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Interpolation on Real Algebraic Curves to Polynomial Data

Len Bos? - Indy Lagu®

Abstract

We discuss a polynomial interpolation problem where the data are of the form of a set of algebraic
curves in R? on each of which is prescribed a polynomial. The object is then to construct a global
bivariate polynomial that agrees with the given polynomials when restricted to the corresponding
curves.

2000 AMS subject classification: 41A10.
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1 Interpolation on Lines

We first discuss the simplest case — that of interpolation on lines. This, and also a more general Hermite case, was first
described in Hakopian and Shakian [9] (in the general setting of R?). Later de Boor, Dyn and Ron [4] gave a considerably
simplified exposition. However, we prefer to place the problem in the proper context of projective space as this is also a
simplifying concept in the curve case.

Let T be a set of n + 2 different lines in R2. For each y € I' we assume that we are given a polynomial P, of degree at
most n. The problem is to find a global bivariate polynomial P, deg(P) < n, such that

P, =P, VyerT. (€Y

Now, if two (or more) lines intersect at a point u € R? then there are necessarily consistency conditions imposed. First of
all,
P(w)=P,(u), Vy,ye€lstueyny’ (2)

But more is true. The interpolation condition P|, = P, implies that all the directional derivatives of P along y are determined.

Consequently, for example, any two lines intersecting at u € R? determine the gradient of P at u and the directional derivative
along any other line passing through u must be consistent with this gradient (see Figure 1).
In order to make this more precise, we first introduce some notation. For u € R?, let

I,:={yel:uey}l
For a direction vector v € R? we let

Dif(u) = {d—jf(u+tv)}
v ’ dt’

t=0
be the jth directional derivative of f, in the direction v, at the point u. Of course

D,f(w)=vf(u)-v

jl!pif(u) -3 (Di !(”) ) e ®)

lal=j

and, more generally, we may write

where we have used standard multinomial notation (including for the partial derivative D“f). The vector [D*f (u)],y<x
ordered in some degree-consistent manner is known as the k-jet of f at the point u.
By an abuse of notation we will write
D, f(u)

to denote the directional derivative of f at u in the direction of the line y. Normally the choice of the orientation of the
direction vector of a line, nor its length, will not matter, as long as it is done consistently.
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Figure 1: Two lines determine the gradient; the others must be consistent with them

Lemma 1. Let k := #T, > 1 and suppose that there exists f € C*~}(R?) such that
D/f(w)=DIP(u), 0<j<k-1,Vyerl,. 4)

Then this information uniquely determines the (k —1)-jet of f at u.
Proof. If k = 1 there is nothing to do so we may assume that k > 2. We must show that the conditions (4) determine the
(k;’l) entries in the (k — 1)—jet of f at u € R?, i.e., of the vector

[D*f ()] jg<k € R(kgl),

|:D0‘f(u)i| c ]R(k-;l) (5)
|al<k

or, equivalently, of the vector

al
Now, the right side of equation (3) for directional derivatives may be interpreted in matrix-vector form as the row vector
j,0 i—1,1 j—2,2 0,j i+1
[Va]lalzj = [V(J )’v(l )’V(J )’ . ..,v( J)] e R

times the column vector 1 6o
1 pG.o f (w)

jtor
1 (—-1,1)
PV (W)
[Daf(u)} _ (=1t ' -
!
& =g -
DO f @)
Thus for j + 1 directions vy, vy,...,Vv; € R? we have the square linear system
A SR S
J J, -1, j=2, J
1 Dvlf(u) 12 v vy R & D*f (u)
= . = . . ' . 6)
J? . . . al lal=j
. : L, . 0
Dijf(u) v](J 0) V](_J L1) v}() 22 v} J)
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%]I - given the data of directional derivatives on the left. In fact,
r dja=j

this follows easily from the fact that the homogeneous Vandermonde matrix

We claim that (6) determines the partial derivatives [

GO G-1LD  _(-22) ©.)7

o n Gen L

J5 J—1, J—4, 5]

Yy Yy 161 N 41
v=| -

GO G-11) (=22 . (0

Vi Vi Vi Vi

is non-singular for distinct directions vy, v;,...v; € R2. To see this, first write the directions in coordinates as v; = (x;, y;) so
that V becomes

j,0 j=1_1 =22 0,,J]
YoYo  Xo Yo Yo Yo XoYg
J 5,0 J— 1 J— 2 0,,]
RSB AT S TN ST R A1 X101
V= . .
Jy,0 1.1 j=2_2 0,,J
GYp XYy XY X i |

It is easily seen that
det(v) = l_[(xsyl - xt.ys)'
s<t
These calculations are valid as long as the number of directions used, j + 1 < k, the total number of directions available, i.e.,
forj<k—1. 1

We will keep track of this derivative information by means of a finite Taylor series, i.e., a polynomial with precisely those
derivative values at u.
Definition 1. (Affine Consistency, first version) If k = #T,, > 2 lines intersect at the point u € R? we say that the data are
consistent at u if there exists a bivariate polynomial G,, of degree at most k —2 such that for all y €T, P, — G, has a zero of
order k —1 at u along 7.

There is a simple test for Affine Consistency. Let R := P, — G,,. Then, we are asking that the bivariate polynomial R, when
restricted to the line y, have a zero of order k — 1 at a point u = (x,, y,) € R, say. But a bivariate polynomial restricted to a
line is a univariate polynomial. Specifically, suppose that we parameterize the line y : a,x + b,y +c, =0 by

(x:.y): t(b)/’_ay)+(XO’yO)' (7)

Then the restriction of R to y becomes
r(t) :=R(tb, + xo,—ta, + ¥,).

That this has a zero of order k — 1 at (x,, y,) is equivalent to r(t) having a zero of order k—1 at t =0, i.e.,

r(t) =t""q(t) 8)

for some polynomial g(t).
However, we may calculate, for (x,y) €7,

x oy 1 X=X Y=Yo O
a b, ¢| = a, ¥ ¢,| (subtracting 3rd row from 1st)
Xo Yo 1 Xo Yo 1
tb, —ta, O
= |a b, ¢,
Xo Yo 1
b, —a, 0
= tla, b, ¢
xXo Yo 1

_ 2,12 .2
= t(ay+by+cr)

as an easy calculation shows. In particular, we have

1 x y 1
t=——|a b C
2 2, 2|7 y
ay+by+cy X0 Yo 1
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and the condition (8) may be expressed as

k-1
x y 1
r(t)=|a, b, ¢| q(t)
X0 Yo 1

(for (x,y) €y given by (7)).

Hence we may reformulate our definition as
Definition 2. (Affine Consistency, second version) If k = #T,, > 2 lines intersect at the point u = (x,, ,) € R? we say that
the data are consistent at u if there exists a bivariate polynomial G, (of degree at most k — 2) such that for all y € T, there
exists a polynomial Q,(x, y) such that

oy 1 k—1
Py(X;J’)_Gu(x;}'): a)/ b)/ CY QY(X,.)’)
Xo Yo 1
for all (x, y) € y. Oy, in other words,
k-1
x y 1
P(x,y)=G,(x,y)—|a, b, c¢| Q,(x,y)e(y),
Xo Yo 1

with (y) the ideal generated by 7.

Remark. This condition for consistency depends only on the partial derivatives of G, at u up to order k — 2. Hence one may
use any other polynomial G/ say, provided G, and G, have the same (k —2)-jet at u. In other words, there is not really a
constraint on the degree of G,; we include it only because degree k — 2 is the minimal necessary and most efficient to use in
practice.

One problem remains — some of the lines in I could be parallel and intersect at “infinity". The natural setting for this is
projective space, RP? and we introduce the following notation.
We will use standard homogeneous coordinates for

RP? := {[x : Yo : 20] : Xo,Y0,%0 € R}
(with x2+y2+22 #0and [tx,: ty,: t2] =[x, : Yo : %] for all t € R). The points [x : y : 1] € RP? correspond to R* while
the points [x : ¥ : 0] € RP? form the line at infinity.
If the affine line y has equation
v ={(x1,x,) €R* : a,x; + b, x, +c, =0}
we will let
¥ ={[x1,x5,2] € RP* : a,x; + b, x, + ¢,z =0}
denote its projectivization. It is easy to verify that two affine lines are parallel if and only if their projectivizations intersect at

a point at infinity.
For a polynomial of degree at most n,

P(x)= Z a.x%,

lal<n

we will let
P(x,2):= Z amx‘)‘z"_“"I
|al<n

denote the homogenization (of degree n) of P. We emphasize here that the homogenization depends on the degree n used.
For example the homogenization of P(x,y) = 1+ x + y considered as a polynomial of degree 1 is P(x,y,z) =z +x +y
whereas when it is considered as a polynomial of degree 3, then P(x, y,z) = 2° + x2z* + yz°. In general two homogenizations
of different degrees will differ only by a compensating power of z. However, to avoid confusion, the homogenization degrees
of the data polynomials P, will always be assumed to be n (the parameter of the interpolation problem).

As before, for u € RP?, we let
I,:={yel:uey}l
The extension of consistency, Definition 1, is straightforward.
Definition 3. (Projective Consistency) If k := #T,, > 2 lines intersect at the point u = [x, : ¥, : 2,] € RP? we say that the
data are consistent at u if there exists a homogeneous polynomial G,, of degree n, such that for all y € T, there exists a
homogeneous polynomial ay(x, ¥,2) such that

k—
~ ~ x oy = 1~
PY(X,y,Z)_Gu(X,y,Z): a}’ bY CY QY(X,}’;Z)
Xo Yo 2o
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for all [x : y : 2] €¥. Or, in other words,

k—
~ ~ Xy = 1~
Py(x:yiz)_Gu(x:y:Z)_ a)/ b)’ CY QY(X,}’,Z) € (?);
Xo Yo 2o

the ideal generated by ¥.

Remark. Clearly this definition is independent of the particular chart for RP? that might be used to check for consistency.
The points at infinity are of the form [x; : y, : 0] with x + yZ # 0. Hence x, and y, are not both zero and it follows that
every point of infinity is in one of the allowable charts U, := {[1: y : 2]} or U, := {[x : 1 : z]}. If we pass to such an
allowable chart then the condition of projective consistency reduces to that of affine consistency, i.e., for all y €T, P, — G,

has a zero of order k — 1 at u along y (in that chart). From now on by consistent we will mean projectively consistent.
Example 1. Consider the data

Y1 : X—y+1=0, P, =12+426x—4y+5x*—2xy+y>

Y2 @ Xx—y+0=0, P, ,=1-x+5y+x*+2xy+y>

Ys : x—y—1=0, P, =4x—9x>+8xy+5y>

Here k = 3 and we take n = 2.

It is easy to check that

U=y Ny,Ny;=[1:1:0],

a point at infinity, reflecting the fact that the three lines are parallel. To check for consistency we have a choice. We may
work with homogeneous polynomials as in the Definition 1.4, or else we may restrict to a chart and do our calculations there.

Let us first do our calculations in the chart U, := {[x : 1:2]}.

Take 6u(x,y,z) =14y2? —10xy +4yz so that (by an abuse of notation) G,(x,z) = éu(x, 1,2) = 14— 10x + 4z (in the
chart U,).

y

Y1+
Equation: x—y+1=0
Homogenized: x —y +2=0
Restrictedto U, : x—1+2=0
Homogenization of P, : P, (x,y,z) = 1222 + 26xz — 4yz + 5x> — 2xy + y*
Restricted to U, : P;(x,2) = 122% + 26xz — 4z + 5x* — 2x + 1
X Yy z x 1 =
Determinantal Factor: |a, b, ¢ |=[1 -1 1|=(1—-x+2z)
Xo Yo 2o 1 1 O
Test:

Pi(x,2)—G,(x,2) = (122%+26xz—4z+15x%—2x +1)— (14 —10x + 4z)
= (1—-x+222(-1)+(12+6x+16z)(x +z2—1)
= (1-x+22)*-1) (ony,)

X y z 2
= la, b, ¢ (1) (ony,)
Xo Yo 2o
Y2

Equation: x—y =0

Homogenized: x —y =0

Restricted to U, : x —1=0

Homogenization of P, : I/Z(x,y,z) =22 —xz+5yz+x*+6xy+y?
Restricted to U, : Py(x,2) =2* —xz + 5z + x> + 2x + 1

x y z| |x 1 =z

Determinantal Factor: |a, b, ¢,|=|1 -1 0j=-2z

Xo Yo %o 1 1 O
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Test:

PZ(X:Z)_GH(X’Z)
= 224+ (x’—xz+2+12x—13)

= (—22:)22 +(x—1D(x—2+13)

1
= (—22)22 (ony,)

2

x y z|4q
= |a, b, ¢ pl (ony,)
Xo Yo %o

Y3:

Equation: x—y—1=0

Homogenized: x—y —z =0

Restricted to U, : x —1—2=0

Homogenization of P, : P,_(x,y,z) = 4xz —9x + 8xy + 5>

Restricted to U, : P3(x,2) = 4xz —9x*> +8x +5
X Yy = x 1 b4

Determinantal Factor: |a, b, ¢, |=[1 -1 —1/=x+2z—-1
Xo Yo %o 1 1 0

Test:

Py(x,2)—G,(x,2) (4xz —9x%*+8x +5)— (14— 10x + 4z2)

= 4xz2—9x2+18x—9—4z

5 , 4
= —§(x+2z—1) —§(x—1—z)(19x+52—19)

5 2
= —§(x +22—1)* (onvy,)

2

x y z 5
= |o, b, ¢ (_6) (ony3)
Xo Yo 2o

It follows that the data on these three lines are (projectively) consistent at u.

(22 —xz+2z+x%+2x+1)— (14— 10x + 42)

Secondly, for comparison’s sake, let us verify consistency for the first line v, by working directly with the homogeneous

polynomials. As before G,(x,y,z) = 14y>—10xy + 4yz.
Y1t
Equation: x—y+1=0
Homogenized: x—y +z=0
Homogenization of P, : P, (x,y,z) = 122* + 26xz —4yz + 5x*> —2xy + y>

x y z
Determinantal Factor: |a, b, c,|=(—x+y+2z)
Xo Yo 2o
Test:
. = _ 2 2 2
P, (x,y,2)=G,(x,y,2) = (122°+26xz—4yz+15x"—2xy +y*)

—(14y*>—10xy +4y2)
(—x +y +22)*(-1)

+(12y% +6xy +16y2)(x —y +2)
= (~x+y+22)*(-1) (ony;)

2
X ¥y z

Y Cy (_1) (01’1}7‘1)
Xo Yo %o

I
Q

The calculations for the other lines are similar. Il
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Example 2. Consider the family of parallel lines given by y; : y —i = 0, 0 < i < k — 1, with polynomial data

n
P.(x):= Z a?)xj . The following Lemma shows that consistency at infinity is perhaps more complicated than one may

j=0
have thought.

Lemma 2. The above data are (projectively) consistent iff there are k — 1 univariate polynomials g, of degree at most r,

0 <r < k—2, such that '
aV =q, (i), 0<r<k—2and0<i<k-L1.

Proof. The homogenization of v, is :(x, y,2) = y —iz. Clearly these lines intersect at u := [1: 0 : 0] € RP2.
Suppose first that the data are consistent, i.e., there exists a homogeneous polynomial G,(x, y,z) such that for each line

y there is a polynomial Q,(x, y) such that

k—
~ ~ x oy = 1~
PY(X,y,Z)_Gu(X,y,Z): a}’ b)/ CY QY(X,}’;Z)
Xo Yo 2o

for all [x : y : 2] € ¥. We will work in the chart U, := {[1: y : 2]}. Then, for y;, we have

X y = 1 y =
a b, ¢|=0 1 —il=—g—iy=—(z+1iy).
Xo Yo %o 1 0 O
But, on 7;, y =iz and hence
x y z
a, b, c¢|=—1+i%z i=0,....,k—1.
Xo Yo %o

It follows that . _ _
P, (1,iz,2) — G,(1,iz,2) = zk_lQYi(l, i%,2)

for some polynomials an' In particular,
d- . — . - — .
Fr {PYi(l’lZ’Z)Hz:o =1 {Gu(l,lz,z)}‘zzo

forr=0,1,...,(k—2).

But,
n
P (x,y,2)= Z a](‘)xfz"‘f
=0
so that
n n
D . _ @) n—j _ @ j
P, (1,iz,z) = a7z =) a, 7.
=0 =0

Hence, in other words, we have

r

) a — .
r!aflllr = dz" {Gu(l,lZ,Z)}L:O

forr=0,1,...,(k—2).
But we may write G, (x, y,2) = Z g, X’y 2" for some coefficients g;,, and hence

s+t<n

GNH(17 iZ’Z) = Z gstitznis

s+t<n

= ZZ“(ngtif)
s=0 t=0
n S

- 3 (Set
s=0 t=0

= D 7q)
s=0

where the last equation defines the polynomials g, (of degree at most s).
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It follows that &

dz"

rlal?, = {5;(1,1’2,2)}‘ =rlq,(i)
z=0

forr=0,1,...,(k—2), as required.
Conversely, suppose that there are k — 1 univariate polynomials g, of degree at most s, 0 < r < k —2, such that

afflrzqr(i), 0<r<k—2and0<i<k-—1.

We need only construct the polynomial G,. But note that since the degree of g, is at most r < k — 2, the k values of
q,(i), 0 < i < k—1 determine g, and, in particular, all the coefficients of q,. It is easy to see then that the polynomial

G,(x,y)= Z g x°y" with g,_, . defined to be the coefficient of x* in q,(x), appropriately homogenized, has the
s+t<k—2
desired properties. W

Remark. Note that these consistency conditions for a point at infinity are on the coefficients af:l,, 0<r<k-—2,ie.,onthe
k —1 highest order coefficients. In contrast, consistency at a finite point (e.g. 0) are on the lower order coefficients. This
“inversion” is caused essentially by the fact that in the homogenization of a polynomial a degree j term is multiplied by 2™/,
i.e., there is an inversion in the degrees of the powers of z.

Example 2 Continued. Consider, for simplicity, k = 2. The conditions above become more explicitly:
Forr=0: as) = q,(i), for q, a polynomial of degree 0, i.e., a constant. In other words

a©® = ¢ = 4@
n n n

Forr=1: a£21 = q,(i) for g;(x) = Bx + A, some polynomial of degree at most 1. In other words affi)l =q,(0) =A4,

aV, = ¢,(1) =B +Aand a'®, = q,(2) = 2B +A. This is easily seen to be equivalent to the second difference condition

e
0 (1 @ _
a,y—2a,”;+a,-, =0.
The point of intersection is u =[1: 0 : 0] € RP?. Hence it is convenient to work in the chart U, := {[1: y : 2]} where u

is the finite point u = (y,z) = (0,0). The homogenized lines are ¥; = y —iz = 0 which in U, have the same equation and

direction vector (i, 1). The data polynomials homogenize to ﬁ}’i (x,y,2) = Z?:O aji)sz”_j which in U, become

n
IN’Yi(l, ¥,%) = Z aﬁi)z”_j.
=0
The consistency conditions in U, are then:
(a) Function value condition: P, (1,0,0) =P,, (1,0,0)= P,,(1,0,0),ie.,
a® =a =q?.
(b) First derivative condition: there exists a gradient (A, B) such that
DiinyP (L,Y,2)| ) 1y 00 = (A B) - {i,1), i=0,1,2.

In other words

P, _ _
= —(1,0,0)=Ai+B, i=0,1,2
0z
= a” =4i+B, i=0,1,2
— aflo_)l — 2afll_)l + aflz_)l =0,
as before.
Alternatively we may perform a projective change of coordinates

x /

y | =4
Z

/

/

8 < xR

with A € C**® that moves the point at infinity to a finite point where we may apply the usual consistency condtions.
Specifically take

n <
Il

= O O

o= O

O O

r <

Dolomites Research Notes on Approximation ISSN 2035-6803
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which has the effect of interchanging x and z.
In the new coordinates y; becomes y’ —ix’ = 0 which intersect at the finite point [0 : 0 : 1] € RP?. Moreover, the data
polynomials convert to

n
B.(x,y,2) =Y d @Y ()
j=0

Working in the chart 2’ = 1 we then have
n
B,y 1= 0 ().
j=0

The consistency conditions at (x’, y’) = (0, 0) then become:
(a) Function value condition: P, (0,0,1) =P, (0,0,1)=P,,(0,0,1), i.e.,

0) — ,(1) — 42
a-=a;-=a-=.

(b) First derivative condition: there exists a gradient (A, B) such that
for yo (ie. ' =0), Dy )P, (0,0,1) = (A,B) - (1,0), i.e., a'”, = 4;
for y; (ie. y'—x'=0), Dy P, (0,0,1) = (4,B) - (1,1), ie.,, a®, =A+B;
for y, (ie. y'—2x’' = 0), Djy1yP,,(0,0,1) = (4,B) - (1,2), i.e., a”, =A+2B.
Clearly these are exactly the same conditions as above, equivalent to

(0) @ @ _
a,’y—2a,”;+a,-, =0.

We would like to emphasize that, as this example shows, viewing projective space as a “whole”, the points at infinity are
really no different than any other point. W

We are now ready to state and prove the main theorem of this section.
Theorem 1.1. Suppose that T is a set of n + 2 different lines in R? and that to each line y € T is associated a (bivariate)
polynomial P, of degree at most n. Then there exists an interpolant of these data, (i.e., a polynomial P of degree at most n such
that (P — PY)|)/ =0 for all y € T), if and only if the data are consistent at all points of intersection of the lines.

Proof. Suppose first that there exists an interpolant P. Consider a point of intersection u € RP2. By passing to an
appropriate chart, or else by a projective change of coordinates, we may assume that u € R? is a finite point. Let, as before,
I, ={y el : uey}with k = k(u) := #I,. If k < 1 there is nothing to do so we may assume that k > 2. Clearly we may
take G, = T*2P, the Taylor polynomial of P of degree at most k — 2 based at u, showing that then the data are consistent.

Conversely, suppose that the data are consistent. We begin with a Lemma.

Lemma 3. Suppose that the data are consistent and that P is some (bivariate) polynomial of degree at most n. Then
(P— Py)|y =0 for all y €T, if and only P — G, has a zero of order k(u) — 1 at each point (of intersection).

Proof of Lemma. Suppose first that (P —Py)|y =0 for all y € T". Then for each u, the polynomial G, collects all the

derivative information determined by the lines intersecting at u. Since P and P, agree along v, (and the data are assumed
to be consistent) P must also share this derivative information, i.e., P and G, have the same Taylor polynomial of degree
k(u) — 2 (the degree of G,) based at u. In other words, P — G, has a zero of order k(u) —1 at u.

Conversely, suppose that P — G, has a zero of order k(u) — 1 at each point (of intersection). For y € T, let

— 2 . / _ /
X, :={ueRP*: Iy’ € such thatu=yNy'}
denote the set of intersection points on the line y. Foru € X,, (P, —G,)
and (P -G,)

follows that (P _PY)|7/ has a total of Z (k(u)—1) zeros (on 7). But each line in T'\{y} contributes exactly one point of
uex,

. has a zero of order k(u) — 1 at u by consistency

. has a zero there of order k(u) — 1 by assumption. Hence (P —PY)|Y also has a zero of order k(u) —1 at u. It

intersection to y so that

Dk - =#T\yH=#T—1=n+1.

uex,

It follows that the univariate polynomial of degree at most n, (P — PY)|Y , has n+ 1 zeros and must be identically zero.

Continuing with the proof of the converse, by the Lemma it is sufficient to construct a bivariate polynomial P of degree
at most n such that P — G, has a zero of order k(u) —1 at each point of intersection u, or, in other words, that P and G, have
the same Taylor polynomial of degree k(u) — 2 at u. But since G, is of degree at most k(u) — 2 this is equivalent to

TW=2p =G, Vu

Dolomites Research Notes on Approximation ISSN 2035-6803
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k(u)—2+2

k(W) .. .
5 = 9 linear conditions on P for a total of

Z (k(u))
k(u)=2 2

k(u
linear conditions. But Z ( ( )) is the number of intersections (including multiplicity) of pairs of k(u) lines. Since two
k(w)=>2

At each u this imposes (

k(w)
lines intersect at only one point, it follows that Z ( is the number of intersections of the n + 2 lines of T, i.e.,
k(u)>2

Z (k(u)) _ (n + 2)
k(u)=2 2 2

n+2\ . . n+2 . .
Hence we have 9 linear conditions on the 9 coefficients of P, a square linear system.

Consider the homogeneous system, i.e., when G, = 0 for all u. Let P be any solution. In this case consistency implies
that P, = 0 for all y € T and hence that P|, =0 for all y € I". Hence P (of degree at most n) has n + 2 linear factors and
must be zero.

Since the zero polynomial is the only solution of the homogeneous linear system the corresponding matrix is non-singular
and every such system has a unique solution. W

2 Interpolation on Algebraic Curves

Suppose that y(x, y) is a polynomial. Its zero set
Ve(r) :=={(x,y) €R* : y(x,y) = 0}

is an algebraic curve. For simplicity’s sake, we will typically speak of the curve y instead of the curve Vi (y). The interpolation
problem is as follows. Fix a degree n > 0. Let I' = {y} be a set of distinct algebraic curves in R* with d, := deg(y). We will
insist that no two of the curves y € I' have a common component, i.e., that the defining polynomials are pairwise relatively
prime (have no common factor). On each y we are given a (bivariate) polynomial P, of degree at most n. We look for a
global polynomial P, also of degree at most n, such that

(p—py)|y=o, Yy er. )

(In Proposition 2 below we will give a condition on n in terms of the deg(y) that guarantees uniqueness of such a P, if it
exists.)
The algebraic curve case presents us with a number of technical problems. First of all, for any polynomial y, y* defines

the exact same curve for any positive integer k. Or even worse, if y = v,7, can be factored, y’f yé define the same curve.

There would also be a redundancy if y; and y, had a common factor. We need to avoid these situations.
Definition 4. A polynomial y(x, y) is said to be square-free if it can be written

Y=Y1Y2 Vs
where the y; are mutually coprime, i.e., have no common (complex) factors.

There is also in several variables a problem of degeneracy. For example, for the polynomial y = x2 + y2, the associated
“Cul’Ve”

Ve(r) :=={(x,y) €R* : y(x,y) = 0} ={(0,0)},

a single point. In particular, if a polynomial P has the property of being zero on this particular “curve" Vx(y), it is not the
case that there is a factorization P = yQ for some quotient polynomial Q.
Here is a condition for such a factorization to exist.

Proposition 1. ([10, Thm. 4.3, p. 48]) Suppose that y is a square-free bivariate real polynomial such that

dimg (Ve (7)) = dimc(Ve(1))-
Then, if the polynomial P is zero on Vi (y), there exists a polynomial Q with deg(Q) = deg(P) — deg(y) such that

P =yQ.
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Remark. Here V.(y) = {(21,2,) € C? : y(21,2,) = 0}. Roughly speaking this Proposition says that if Vi(y) is really a
curve and not degenerate, it has the desired factorization property.

Proof of the Proposition. Clearly Vi(y) C V(y). Moreover, V() is the smallest complex variety with this property. To
see this, suppose that V is another variety in C2 such that Vi(y) C V but V() ¢ V. Then V-(y) NV is a proper subvariety of
Vc(y) and hence (cf. [CLO, Prop. 10, p. 443]),

dim¢(V N Ve (y))) < dime (Ve (7).
But, on the other hand, since V N V(y) contains Vi (y), it follows (cf. [CLO, Prop. 1, p. 438]) that

dimc(V N V(1)) = dimg (Ve (7)) = dime (Ve (1)),

a contradiction.
Now suppose that P is a real polynomial that is zero on Vg(y). Then V(P) is a complex variety that contains V(y) and
hence, by the minimality property discussed above, V(y) C V(P). But since y is square-free, we have (cf. [CLO, p. 178])

IVe(r)) = (r)
where
I(V):={p : ply=0}
is the ideal of polynomials which are zero on the variety V. Consequently we have that P € (y) and hence y divides P over
the complexes. But since both P and y are real polynomials, it follows that y divides P over the reals. Wl

From now on we will assume that all the curves y € T are square-free and have the factorization property guaranteed,
for example, by Proposition 1.
The interpolation problem may, in principle, be stated for any degree n. However, uniqueness of the interpolant is only
guaranteed if n is sufficiently small.
Proposition 2. Consider the interpolation problem (9). Suppose that the curves of the set I" are square-free and have the
factorization property of Propostion 1 and that
n< (Zd,)—l. (10)

ver
Then, if a solution of the interpolation problem (9) exists, it must be unique.

Proof. Suppose that P and Q are two polynomials of degree at most n, given by (10), that satisfy the interpolation
conditions (9). Then, by the factorization property,

P-Ql,=0,yer = @P-Q=4]][r

yer

for some polynomial A. But

deg(l_[y):ZdYZn-i-l

yer rer
and deg(P—Q) <n.HenceA=0and P=Q. l

Remark. If T consists only of lines, i.e., d, =1, Vy €T, then the maximal degree n from (10) becomes n = #I"—1, so
that #I' = n + 1. However, for the case of lines, discussed in the first section, we used #I" = n + 2. In fact, any line intersects
n+ 1 other lines in n + 1 points (counting multiplicity). A polynomial of degree at most n is determined by its values at
these n + 1 points and hence the extra line is really redundant. We use n + 2 in order to be consistent with the presentation
of Hakopian and Sahakian [9].

Just as for the line case, the interpolation data must be consistent at points of intersection of the curves. However, the
curve case is rather more complicated. By Bezout’s Theorem, two curves of degree n, in general, intersect at n® points, some
of which could be complex, and some of which could be at infinity. Moreover, two curves can intersect at a point in a much
more complicated way than two (or even many) lines. Here are some illustrative examples. For the sake of simplicity we
will write P; for Pyj etc., when no confusion is possible.

Example 1. Consider I' = {y; = y,7, = y — x%}. The two curves intersect (only) at the origin and are tangent there
(see Figure 2). Take the data polynomials P, (x,y) = Z a;;x'y’ and Py(x,y) = Z b;;x'y’. We claim that the consistency
i+j<n i+j<n
. . . . . 9P P,
conditions are that P;(0,0) = P,(0,0) (the function values agree at the point of intersection) and 8_(0’ 0)= 8_(0’ 0)
x X
(the derivatives in the direction of the common tangent agree). Clearly these are necessary for there to be an interpolant in
the sense of (9). To see that they are also sufficient, note that they hold iff a, = by, and a;q = byo. Then P;(x,0) — P,(x,0)
has a zero of order 2 at the origin and hence there exists a polynomial Q(x) (of degree at most n — 2) such that

P,(x,0) — P,(x,0) = x2Q(x). ¢h))
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Figure 2: Two curves with simple tangent at point of intersection

F

Figure 3: A line and a cusp

We claim that
P(x,y) := Py(x, y) + (y —x*)Q(x)

is an interpolant. Indeed, on v,, y —x% =0 and so (P —P2)|Y2 = 0. Moreover, on y;, ¥y =0, so

(P—=P)|,, = P(x,00~P(x,0)
= (Py(x,0)+(0—x*)Q(x)) = Py (x,0)
0

by (11).

Remark. Note that these consistency conditions are not on the entire jet of a given order (as was the case for lines), just
on the direction given by the common tangent. However, they are valid for data polynomials P, and P, of arbitrary degree
at most n, not just the n given by (10) (which would however guarantee uniqueness).

Example 2. Consider I' = {y; = y,y, = y?> — x%}. The two curves intersect (only) at the origin and are tangent
there (see Figure 3), however, the curve y, is a so-called cusp and is singular at the origin. Take the data polynomials
P(x,y)= Z a;x'y’ and Py(x,y) = Z b;;x'y’. We claim that the consistency conditions are that P,(0,0) = P,(0,0) (the

i+j<n i+j<n
function values agree at the point of intersection), H(O’ 0)= E(O’ 0) (the derivatives in the direction of the common
d°P.

3 22 (0,0) (the second derivatives in the direction of the common tangent agree).
x

a%p,
tangent agree) and (0,0)=
dx?
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To see that these are necessary, just note that (P — P1)|Y1 = 0 implies, by the factorization property, that
P—P, =Ay, =Ay
for some polynomial A. Similarly,
P—P, =By, =B(y*—x°)

for some polynomial B.
Subtracting these two equations yields
P, —P,=—Ay +B(y*—x?)

and then differentiating twice with respect to x and evaluating at the origin gives the consistency conditions listed above.
Conversely, to see that they are sufficient note that they hold iff ayy = bgg, a9 = by and a,q = b,y. Then P, (x,0)—P,(x, 0)
has a zero of order 3 at the origin and hence there exists a polynomial Q(x) (of degree at most n — 3) such that

Py (x,0) — P,y(x,0) = x*Q(x). (12)

We claim that
P(x,y) :=Py(x,y) + (y* — x*)Q(x)

is an interpolant. Indeed, on v,, y?—x% =0 and so (P —P2)|Y2 = 0. Moreover, on y,, y =0, so

(P=P)[,, = P(x,00—Pi(x,0)
= (Py(x,0)+(0—x*)Q(x)) — P, (x,0)
0

by (12).
Remark. The cusp has the effect of making the tangent a “double" tangent, a phenomenon that does not occur for lines.

Example 3. Consider I' = {y; = y,7, = y?> — x2(1 — x?2).}. The two curves intersect at (—1,0), (0,0) and (+1,0) (see
Figure 4). The points (£1, 0) are simple intersections. The origin is a singular point for y, where it has two distinct tangents
y = £x. The temptation might be to think that the consistency conditions at the origin are those of three lines intersecting
at a single point. However, this is not the case. In fact, we claim that the consistency conditions are: P;(£1,0) = P,(%1,0)

JoP. JP.
(simple intersections), P;(0,0) = P,(0,0), and a—XI(O, 0)= a—;(O, 0). (What happens is that the derivatives along the two
tangents define the gradient, and then the derivative along the line has to be consistent with this.)
To see that they are necessary, suppose that there does exist an interpolant. Then, as in the previous examples,
P(x,y)=Py(x,y) = —Ar+Bry,
= —Ay+B(y*—x*(1—x?)).

Evaluating at (£+1,0) gives the first two conditions, and at (0, 0), the third. Differentiating with respect to x, and then
evaluating at (0, 0), easily gives the fourth.

To see that they are sufficient, suppose that they hold. Then (P, — P,)(x,0) has simple zeros at x = £1 and a double
zero at x = 0. Hence

(P, — P,)(x,0) = x*(1—x*)Q(x)
for some polynomial Q(x) of degree at most n — 4. It is easy to check that
P(x,y) :=Py(x,y) + (y* —x*(1—x?))Q(x)

is an interpolant (of degree at most n).

Example 4. Consider I' = {y; = x> —y%—1,y, = x2 + y?> —3.}. In contrast to the previous examples, neither curve is
a line. They have simple intersections at (only) the four points (£+/2,£1) (see Figure 5). We claim that the consistency
conditions are that the two polynomials agree at these four points of intersection, i.e., that P,(£+/2,£1) = P,(£+/2,£1).
Clearly they are necessary. To show that they are sufficient suppose then that they hold. We will need a somewhat more
sophisticated argument than in the previous examples due to the fact that these four conditions are not enough to conclude
a factorization of the type that we used above. Nevertheless, we claim that

Pi(x,y)—Py(x,y) =Ay;(x,y) +By,(x, ) (13)

for some polynomials A, B with deg(A) < n—2 and deg(B) < n—2. This is not entirely surprising as the consistency conditions
mean that P, — P, is zero on the intersection variety V := v, Ny,, i.e.,

P,—P,cl(V):={P<C[x,y]: P(x,y)=0forall (x,y)eV}.
By the Hilbert Nullstellensatz
I(V)=Rad(I(V)) ={P € C[x,y] : PX € I(V) for some integer k > 1},
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Figure 4: A figure eight, its two tangents at the origin, and a line

Figure 5: A circle and a hyperbola
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the radical of the ideal. We are claiming first of all that Rad(I(V)) = (y;,7,), which implies that
Py(x,y) = Py(x,y) = Ay1(x,y) + By,(x, y)
for some polynomials A and B, and secondly, that there is a bound on the degrees of the factors,
deg(A) < n—2 and deg(B) < n—2.

For this simple example we can show this by very elementary means. Let us write

P,—P,= Z cx'y’.

i+j<n

If P, — P, = 0 then we may takeA = B = 0 and we are done. Otherwise, note that deg(P; — P,) = 2 since a polynomial of
degree at most 1 cannot be zero at these four points without being identically zero. If deg(P; — P,) = 2 then it is easily
concluded, by direct substitution, that

Ca0

+c
—"Z(XZ +y2-3)

C20 — Co2 (x? 9
2

) y -1+
C20 — Co2 C20 + Con

2 Y1 3 Y2
so that A= (cy —¢2)/2 and B = (cy + ¢oy)/2 are both constants, as desired. Otherwise, suppose that deg(P; — P,) = 3.
Note that any monomial x'y’ of degree i + j > 3 must have either i > 2 or j > 2. Hence, the leading homogeneous term of
P, — P, can be written

b —-p, =

n

3 ey = a4y

i=0

(generally in many ways) for some homogeneous polynomials a and 8 of degree at most n — 2. Then,

a—p
2

a+p
2

Q:=(P1—P2)—{ (=y*=1+ (x2+y2—3)}

is a polynomial of degree at most n — 1 that is also zero at the four intersection points. By induction on the degree we may
assume that Q = A’y; + B’y, for some polynomials A’ and B’ of degree at most n — 3, so that

a+p
2

p,—P, = Q+{a;ﬁ(x2—y2—1)+

= Q+{¥71+MYZ}

2
a—p3 a+f
= Ay, +By,+ {TYl + Th}

(x? +y2—3)}

= Ay, +Bry,

with A and B having the right properties.
At this point it is easy to verify that
P :=P,—Ay, =P, +By,

is an interpolant. H

The common feature of the above examples is that the listed point consistency conditions result in a relation of the form
(13), from which it is easy to deduce the existence of an interpolant. We formalize this in a definition.

Definition 5. Given a degree n > 0 and real polynomials

FZ{Yl)YZJ"')YS}

we call the vector space

span’y(I) :={> _p,7; : deg(p,) < n—deg(y))},
i=1
the H-span of degree n of T'.

Remark. Note that span (') is a subspace of I12, the polynomials of degree at most n in two variables.
We will take the key condition (13) to be our definition of consistency.

Definition 6. Given a degree n and data I' = {y, y,} with associated polynomials P;, P, such that deg(P;), deg(P,) < n, we
say that the data are (pairwise) consistent for degree n if

P, — P, € spang(I').

Dolomites Research Notes on Approximation ISSN 2035-6803



/OA,\ Bos - Lagu 16

Proposition 3. Suppose that we are given a degree n and data I = {y,, y,} with associated polynomials P,, P, such that
deg(P;),deg(P;) < n. Then there exists an interpolant of degree at most n if and only if the data are consistent for degree n.

Proof. Suppose first that an interpolant exists, i.e., that there exists a polynomial P € I1> such that

(P—P1)|h =0 and (P—P2)|Y2 =0.

Then, by the factorization property, there exist polynomials A and B with deg(A) < n—deg(y;) and deg(B) < n—deg(y,)
such that
P =P, +Ay, and P =P, + By,.

Subtracting the second equation from the first results in
P, — P, = —Ay; + By, € span};(T'),

i.e., that the data are consistent for degree n.
Conversely, suppose that the data are consistent for degree n, i.e., that

P —P,=Ay;+B'y,
with deg(A") < n—deg(y,) and deg(B’) < n—deg(y,). Then P := P, — A’y equals P, + B’y, and hence is an interpolant.

2.1 Checking for (pairwise) Consistency

Proposition 3 shows that our definition of consistency (for two data curves) is correct. How does one check if consistency
holds? There are several ways.

2.1.1 Linear Algebra Techniques

As noted above, the spaces span’(T") are subspaces of the space of all polynomials of degree at most n, I12, and hence it is
natural to use such techniques.
We first consider the principal spaces W, := spanj,(y), i.e., those for which I consists of a single element. Of course

W, = {0} i.f n< deg(y) =: d, and hence we may suppose that n > d, . Then, if we write the polynomial y € IT? using standard
multinomial notation as
r(x) = Z YaX%,

Ialgdy

we have
W, = span{xPy(x) : |B] < n—d,}.

n+2
If we identify polynomials q € IT> by the vector G := [q,] € RY, with N := ( 9 ) (ordered in some degree-consistent

manner), then we may represent the basis elements ps := xPy(x), |Bl <n— d,, by the “shifted down” vector

B — ) Yap ifa>p Nx1
X Y(x)—(pfa’)a _{ 0 lfa;‘é[:} eR . (14)
we may combine all these “shifted down” vectors into a matrix, with the “fSth” column corresponding to pg = xPy(x),
| Yap ifazp
(A )ap = { 0 ifa#p (1s)

for |a| < nand |B| < n—d, . It follows that A, € R"*™r where
n+2 . ) n—d, +2 . )
N = = dim(IT}) and M, := =dim(IT;_, )
2 " 2 ndy

and A, has the property that
Im(A,) = W,.

The general case of s curves follows immediately. Indeed, we have, for I' = {y1,75,..., 7.},
spang([) =W, + W, +---+ W, =Im(Ar)

where
A=A, A, ... A ]eRV Wty (16)

is the composite matrix constructed by placing the matrices A side by side.

Remark. In one variable the “shifted down” vectors (14) are just the coefficient vectors of y shifted down by 8 and
hence the matrices, particularly in the case of s = 2, are multivariate (non-square) analogues of the classical resolvent
matrix.

We thus have the following linear algebraic test for being an element of spanf,(T').
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Linear Algebraic Test for spany,(I")

1. Fix a degree n > max{d,,,d,,,...,d, } and consider a polynomial
p of degree at most n which is to be tested to see if it is an element
of spanf,(T').

2. Construct the matrix A, € RN M +-+M)
3. Compute the vector of coefficients [p,] € RY, where p =
Z\aISnpaxa'

4. Check if [p,] is in the column space of A.

Remark. A stable way to test if a vector is in the column space of A is to compute the QR factorization, QR = A where
Q € R¥*N s orthogonal and R € RV*Mn**Mv.) is ypper triangular. Then p € Im(A;) iff Q'p € Im(R). Since R is upper
triangular, this is easily accomplished. For example, in the case that R is of full rank, then Q‘p € Im(R) iff (Q°p); = 0,
M, +-+M, <j<N.

Of course this gives us an immediate test for pairwise consistency.

Linear Algebraic Test for Consistency

1. Fix a degree n > max{d,,,d,,}.

2. Construct the matrix Ay, ,,, € RV *Mn*Mr),

3. Take p = P, — P, where P, and P, are the data polynomials given
on y,; and y, respectively, and compute the vector of coefficients
[p] €RY.

4. Check if [p,] is in the column space of Ay, ..,

It is of particular interest to note that for #I' = 2 we may also easily calculate the dimension of the space spanf,(T’).

Proposition 4. Suppose that I' = {y,,y,} with y, and y, having no common factors (i.e., are mutually prime). Suppose also
thatn>d, +d,, —2. Then

. n n+2
dim(spang,(T")) = 5 |- d,d,,

i.e., spanj;(T') is of co-dimension d, d,, (in the space of polynomials of degree at most ).
Proof. We have

dim(spany;({y;,7.})) dim(Wyl + W)

dim(W,, ) + dim(W,,) — dim(W,, N W,,).
But, W,, N W, is the space of polynomials of degree at most n that have both y; and y, as factors. Since by assumption, y;

and v, are relatively prime, it follows that the elements of W, N'W,, are divisible by the product y,7,, or, in other words,
that

Wh n WY2 = WYle'

Hence,
dim(spany; ({y;,72}))
= dim(W,,) +dim(W,,) —dim(W,, N W,,)
dim(W,, ) + dim(W,,) — dim(W,

= M, +M,—M,,,

n—d./1+2 N n—d72+2 _ n—dh—dm—i—Z
2 2 2

n+2

2 _lede’

In the case of Example 4, d, = d,, = 2 so that span},({x* — y*> —1,x* + y*> — 3}) has co-dimension 4 and hence is

1)’2)

after some simple algebra.

determined by 4 orthogonality conditions. It is easy to verify that the evaluation conditions q(£+/2,£1) = 0 are independent
over that span and hence, for n > 2,

spanﬁ({xz—yz—l,xz+y2—3})={qel’[i : q(£v2,+£1) =0}.

The general case requires techniques from Algebraic Geometry and is the subject of the next section.
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2.1.2 Ideal Theoretic Techniques

First note that

spany; (') := {Zpi}/i : p; is a polynomial},
i=1
is the ideal generated by I" which we will denote by (I"). At times it will be necessary to distinguish, in its definition, the case
of complex polynomials p; € C[x, y] from the case of real polynomials p; € R[x, y]. We will then write (I} and (I")z. Note
however that, if I consists of real polynomials only, then

(Mg = (T)c NRx, y].

The ideals (I') are infinite dimensional vector spaces and hence Linear Algebra techniques are more difficult to apply.
Nevertheless, from a theoretical point of view, the algebra of ideals is simpler than this might lead one to suspect. Indeed
they are one of the basic notions of Algebraic Geometry and and as such there is a well developed and beautiful theory for
their analysis.

However, to pass from an ideal theoretic result to one about our spaces span,(I") requires a bit of thought. In particular,
it is not the case, in general, that

span,(I') = (') NI
since I' may fail to be an H-basis for (I'). Here is an example.

Example 5. Take I' = {y,7,} with y; = x>+ y?+x and y, = x>+ y>+y. Then p := x? —xy = x(y; —7,) € (T') but
p & span?(T), as is easy to verify.

It is worthwhile to understand what goes wrong in this example. On one level the problem is that y; and y, have the
same leading homogeneous term, x2 + y?2, which is canceled in the subtraction y; — v, resulting in a polynomial x — y of
lower degree. There is another, geometric, way of understanding this. The curves y; and y, are two circles that intersect at
the two points (0,0) and (—1/2,—1/2), as is easy to verify. However, in general two curves of degree 2 intersect at 2 x 2 =4

points. The other two points of intersection of y; and y, are at “infinity”, in the following sense. We embed our problem in
projective space CP2. Any polynomial y(x, y) of degree at most n may be written

r(x,y)= Zgj(x,y)
j=0

where g;(x, y) is a homogeneous polynomial of degree j (or possibly zero). Note that deg(y) = n if g, # 0. Then

n

T(x,7,2) = Y 5" g (x,y) = 2"y (x/2,y /%) a”

j=0
is the homogenization of y. We note that y can be recovered from ¥ by the relation

70 y) =7(x, ¥, 1).

The “line at infinity ” in CP? corresponds to z = 0 and hence the points of intersection y; Ny, are given by solving
71(x,¥,0) = 0 = 7,(x, y,0). In this particular example n = 2 and 7;(x, y,2) = x>+ y2+xz and 1,(x, y,2) = x>+ y2+ yz, so
that 7;(x, y,0) = x? + y% and 1,(x, y,2) = x? + y2. It is easy to verify that the intersections 7;(x, y,0) = 0 = 7,(x, y,0) are
given by the two points [1:i : 0],[1: —i : 0] € CP2. Further, since p = x?>—xy is already homogeneous, p(x,y,z) = x> —xy
and clearly p(1,=+i,0) = 1 Fi # 0. In other words, p is not zero at all the intersection points y; N 7,. Consequently, even

though p € (T'), it is not the case that p € (I'). This is a key consideration.

Lemma 4. Suppose that I' = {y,7,,...,7,} and fix a degree n with n > max{d .,d, }. Then

r1odyys -
pespany(I) < pe (T).

Proof. First suppose that p € span,(I"). Then we may write
ple,y) = a;(x, y)r;(x, ¥)
j=1

with deg(a;) <n— d),j. Hence (with homogenization degrees deg(p) = n, deg(a;) =n— dyj and deg(y;) = dyj)
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p(x,y,2) z"p(x/z,y/2)

= z"zaj(x/z,y/Z)Yj(X/Z:J’/Z)
=1
DN G RO SEREHCTER D)
=1
= Z(’fj(x,y,z)ﬂ(%y,z)

j=1

e (T).

Conversely, suppose that p € (I'). Then we have

©“

p=2.A7 (18)
for some polynomials A; = A;(x, y, 2). If we write

mj
Ai(x,,2) = D hylx,,2)
k=1

where h;(x, y,z) is homogeneous of degree k, then, taking the degree n homogeneous part of (18), we have

B =2 i, T
j=1

Putting z = 1 establishes that p € span,(T"). H

Hence our consistency condition reduces to an ideal membership problem, in one variable more. There is a situation
when this is equivalent to an ordinary ideal membership problem.

Lemma 5. Suppose that T = {y;,y,} and that these two curves have no points of intersection at infinity (in CP?). Then

pe({l) < pe(l).

Proof. Suppose first that p € (I'). Then we may write

2
Blx,y,2) = Y A;(x,y,2)7(x,.2)

j=1

for some polynomials A;(x, y,z). Setting z = 1 establishes that then p € (T').
Conversely, suppose that p € (I'). Then we may write

2
p(e,y) =Y a;(x,y)r,(x,y)
=1
for some polynomials a;(x, y). Homogenizing, we have
2
2Blx,y.2) = Y d(x, ¥, 2)7(x,y,2) (19)

j=1

for some exponent r > 0. We claim that, in fact, we may actually take r = 0. To see this consider the case r > 1. Evaluating
(19) at z = 0 we have

2
0= .a(x,y,0)7;(x,¥,0) (20)
j=1

But since, by assumption, 7;(x, ¥, 0) and 15(x, y,0) have no common zeros (other than x = y = 0), y;(x, y,0) and y5(x, y,0)
are coprime, and hence from (20) we may conclude that

a;(x,y,0) = —c(x, y)72(x, y,0) and @, (x, y,0) = c(x, y)11(x, y,0) 21
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for some polynomial c(x, y). Now set

A(x,y,2) = ay(x,y,2) +c(x, y)ra(x, y,2)

and
AZ(X:y’Z)::@(Xayyz)_c(xay)ﬂ(x’y;z)'
Then
AT AT, = {@n+ &)+ ) i — i)
= Gy t+aGr
= z'p. 22)
But
Al(X,y,O):(a(xay,o)+c(X,Y)%(X;Y;o):O
and also

Az(x:)’;o) = @(x:yyo)_C(X,Y)ﬂ(x:J’:O) = Oy
by (21). It follows that
Ay(x,y,2) =2A](x, y,2) and Ay(x, y,2) = 2A5(x, ¥,2)

for some polynomials A} and A’,. Substituting these into (22) we get

Z'p=2 {A/1771 +A/2)72} .
Dividing by z and taking the appropriate homogeneous part of the right hand side, if necessary, we obtain a relation of the

form (19) with r replaced by r — 1. Repeating this as many times as necessary, we arrive at the r = 0 case. Clearly, this
implies that p € (I'), and we are done. W

Remark. Lemmas 4 and 5 are basic facts from Algebraic Geometry that we have isolated due to their relevance for our
interpolation problem. Indeed, the proofs we offer are extracted from the proof of Max Noether’s Theorem in [7, p.120].

Remark. The condition that there are no intersections at infinity is actually not restrictive. Indeed, by assumption (and
Bezout’s Theorem) there are at most d,, x d,, < co many intersection points of y; Ny, in CP? and hence, by means of a

projective change of coordinates,
/

], Ae TP, (23)

x
y | =A
z

S

we may always arrange that, in the new coordinates, there are no intersections at infinity.
Example 6. Consider the polynomials of Example 5,
T1=x>+y*+xz, T,=x>+y* +yz
and the projective change of variables given by
x=u, y=vandz=u+v+w. 24)
Then, in the new variables, we have
7, =2u® +v?>+uv+uw and 7, = u® +2v: +uv +vw

which for w = 1 become

71=20*+v*+uv+uand 7, =u*+2v> +uv + .

It is easy to verify that the four intersections are at (0,0), (—1/4,—1/4) and ((—1 +1i)/2,(—1 F1i)/2), i.e., none are at
“infinity”, w = 0.

We thus have the following ideal theoretic test for consistency.

Ideal Theoretic Test for Consistency

1. Choose a projective change of coordinates (23) so that, in the new
coordinates, there are no points of intersection y; Ny, at infinity
(z' =0).

2. Set p = P, — P, where P, and P, are the data polynomials given on
v, and v,, respectively, and compute p.

3. Check if p(x’, y",1) € (11 (x", ¥, 1), 72(x", ¥, 1))
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Example 7. We continue Examples 5 and 6. Suppose that we wish to check whether or not p = x* — xy € span?(T).
We homogenize with n = 2 to obtain

B(x,y,2) =2°p(x/2,y/2) = x* —xy.

This, after the change of variables (24) becomes u? —uv which remains unaltered in the chart w = 1. As we saw, in the chart
w =1 the two basis polynomials become

71=2u®+v>+uv+uand 7, =u? +2v: +uv+v
and hence our test becomes whether or not
u?—uv e Qu? +vi+uv+u,u+2vi+uv +v).

This is easily seen to be false and hence p = x> —xy ¢ span,(I'). We emphasize (see Example 5) that p € (I') showing that
conclusions must be drawn with care, only after a suitable projective change of variables. W

2.1.3 The Differential Duality (Orthogonality) Conditions

It turns out that ideals whose zero sets are a finite number of points (so-called zero-dimensional ideals) can be described
by differential orthogonality conditions such as we saw in Examples 1 through 4. These were evidently first described by
Macaulay already in 1915 [11], put in a more modern framework by Grébner [8, Chap. 4, §2] and subsequently described
by various authors. We will follow the presentation of de Boor and Ron [5], which we find particularly clear, adjusting as
needed for our particular interpolation problem. See also [6] for computational issues.

It is worthwhile to present this construction in general. In this section IT° = R[x1, X5, ..., X, ] will denote the space of
polynomials in s real variables. We will consider only real ideals I < IT’, i.e, such that p € I <= p €. As before,

Ve(I):={2€C’ : p(z)=0,Vpel}
will denote the variety of I. The dimension of the factor space IT°/I is known as the co-dimension of I, i.e.,
codim(I) := dim(IT°/I).

It could be co. However, we have
Proposition 5. (Theorem 6, p. 232, of [2]) The variety V(I) is a finite point set if and only if codim(I) < oco.
We will henceforth consider only ideals for which V(I) is a finite set.
It is also useful to introduce an inner product on IT° as follows. We may write a polynomial in Taylor form, using standard
D*p(0)
al

multinomial notation, as p(x) = Z

a

x*. Then for q € IT°, take

D*p(0))(D*q(0
.00 = 3 L PODO) o5)

al
a

We note that we may also write
(p,q) = p(D)q(0)

D%p(0
p(D):zZ p'( )D“

al

where

is the differential operator associated to p.
Definition 7. For 6 € C°, the space
Py:={pell’ : p(D)f(6)=0,Vf eI}
is called the multiplicity space of 6. Its dimension, dim(P,), is called the multiplicity of 6 (as an element of V(I)), or
equivalently, the intersection number of 6.

By making an appropriate translation we may assume, if we wish, that & = 0 € C°. Then note that P, NI = {0} for if
0#pePynl,
p(D)p(0) = (p,p)>0

so that p(D)f(6) # 0, for f =p €I, a contradiction.
It follows that we may regard P, as a subspace of IT° /I and consequently, dim(P,) < dim(IT°/I) < oo, by assumption.
An important property is that these spaces are D—invariant, i.e.,

pEP, = D% ePp,
for all multi-indices a. Indeed, following [5], it is easy to verify that, for p € P,

(D?p)f () = p(D)(x*f)(8) =0
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since x*f €[ for f €1, as I is an ideal.

A simple consequence is the following. If dim(P,) > 1, i.e., there exists a 0 # p € P,, by judicious choice of derivative,
we must have 1 € Py. Consequently 0 = 1(D)f(6) = f(68), Vf €I and hence 6 € V(I). In other words, if 6 & I, P, = {0},
and dim(P,) = 0. Conversely, if 8 € V(I), then 1 € P, and hence dim(P,) > 1. In other words

dim(Py) =1 < 6 e V(). (26)
When dim(Py) =1, 6 € V(I) is known as a simple zero.
These spaces give a decomposition of the ideal.
Theorem 2.1. (¢f [5, §]) Set
Ig:={qeIl’ : p(D)q(6) =0, Vp € Py}.

Then,
I= () I
oeve()

Moreover;

Z dim(P,) = codim(I).

6eVe(l)
There is a more precise version for the case of I generated by two curves in two dimensions.

Theorem 2.2. (Bezout’s Theorem, see e.g. [7, p. 112]) Suppose that I = (y,,7v,) with y,,7, € R[x, y] where y, and y, have
no common divisors, and also no common geros at infinity. Let, as before, d./j =deg(y;), j = 1,2. Then

Z dim(P,) = codim(I) =d

0eve(I)

71 le :

Note that due to (26) we have the following corollary in case of only simple intersections.
Corollary 1. Suppose that I = (y;,7,) with y;,y, € R[x, y]. Suppose further that Vi.(I) consists of d, d,, distinct points in

C?. Then
pel < p(B)=0,V0 € V(I).

Proof. By (26), each space Py, 6 € V(I) has dimension one, and since then 1 € P,, we must have that each P, is the
one dimensional space of constants. Consequently, for 8 € V(I),

Io={q €Il : q(0) =0}

and the result follows from Theorem 2.1. W

This explains the consistency conditions of Example 4.

Example 8. We compute the spaces P, for Examples 1, 2 and 3.
For Example 1, I = (y,y — x2) = (¥, x2). There is only one point of intersection, 8 = (0,0). Any f € I can be written as
f =ya(x,y)+ x2b(x, y) for arbitrary polynomials a(x, y) and b(x, y). More explicitly, we have f € I if and only if

Fay)= D auxiy’+ Y byt

i>0,j>1 §>2,t>0
for arbitrary coefficients a;; and b;,. Hence
P, = {p:p(D)f(0,0)=0,Vf I}
{p : f(D)p(0,0)=0,Vf €I}
i+j s+t
= : ——p(0,0)=0= ———p(0,0),i=20,j=>21,s=>2,t =0
{p axlay]p( ) axsaytp( ), 1>0,j s }

{a + bx}.
Thus, since #(V(I)) =1,
ap
b'e

For Example 2, I = (y, y2—x3) = (y, x®) and again 6 = (0, 0) is the only point of intersection. Just as above, we may
easily calculate
Py ={a+bx +cx?}

and hence

dp a%p
I=I,={p :0=p(0,0)= 5(0,0) = m(O, 0)}.
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For Example 3, I = (y, y? — x2(1—x2)) = (y, x> — x*). In this case V(I) = {(0,0), (1, 0),(—1,0)} consists of 3 points. It
is easily seen that the intersections (+1,0) are simple and that for both of them P, is the one-dimensional space of constants.
Since by Bezout’s Theorem the sum of the dimensions of the spaces Py is 1 x4 = 4, it follows that, for 8 = (0, 0), dim(Py) = 2.
We always have 1 € P, and so if we can display one other independent element we will be done. But, if g € I then we may
write ¢ = ya(x, y) + (x* — x*)b(x, y) for some polynomials a(x, y) and b(x, y). It is easy to check that for such q,

%4 0.0)=0
ox 7

Hence x € P, and Py = {a + bx}. Consequently

I = 1(71’0) n 1(1)0) n I(O,O)

a
(P 0=p(=1,0)=p(1,0) = p(0,0) = 5=(0,0)}.

The results of this section allow us to test for consistency by checking certain derivative conditions at the points of
intersection of the curves. Of course, such a test is not really practical, as it will not in general be possible to find even V(I)
explicitly. However, it does provide a satisfying explanation of the consistency conditions we first encountered in the simple
Examples, 1 through 4.

Differential Point Test for Consistency

1. Choose a projective change of coordinates (23) so that, in the new
coordinates, there are no points of intersection y; Ny, at infinity
(2 =0).

2. Set p = P, — P, where P, and P, are the data polynomials given on
v, and y,, respectively, and compute p.

3. Compute the intersection points 0 = 73 (x’, y’,1) = v5(x’, ¥’,1) and
the corresponding P, and I,.

4. Check if p(x’,y,1) € (71(x’,¥’,1),75(x’,y’,1)) by seeing if
p(x’,y’, 1) satisfies the differential conditions that define the I,.

2.1.4 The notion of an H-Basis

We remark briefly that there is a notion (introduced evidently originally by Macaulay [11]) for when the H-span, spanj,(T’)
(cf. Definition 5, above) is equal to the space of polynomials of degree at most n in a certain ideal, for all n > 0. Specifically,
following [12, Definition 2.1], we have the following

Definition 8. The finite set I' = {y,,...,¥,} of non-zero polynomials is called an H-basis for the ideal I := (y4,...,y,) if, for
all 0 # p €1, there exist polynomials hy,...,h, such that

p=Y hy, and deg(h)+deg(y,) <deg(p), i=1,...,5.

i=1

2.2 Consistency between more than Two Curves;
Aitken Interpolation

We have in the previous sections studied how to check for the consistency of data on two curves. We feel that this was a
useful exercise as it explains the underlying geometry/algebra of the problem and how it relates to the simple case of lines.
However, as it turns out, it is computationally more efficient to just go ahead and calculate the interpolant, by a procedure
that we will describe in this section. If it can be carried out to completion, then a posteriori, the data were consistent, and if
it fails, it means that the data were inconsistent.

For the reader’s convenience we restate the interpolation problem.

Interpolation Problem. Suppose that we are given a set of s real algebraic curves

I:= {Yl’”"}/z}

such that each y; has the property that if a polynomial P is zero on Vg(y;) then there exists a divisor polynomial Q such that
P =1v,Q (cf. Prop. 1). We will assume that no two of the curves have a common (complex) component (factor), i.e., are
relatively prime over C.

Suppose further that for each curve y; we are given an associated data polynomial P;, j = 1,...,s, each of degree at
most n. The interpolation problem is to find a global polynomial P, of degree at most n, such that

P =P; on the curvey;, j=1,...,s.
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k
Remark. Under our assumptions the products v, := l_[Yi also have the same factorization property, as is easy to verify.
i=j

The procedure is a simple adaptation of the classical Aitken interpolation algorithm. We illustrate it below for s = 3.

(r1;P1) (125 P2) (735 P3)

N

(Y1Y2§P1,2) (YzYz;Pz,z)

\/

(r1va¥ss P1,2,3)

The general algorithrn is of s — 1 steps. The first is to construct any interpolants P; ;,; (of degree at most n) for the
consecutive pairs (y;; P;), (Y;+15Pj+1), j = 1,...,5 — 1. Note that if a global interpolant, P, for all the data exists then it is an
interpolant of any subset of the data and hence PJ j4+1 exist. Conversely, if a P; ;,; did not exist, then no global interpolant P
could also exist. In other words, if the algorithm fails at this step, the data are overall inconsistent and no global interpolant
of degree at most n exists.

If so desired one may use the methods of §2.1 to test for the existence of a P; ;..

Now, if the first step succeeds we are then left with an interpolation problem for the data

{(Yij+1§Pj,j+1) 1j=1,...,5s—1},
i.e., with the same type of problem but with one fewer curve. Hence we may repeat.

Remark. After the first step, the curves (e.g. v,y and y,Y3) will have common factors. This is not important (cf. Definition
6 and Proposition 3). What is important is that these product curves have the factorization property described in the
Interpolation Problem above, which they always do, under our assumptions on the ;.

We finish this section with two simple examples.

Example 9. Consider the data
n=x*+y’=1Ly,=y-x* y3=x+y—1

with data polynomials

P, = 1-2x*y*+x*—2x3y —2xy%+2xy + y>
P, = 1+4+2x*+y*—xy—y*+x’y
P, = 1—4x®y +x®—6x?y*+3x%y —4xy® +3xy*+ y>.
We take n = 4.
One can easily verify that
Pi—P, = —(x*+2xy+y")r1+ 0+ Y7,
P,—P; = (=Dy,+@2x*+3xy +3xy* +y° = y)y3
and hence the two pairwise interpolation problems of the first step are consistent. In fact, we may take
P, = Pi+(P+2xy+y)y=1+x*+y%
Py = Pytro=l+2x*+y*—xy—y*+x’y+y—x>.

Continuing, we check for consistency of the problems (y,74; Py 5), (Y2Y3; P2 3). Indeed,
Py —Py5= —x*+xy+y* =Py —y+ x> =(0)y172 + (V273
and these data are also consistent. Finally, the global interpolant is

P:=P,— (0172 =1+x*+y%

Example 10. Consider the data
n=x'+y’=Ly,=y-x) ys=x+y—1
with data polynomials

P, = 1-2x?y?+x*—2x%y —2xy%+2xy + y?
P,
Py, = 1+x*—xy—y*—=3x3y +x®—6x?y?+3x%y —4xy® +3xy* + y>.

1+2x* +y*—xy—y*+x3y
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Except for P, these are the same as for Example 9. We again take n = 4.
As before, one can easily verify that

Pi—P, = —(x*+2xy+y)yr+(x+y)r,,
P,—P; = (0)y,+(x+y)rs
and hence the two pairwise interpolation problems of the first step are consistent. In fact, we may take
P, = Pi+(P+2xy+y)y=1+x*+y%
Py = P,—(O)y,=1+2x*+y*—xy—y*+x>y.

Continuing, we check for consistency of the problems (y,74; P; 5), (Y2Y3; P2 3). Indeed,
P, —Py5= xy —x*+y?—x3y.

But this cannot be written in the form P,, — P,; = ay,y, + by,y; with deg(a) < 4 —deg(y,y,) = 4—(2 + 3) and
deg(b) < 4—deg(y,y3) =4—(3+ 1) since would mean that a = 0 and b is a constant. However,

xy—x*+y* =X’y =(y —x*)x+y) =712(ys + 1) # byays, VbER.

Hence these data are inconsistent and there is no global interpolant of degree at most 4.
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