matrices or the 3 x 3 block matrix.

Consider initially the 3 x 3 block matrix form. Since each of the three
polynomials appears in two blocks, the normalised polynomials are

N D

= — =, = = d h N
=e® *Taw ™ "Tam

where ,C’;k(f)A, Gi(§) and Gy (h) are the geometric means of the coefficients
of f,g and h respectively. The polynomial f appears in the block matrices
Ch—r(f) and C,_x(f), which are of dimensions

m-+n—=~k-+2 " n—=~k+2
2 2 ’

m+p—Fk+2 " p—k+2
2 2 ’

respectively, and thus the geometric mean of the coefficients of f in the 3x 3
block subresultant matrix is

and

o4 4 m+n—k
i1+i2=0 j1+j2=0 11+71,92+]2

ﬁ Ii:[k dil’i2 (21777@2) (f;]];) ) T_+C : (39)

— oL m+p—k
iF12=0 jit52=0 i 4j1,io+js

m+n—=~Lk+2\(n—k+2

()

C_<m+p—k+2><p—k—l—2>
2 2

19
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.C;k(f) = ( H Hk @in iz (11722) (Jl,Jz) «

where
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The formulae for G;(§) and Gi(h) are derived similarly.

Consider now the 2 x 3 block matrix forms of the Sylvester matrices and
their subresultant matrices. For example, the polynomial f occurs twice
in Sk( f . 3, ﬁ) and thus the geometric mean of its coefficients is given in
(39). The polynomials § and A occur in the block matrices C,_(§) and
C’m_k(ﬁ) respectively, and thus the geometric means of their coefficients
assume simpler forms.

The normalisation operation yields the polynomials

JE o f i - dil,ig
N AT
gk = = gA 3 bl1,22 1,427 Eil,iQ = 1321712 )
gk( i1+12=0 7 gk(Q)
Bk — ;Al z = _ éil,iQ

~ Cii 4o — <=
gk(h) 11+12=0 1712 “712’ e gk(h)

A parameter substitution The independent variables x and y are replaced
by the independent variables w; and wo,

T = 01w, and Yy = Oowo, (40)

where 0; and 6, are constants to be determined. It is shown in the sequel that
the optimal values of these constants are computed for each subresultant
matrix, that is, for each value of k. The criterion for the computation of
these optimal values is discussed after the third preprocessing operation is
considered.

Non-uniqueness of the GCD The GCD of two or more polynomials is de-
fined to within an arbitrary non-zero scalar multiplier, and thus

~ ~

GCD (f,§,h) ~ GCD (Mf,g,ph), X peR\{0},

where ~ denotes equivalence to within an arbitrary non-zero scalar multi-
plier. As with the constants 6; and 65, the optimal values of A and p are
calculated for each value of k.

These three preprocessing operations yield the polynomials
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)\fk(el’HQ;wl’WQ =A Z an 129“022< § ) X

i1+1i2=0 i, g

m—i1—i2
(1 — 91&]1 — 92W2) wl w2 y

(01,02,@1,@2 Z b21,12021012< n. ) X

i1+i9=0 11,122
(1 — 91&]1 — 92W2)n e

) )
phi(Br, O o, wa)=p 3, &, 22«9“9”< : >><

i1+i2=0 i1, 02

wl w27

1-91&]1—92&.}21) - ZQCLJ w
( i

The preprocessing operations introduce the constants 6y, 65, A and p, and their
optimal values must be computed for each value of k. The same criterion
is used for the 2 x 3 and 3 x 3 block forms of the Sylvester matrix and its
subresultant matrices, and it is therefore adequate to consider the computation
of the optimal values of the constants for the 3x3 block forms of these matrices.

The sets of non-zero entries in the six matrices in the 3 x 3 block matrix

Sk( M, Gy phi) (23) are

~ . pupi2[ m n—k
Dt T e M) Qi Pri (0, 01,05) = { Pan 00 05 (i) )

( m+n—Fk ) }’
i1+71,02+]j2

foriys +i5=0,...,m,and j1 +jo=0,...,n — k,

bn,lz‘g“e (21 12) (z;f)

( m+n—k ) }’
i1+J1,02+72

Dt i Tk (1) Qg = Pay. (61,02) = {

fori; +io=0,...,n,and j1 +jo =0,...,m — k,

. . phapi2f m k
DM—I—p k k()‘fk)Qp ki Psg ()\,6’1,92) = {‘Aa”’mel 0> (il,ig) (ﬁﬁ)

( m+p—k ) }’
i1+71,02+]j2

fori; +io=0,...,m,and j; + jo=0,...,p — k,

i m—k
ik T (P) Qi = Pk (p, 01, 02) = {‘pcmz@ i <’1 ’2) (jmz)

( m—+p—k ) }’
i1+71,02+]j2

foriy +i5=0,...,p,and j;1 +jo =0,....,m — k,

21



G papgiz( P \(nk
D;ipfanfk(pkk)Qn,k : P5,k (p7 6, 92> _ { pch,zg‘zl iip(uk,m))(]mz) } ’

i1+71,02+72

fori; +io=0,...,p,and j;1 +jo =0,...,n — k, and

b, i,0002( 7 ) (P
Doty Ty k(G1)Qp = Pos (61,65) = { il (11 i&lf);ﬁ’m) }7

i1+71,12+]j2

fori; +io,=0,...,n,and j; + 72 =0,...,p — k.

The constants A, p, #; and 0y are chosen such that the ratio of the maximum
entry to the minimum entry of the kth subresultant matrix is minimised,

(Aks prey 011, 02;) = arg min
)‘7p7017€2

{ max {max{Py (A, b1, 6>)}, max{Ps;(01,02)},

min {min{P; (A, 61, 602) }, min{ P, 1. (01,62)},
max{Ps (N, 01, 02)}, max{Pyx(p, 61, 62)},
min{Ps (A, 61, 02) }, min{ Py (p, 01,062)},
max{Ps x(p, 01,6>) }, max{Pe (61, 02) } } }
min{Ps x(p, 01, 02) }, min{Ps x(01,62)}} |’

for k =1,...,min(m,n, p). This minimisation problem is reduced to a linear
programming problem, which must be solved for each subresultant matrix,
that is, for each value of k, as shown in [12] for the two-polynomial GCD
problem. In particular, the minimisation problem for each value of k follows
identically from this problem,

min 27z subject to Ax > b,

because the vectors z,x and b, and the matrix A, are formed in the same
way, but they are larger. The entries of z are —1,1 and 0, the entries of A
are integers and the entries of z include the logarithms of the magnitudes of
Ak Pk 91,k and ‘92,k-

The preprocessed polynomials A fi (w1, ws), Ge(wr,ws) and pphs(wr,ws) are
therefore given by

22



m
)\kfk(wlaw2 Z azl,zze?ke?k(Z »)X

11+ZQ 0 722
(1 — O g1 — g o)™ 2wt wi?, (41)
n
Zl 12
Gk wlvw? Z bn,lz 1,k 2k< ~>X
i14i2=0 11,19
n— Z Z
(1 — 01 g1 — Og pwn)" 2wl wl? (42)
- 3 7
pkhk(wlaWZ) = Pk Z Cz‘l,izef,k@fk X
i1+i2=0 b2
(1 — 917]6(,01 — 927kw2)p711722w11w52. (43)

These polynomials are expressed in a basis that is similar to, but distinct from,
the basis defined by the functions (2). This basis is, for a bivariate polynomial
of total degree m,

(z mz )(1 — awy — Buwg) ™R ihW+i=0,....,m, (44)
1,72

where o and ( are constants. The coefficients of the polynomials (41), (42)
and (43) define the entries of the Sylvester matrices and their subresultant
matrices for the factorisation of \ f1 (w1, ws), §1(wr,ws) and p1h1 (w1, ws). It is
shown in Section 8 that the preprocessing operations yield matrices whose
rank is clearly defined, and in particular, more clearly defined than in the
subresultant matrices whose entries are the coefficients of polynomials that
have not been preprocessed.

6 The coefficients of the coprime polynomials and an AGCD

This section considers the computation of the coefficients of an AGCD and
the coprime polynomials of Alfl (w1, wa), G1(w1, ws) and py hy (w1, ws) when their
coefficients are perturbed by random noise. The method used for this com-
putation requires that the degree t of the AGCD be known because the co-
efficients are computed from the subresultant matrices St()\t ft, Jr, ptht)
St()\tft,gt,ptht) or the other 2 x 3 block matrices. It follows from (41), (42)
and (43) that these subresultant matrices are for polynomials expressed in
the basis (44). The value of ¢t is computed using Theorem 3.1, and the details
follow from this computation for two univariate Bernstein polynomials [1] and
three univariate Bernstein polynomials [3].

The subresultant matrices St()\t i, dr, pJLt) and gt()\t i, i, ptﬁt) have unit loss
of rank in the absence of noise, and thus from (21) and (31) in the presence
of noise
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gto\tﬁtaﬁta pthtbzt ~0 and St<)‘tf;€agta pt;.lt)fct ~ 0,

where X; and x; contain the coefficients of the coprime polynomials. The co-
efficient matrices in these approximate homogeneous equations have approxi-
mate unit loss of rank, and there therefore exists a column ¢, a indexed by ¢,
of St()\tft,gt, ptht) and a column ¢;,, indexed by r, of St()\tft,gt,ptht) that
almost lie in the spaces spanned by the remaining columns of these matrices.
If At()\t ft, gt, ptht) is the matrix formed by the removal of the column ¢,

from St()\t ft, Jt, ptht) and At(At ft, Jt, ptht) and ¢, are defined similarly with
respect to St()\tft,gt, ptht) then

Av\fos G, prhe)Xeg = €0 and A(Nefes oy pihe) ke 2 €4y, (45)

where x; , and X, are computed by the method of least squares. Each vector
yields an estimate of an AGCD of perturbed forms of the polynomials defined
n (41), (42) and (43). The vector X; is obtained by the insertion of —1 in the
gth position of x;,, and X; is obtained in an identical manner from %, ,.

The least squares solutions of (45) yield two estimates of the coprime polyno-
mials, (’at(wla w?)a 17,5((,01, w2)7 wt(wla WQ)) and (ﬂz(wla w?)a @t(wla 802)7 'UAJt((Ul, WQ))’
and they allow two estimates of the AGCD, dy(w1,ws), and d;(wy,ws), to be
computed,

)\tf;t<wlaw2) ~ Czt(w17w2)71t(w1,w2)a
Gt (w1, ws) & di(w, wa) 0 (W, wa),

pt.ht(whWZ) ~ (zt(wla‘UQ)wt(wlan),

and

Atﬁ(wl,w) ~ Czt(wl,wz)ﬂt(wl,m),
gt(w17w2) ~ dt(&]l,wQ)'ﬁt(wl,WQ),

pt}it(w17w2) ~ Czt(wlaw2)wt<wlaw2)-

These approximate equations are written in matrix form and solved in the
least squares sense,

C () P C (uy) Aef
C (1) c~lt ~ g, and C (0y) élt ~ g |
C (wy) pihy C (i) pihy
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where C'(s) is the convolution matrix whose entries are the coefficients of the
bivariate polynomial s(w;,ws) that is expressed in the basis (44). This method
is used for the computation of the coefficients of the coprime polynomials and
AGCD from the other 2 x 3 block matrix forms of the Sylvester matrix and its
subresultant matrices, but the order in which the coefficients of the coprime
polynomials are stored in X; is different, as shown for Variants 2 and 3 in (32)
and (33) respectively.

7 Complexity

The non-zero blocks in the Sylvester matrices and subresultant matrices in-
clude Teeplitz matrices, but this Teeplitz structure is not preserved in the
blocks. It follows that efficient algorithms that exploit this Toeplitz structure
cannot be employed and generic algorithms must therefore be used. This cause
of algorithmic complexity does not occur when power basis polynomials are
considered because the Sylvester matrix and subresultant matrices of three
power basis polynomials are formed by blocks of Toeplitz matrices, which al-
lows efficient algorithms to be used.

All the Sylvester matrices and subresultant matrices considered in this pa-
per are large, even for polynomials of moderate degrees, because their sizes
are defined by binomial terms. Consideration of this point and the absence
of a simple structure of the matrices, as discussed above, implies that the
complexity of the algorithms discussed in this paper is high.

8 Examples

This section contains three examples that illustrate the theory of the previous
sections.

Example 8.1 Consider the Bernstein forms of the exact polynomials f(x, )
and ¢(x,y), whose factorisations are

~>

(z,y) = (x + 0.56) (2 + y* + 0.51)*(x +y + 1.12)*(z + y + 0.0124)°,
g(x,y) = (x +0.56)(z* + y* + 0.51)*(z + y + 1.12)%*(x + y + 0.4512)%,

and whose GCD d,(z, y) is of degree t = 8,
dy(x,y) = (x4 0.56) (x> + y* + 0.51)%(x + y + 1.12)°.
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Noise was added to the coefficients of f(z,y) and §(z,y) such that the coeffi-
cients of the inexact polynomials f(z,y) and g(x,y) were

@iy ip = Uiy iy T iy o €FT fiv o and bj17j2 = bjl,j2 + bjlyj2€grg,j1,j27

where {rs; ., } and {r,;, ;,} are uniformly distributed random variables in the
interval [—1,1] and ¢; = ¢, = 1071.

Figure 3 shows that the coefficients of f(z,y) span approximately 9 orders
of magnitude, but the coefficients of the preprocessed polynomial \; f; (w1, ws)
span 5 orders of magnitude. The coefficients of g(z,y) and §;(w;,ws) span
approximately 4 orders of magnitude, and the coefficients of §;(wq,ws) are of
the same order of magnitude as the coefficients of \; fl (w1, ws).

3 T

2 ~ (i) iy iy —

~
NS
~ N '
AN i - S
N oS s [N
1 = [N I e 1 R |
~ 1 S LN 1
[ ! [ 1
/ - | L
———d 38 |
= ’/ ..
’ ' |
! 1

logyy abs. coefficient
I
1

i) \ya,. . 0102 (iv) Bu,izai“g;}
1%41,i, Y1 V2

8 L I I I I I I I I I
10 20 30 40 50 60 70 80 90 100 110 120

Fig. 3. The coefficients of (i) the unprocessed polynomial f (z,y), (ii) the unpro-
cessed polynomial g(z,y), (iii) the preprocessed polynomial \; fi(wi,ws) and (iv)
the preprocessed polynomial §; (w1, ws), in Example 8.1.

The singular values of the subresultant matrices of the unprocessed and pre-
processed polynomials are plotted in Figure 4. There does not exist a clear
separation between the numerically zero and non-zero singular values of the
subresultant matrices of the unprocessed polynomials, but this separation of
the zero and non-zero singular values is clearly defined for the subresultant
matrices of the preprocessed polynomials.

The calculation of the coprime polynomials and AGCD requires that the vari-
ables (w1, ws) be transformed to the variables (z,y), using the optimal values
0 = 61, and § = 6y, in (40). The errors in the coefficients of the coprime
polynomials and AGCD are shown in Table 1. These coefficients were not
computed from the unprocessed polynomials because the degree of an AGCD
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Fig. 4. The singular values {o};} of (i) Sk(f,g) and (ii) Sk (M fr» ) in Example
8.1.

was not defined.

Error 4 (x,y) || 9.00e-10

Error o(z,y) || 7.41e-10

Error dy(z,y) | 3.09e-10

Table 1
Errors in the coprime polynomials 4 (x,y) and o(x,y), and AGCD cit(x,y), in
Example 8.1.

A reduction in the level of noise such that e; = ¢, = 107 yielded a significant
improvement in the solution because the errors in i (,y), 0, (2, y) and d;(x, y)
without preprocessing and with preprocessing were, respectively, 107? and
107!, The errors in the unprocessed polynomials could be computed because

the reduction in the noise level was such that the degree of an AGCD was
clearly defined. O

Example 8.2 The 3 x 3 block matrix Sk()\kfk, Jr, pkhk) and three 2 x 3
block matrices Sk<)\kfkagkapkhk> Sk(gka )\kfka pkhk) and Sk(pkhkygka )\kfk) of
the polynomials in Example 3.1, after preprocessing, were formed and their
singular value decomposition computed. The singular values are shown in Fig-
ure 5 and it is seen that the correct result, t = 4, is achieved by the four sets of
matrices. These results are significantly better than the results of Example 3.1,
and furthermore, the quality of the result is independent of the form of matrix
structure (the 3 x 3 block form and the 2 x 3 block forms) of the Sylvester
matrix and its subresultant matrices that is used for the computation. O

Example 8.3 Consider the Bernstein forms of the exact polynomials f (z,y),
g(x,y) and h(x,y), which are of degrees m = 17,n = 11 and p = 10 respec-
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Fig. 5. The singular values {Uk,i} Of (1) Sk(Akfk,gk,pkhk), (ii) Sk(gk,Akfk,pkhk),
(iii) Sk(pkhk,gk, )\kfk) and (iV) Sk()\kfk,gk,pkhk) in Example 8.2.

tively, and whose factorisations are

x + 2.21657951321) (2% + y* + 0.5679814324687)% x
T+ y + 42.46578784351654)%(z + y + 0.0124)° x
x — 0.554687987932164654)%,

(@,y) = (
(
(
z,y) = (z + 2.21657951321)(z* + y* + 0.5679814324687)* x
(
z,y) = (
(

)

x +y + 42.46578784351654)%(x + y + 0.4512)%,
x + 2.21657951321)(2” + y* + 0.5679814324687)* x
x4y + 42.46578784351654)% (1227 + y* — 52.34).

f
9
iz, y)

Their GCD dy(z,y) is of degree t = 8,
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Error 4(x,y) || 5.89-04
Error 04(x,y) || 6.05e-04
Error w(z,y) || 4.34e-04
Error dy(z,y) || 5.72¢-04

Table 2

Errors in the coprime polynomials @ (x, y), 0¢(z,y) and w(z, y), and AGCD cft(ac, Y),
where {€f, o}, {€g,j1.j»} and {€n, 1,} are uniformly distributed random variables
in the interval [107¢,107%], in Example 8.3.

dy(x,y) = (x +2.21657951321) (22 4 y* + 0.5679814324687)% x
(z + 1y + 42.46578784351654)°.

Noise was added to the coefficients of f(z,y),g(z,y) and h(x,y) such that
the coefficients of the noisy polynomials f(x,y),g(z,y) and h(zx,y) are given
by (37) where {7t o}y {rg1..} and {rn, 1, } are uniformly distributed ran-
dom variables in the interval [—1,1], and {€f;, iy}, {€5.51.5.} and {ens, 1, } are
uniformly distributed random variables in the interval [107¢,107%].

The singular values of the matrices Sk(f,g,h), k = 1,...,min(m,n,p), are
plotted in Figure 6(i), and it is seen that the degree of an AGCD cannot be
computed from these values because there does not exist a clear separation
between the numerically zero and non-zero singular values. Figure 6(ii) shows,
however, that the degree of an AGCD can be computed from the singular
values of the subresultant matrices formed from the preprocessed polynomi-
als Sk(kk fk, Gk, pkhk) because the largest value of £ for which a subresultant
matrix is numerically rank deficient occurs for k = 8.
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: t=28
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0 2 4 k 6 8 10 0 2 4 k 6 8 10
(i) Sk(f 9, h) (i) Sk(Aefr> G prh)

Fig. 6. The singular values {oy;} of (i) gk(f,g, h), and (ii) S’k()\kfk,gk,pkﬁk) in
Example 8.3.

Figure 6(i) shows that the degree t of an AGCD cannot be computed from
the unprocessed polynomials f(x,y),g(z,y) and h(z,y), and thus the coef-
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Polynomial | Without preprocessing | With preprocessing
Uz, y) 1.68e-04 5.38e-06
¢z, y) 1.48e-04 5.58e-06
we(z,y) 1.27e-04 3.99e-06
I(z,y) 1.58¢-04 5.21e-06

Table 3

Errors in the coprime polynomials @ (x, y), 0 (x, y) and @ (x, y), and AGCD d}(m, Y),
where {€;, ir}:{€g,1,2} and {eny, 1,} are uniformly distributed random variables
in the interval [10~%,1076], in Example 8.3.

ficients of the coprime polynomials and AGCD cannot be computed. Figure
6(ii) shows, however, that the value of ¢ is clearly defined when the polynomi-
als are preprocessed, and thus the coprime polynomials @, (z,y), v,(z,y) and
wy(x,y), and AGCD th(a:, y), can be computed. The clear distinction between
the rank deficient subresultant matrices and full rank subresultant matrices
in Figure 6(ii) was also obtained when the other 2 x 3 block matrix forms,
and the 3 x 3 block matrix form, were used. The errors in the coprime poly-
nomials and AGCD are shown in Table 2 and it is seen that they lie in the
interval [107%,107*] of the random variables {€;;, i, }, {€g.1.o} and {€ns 1},
from which it follows that the computed solution is acceptable.

The noise level was reduced such that €7, i,, €.5,.5, and €5, 1, Were uniformly
distributed random variables in the interval [1078,1075]. An AGCD of degree
t = 8 could be computed for this noise level for the unprocessed and prepro-
cessed polynomials, and the errors in the computed coefficients of the coprime
polynomials and AGCD are shown in Table 3. Comparison with the errors in
Table 2 shows that a reduction in the noise level by two orders of magnitude
caused a similar decrease in the errors. Furthermore, the computed solution
is acceptable because the errors lie in the interval [107%,107%] of the random

variables {€7, ., }, {€g.1.5o+ and {en, 1, }-

The method of structured non-linear total least norm (SNTLN) [10] is used
in [2] for the computation of a structured low rank approximation of the
Sylvester matrix of two univariate Bernstein polynomials. This low rank ap-
proximation allows accurate results of the coprime polynomials and AGCD to
be obtained, and they are more accurate than the results in Tables 2 and 3,
which are obtained by the method of least squares. The results obtained by
the method of least squares show, however, that processing the polynomials
before computations are performed on them yields significantly improved re-
sults. The application of the method of SNTLN to the Sylvester matrix and
its subresultant matrices of three bivariate Bernstein polynomials requires,
however, significantly more work than is required for the Sylvester matrix and
subresultant matrices of univariate Bernstein polynomials. U
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9 Summary

This paper has considered the computation of the degree and coefficients of
an AGCD of three bivariate Bernstein polynomials defined in a triangular
domain. The Sylvester matrix and its subresultant matrices were defined for
these polynomials and it was shown that these matrices are not unique. In
particular, there are three forms of these matrices when the polynomials are
considered pairwise, and each of these matrices yields a block matrix of order
2 x 3. The three polynomials can also be considered simultaneously, which
yields a block matrix of order 3 x 3.

It was shown that the computation of the degree of an AGCD of poorly
scaled polynomials may return unsatisfactory results. The problems that arise
from this poor scaling were addressed by processing the polynomials by three
operations before computations are performed on them. Examples showed the
improved results that are obtained when these preprocessing operations are
implemented, but the operations increase the computational complexity of the
method because it is necessary to solve a linear programming problem for each
subresultant matrix.
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