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Abstract

Based on the Grobner basis method, we present algorithms for a com-
plete solution to the following problems in the implicitization of a set
of rational parametric equations. (1) Find a basis of the implicit prime
ideal determined by a set of rational parametric equations. (2) Decide
whether the parameters of a set of rational parametric equations are in-
dependent. (3) If the parameters of a set of rational parametric equations
are not independent, reparameterize the parametric equations so that the
new parametric equations have independent parameters. (4) Compute
the inversion maps of parametric equations, and as a consequence, give a
method to decide whether a set of parametric equations is proper. (5) In
the case of algebraic curves, find a proper reparameterization for a set of
improper parametric equations.

1 Introduction

For curves and surfaces, to transform their parametric equations to the implicit
form are of fundamental importance in geometric modeling and computer graph-
ics and many methods have been given to do this, see e.g. [Sederberg, 1984],
[Arnon & Sederberg, 1984], [Chuang & Hoffmann, 1989], [Li, 1989], [Hoffmann,
1990], [Chionh, 1990], [Manocha & Canny, 1990], [Kalkbrener, 1990], and [Gao
& Chou, 1991a,b]. However, in more general cases, many problems remain un-
touched. For example, the parameters of a set of parametric equations might
not be independent as shown by the following example. At first sight, one might
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think that the parametric equations

u—+v 202 + 2u? 203 + 6ulv
Y= 2= (1.1)
u—v (u—v)? (u—v)3

represent a space surface. Actually, they represent a space curve, since if we let
t= Zi’g, then the above parametric equations become

r=t y=t>+1, z=1t3—1.

For the above example, each point of the curve corresponds to infinitely many
values of u and v. Hence the solution of the inversion problem here is not clear.
Therefore, in the implicitization problem we should check whether the param-
eters of a set of parametric equations are independent, and if the parameters
are not independent, reparameterize the parametric equations to make the new
parameters independent.

In this paper we address the implicitization problem for rational parametric
equations. Our algorithms are based on the Grébner basis method, a powerful
tool in computer algebra [Buchberger, 1985], which was introduced by Buch-
berger in 1965 to solve a system of polynomial equations and to determine
whether a polynomial belongs to an ideal.

In [Buchberger, 1987] and [Shannon & Sweedler, 1988], a method was given
to compute a basis of the implicit ideal (see Definition 2.2) for a set of polynomial
parametric equations. But a straight forward extension of their method to the
implicitization of rational parametric equations may not work (see the remark
after Example 3.3.) because of the existence of base points. Various methods
are designed to solve the implicitization problem for parametric equations with
base points in the case of rational surfaces [Chionh, 1991], [Hoffmann, 1990],
[Manocha & Canny, 1990]. In this paper, based on the Rabinowitsch’s trick
we present a method to find a basis of the implicit ideal for general rational
parametric equations with or without base points. A similar method has also
been presented independently in [Kalkbrener, 1990].

In the case of rational space surfaces, the independence of the parameters
of parametric equations can be checked by counting the base points properly
[Chionh, 1990]. In this paper, we present a method to decide the independence
of the parameters in the general case. Furthermore, if the parameters of the
parametric equations are not independent, we can reparameterize them so that
the new parametric equations have independent parameters.

The inversion problem — given a point in the image of a set of parametric
equations, to find a set of values for the parameters which corresponds to the
given point — can be reduced to an equation solving problem [Buchberger, 1987].
In this paper, we present a method to find a closed form solution to the inversion
problem, i.e., we give a method to compute the inversion maps of a set of
parametric equations in the general form. As a consequence of our method,
we can decide whether the parametric equations are proper or faithful, i.e.,



whether the implicit curves or surfaces are not multiply traced by the parametric
equations. The inversion problem is also discussed in [Bajaj et al, 1988], section
6.2. Their method is for some special cases: (1) By using the Cramer’s rule, the
method only applies to faithful parametric equations. Our method can apply
to more general cases (see Example 5.6). (2) Their method only applies to
parametric equations with the same number of the parameters and parametric
equations, because only in this case the “true image” of a hypersurface under the
rational map defined by the parametric equations is also a hypersurface [Bajaj
et al, 1988]. Most of the parametric equations used in geometric modeling fail
to satisfy case (2).

If the parametric equations are not proper, naturally we would ask whether
we can reparameterize them so that the new parametric equations are proper.
In general cases, the answer is negative. However, in the case of algebraic
curves, the existence of a proper reparametrization for the original improper
parametric equations is guaranteed by Liiroth’s theorem [Walker, 1950]. Seder-
berg gave a probabilistic method to find proper reparametrization for a set of
improper parametric equations for algebraic curves [Sederberg 1986]. Manocha
gave a deterministic method for improperly parametrized polynomial paramet-
ric equations [Manocha, 1990]. As an application of our method, we provide a
deterministic method to find a proper reparametrization for a set of improper
parametric equations of an algebraic curve. In the case of algebraic surfaces, if
the base field K is the complex number field C, then there always exists a proper
reparametrization for the original improper parametric equations [Castelnuvo
1894]. However if the base field K is Q (the field of rational numbers) or R
(the field of real numbers), this needs not to be the case [Segre 1951]. If the
implicit variety determined by the parametric equations are of dimension > 2,
then even for K = C there exist improper parametric equations that do not
have a proper reparametrization [Artin & Mumford 1971].

Finally, we remark that all the above tasks can be done by computing only
one Grébner basis. But in the case of space rational surfaces or in the more
general case when the implicit variety is a hypersurface, the method based on
computing the Grobner basis is slow comparing with various specialized meth-
ods, e.g., the resultant methods [Bajaj et al, 1988], [Chionh, 1990], [Manocha
et al, 1990] and the base conversion method [Hoffmann, 1990].

This paper is organized as follows. In section 2, we give some basic defini-
tions and properties of parametric equations. In section 3, we give a method
to compute a basis of the implicit ideal for a set of rational parametric equa-
tions. In section 4, we present a method to reparameterize a set of parametric
equations (if its parameters are not independent) so that the parameters of the
new parametric equations are independent. In section 5, we give a method to
compute the inversion maps, and in the case of algebraic curves, give a method
to find a set of proper parametric equations for a set of improper parametric
equations. Section 6 is a summary of the paper.



2 Preliminaries on Parametric Equations

Let K be a computable field of characteristic zero, e.g., Q. We use K|[z1, ..., Tp]
or K|[z] to denote the ring of polynomials in the indeterminates x1, ..., z,,. Unless
explicitly mentioned otherwise, all polynomials in this paper are in K[z|. Let
FE be a universal extension of K, i.e., an algebraic closed extension of K which
contains sufficiently many independent indeterminates over K. For a polynomial
set PS, let

Zero(PS) ={x = (x1,...,2,,) € E" | VP € PS, P(z) = 0}.
For two polynomial sets PS and DS, we define
Zero(PS/DS) = Zero(PS) — UgepsZero(d).

Let tq,...,t,, be indeterminates in F which are independent over K. For
polynomials Py, ..., P, Q1, ..., Qpn in K[t1,...,tm] (Q; #0), we call
Pl Pn
— e, Ty = —

Ql Qn

a set of (rational) parametric equations. We assume that not all P; and Q; are
constants and ged(P;, Q;) = 1. The maximum of the degrees of P; and @, is
called the degree of (2.1). The image of (2.1) in E™ is

IM(P,Q) = {(z1,...,xs) | It € E™(x; = P;(t)/Qi(t))}.
We have

(2.1)

Tr1 =

Lemma 1 There is an algorithm to find polynomial sets PSy, ..., PS; and poly-
nomials dy, ...,dy such that

IM(P,Q) = U'_, Zero(PS;/{d;}). (2.1.1)

Proof It is obvious that IM (P, Q) = {(z1,...,x,) | It € E™(Q;(t)z; — Pi(t) =
0 A Q;(t) # 0)}. Thus by the quantifier elimination methods for algebraically
closed fields (see, e.g., [Heintz, 1983] or [Wu, 1989]), we can find the PS; and
d; such that (2.1.1) is correct. |

Definition 2 The implicit ideal of (2.1) is
I={FeK]| F(PA/Q1,.., P,/Qy) =0}
Zero(1) is called the implicit variety of (2.1).

It is clear that [ is a prime ideal whose dimension equals to the transcen-
dental degree of K(P1/Q1, ..., P,/Qy) over K. The following result gives the
relation between the image and the implicit variety of a set of parametric equa-
tions.



Theorem 3 Let V' be the implicit variety of (2.1) and d the dimension of V,
then

(1) IM(P,Q) CV; and

(2) V—IM(P,Q) is a quasi variety with dimension less than d. Furthermore,
we can find this quasi variety.

Proof. (1) is clear from the definitions. By (2.1.1), IM (P, Q) = Ul_, Zero(PS;/{d;}).
We can further assume that for each PS;, Ideal(PS;) (the ideal generated by
PS;) is a prime ideal and d; is not in Ideal(PS;). Let I be the implicit ideal

of (2.1). Since n = (P1/Q1, ..., Pr/Qn) € IM(P,Q), n must be in some com-
ponents of IM(P,Q), say in Zero(PS1/{d1}). Note that 7 is a generic point

for V and Zero(PS1) C V, then Zero(PS1) =V and Ideal(PS;) = I. Hence

V —IM(P,Q) = Zero(IU{d,}) — Ut_,Zero(PS;/{d;}). Since d; is not in I,

the dimension of Zero(I U{d;}) is less than d. |

3 The Computation of Implicit Ideals
For a set of rational parametric equations of the form (2.1), let
F=Qizxi— P, Dj=Qiz —1,i=1,...n. (3.1)
where the z; are new variables. Let
1D = Ideal(Fy, ..., F,, D1, ...,Dy) (3.2)
i.e., the ideal generated by the F; and D; in K|t, z, z].

Theorem 4 We use the same notations as above. The implicit ideal of (2.1)
is IDN K[z, ..., zp).

Proof. The implicit ideal of (2.1) is

For B € I, replacing P;/Q; by z; — F;/Q; in B(P1/Q1,...,P,/Q,) = 0 and
clearing denominators, we have

(JT¥)B(@1,.yzn) =D CjF; (3.1.1)
i=1 j=1
where C; € K[x,t]. Multiplying both sides of (3.1.1) by G =[]/, 2, we have
(J[z:Q)*)B(z1,...;zn) =Y GC,F; (3.1.2)
i=1 j=1



Since D; = Q;2z; — 1, (3.1.2) shows that B(x1,...,2,) can be expressed as linear
combination of F; and D;. Therefore B is in ID N K[z]. We have proved
I Cc IDNK]Jz|. To prove the other direction, let P € ID N K[z]. Then we have

P = Zn:C’,Fl + zn:Bij
i=1 j=1

Setting x; = P;/Q;, z; = 1/Q; in the above formula, we have P(P,/Q1, ..., P, /Qn) =
0, i.e., P is in I. This completes the proof. |

Using the following Lemma and Theorem 3.1, we can compute a basis for
the implicit ideal of (2.1)

Lemma 5 (Lemma 6.8 in [Buchberger, 1985]) Let GB be a Grobner basis of an
ideal ID C K[x1, ..., Ty Y1, -, Yk| in the pure lexicographic order x1 < ... < T, <
Y1 < ... <Yk, then GBN K|x1,...,x,] is a Grobner basis of ID N K|z, ..., Ty].

Example 6 For parametric equations (1.1), let

PS = {(v—u)z+v+u, (v—u)’y—20v>—2u? (v—u)dz+203 + 60’0, (v—u)z, —1}
(3.3.1)
Note that we can omit (u —v)?z3 — 1, (u — v)323 — 1 because of the appearance

of (v —u)zy — 1. Under the pure lexicographical order x < y < z < u < v < 21,
the Grébner basis of Ideal(PS) is

3

{y—2?—1,z—23+1,(x+ Do+ (—2+ 1)u, 2uyz; + o+ 1,202 +x— 1} (3.3.2)

By Theorem 3.1 and Lemma 3.2, a basis of the implicit ideal of (1.1) is {y —
22— 1,z —a%+1}.

Remark The inequation part D; = 0 (which is equivalent to @; # 0) is essential
for Theorem 3.1 to be true. In Example 3.3, let PS" = PS — {(v —u)z; — 1},
then the Grobner basis GB’ of Ideal(PS’) is

2+ 2)v3 + 6uv? + 18u?v + (=23 + 622 — 187 + 13)u?
2+ 2)u)v? + 6uv + (—23 + 42? — 8x + 5)u?
y —2)v? — duv + (—2? + 4z — 3)u?
(z + 2)u?)v + (=2 + 222 — 20 + 1)u?
—2u)v + (—2% + 22 — 1)u?
x

Note that GB' N K[z] = ().

The following are some well known results about the properties of the Grobner
basis for a prime ideal which will be used in the next two sections. For S C
{z1,....,zn}, we denote K[S] to be the polynomial ring of the variables in S.



A set of variables S is called independent modulo a prime ideal I C KJz] if
INK[S] = {0}. It is known that if S is a maximal independent set modulo I
then |S| is the dimension of I. A maximal set of independent variables for a
prime ideal I is called a parameter set of I.

Lemma 7 Let I be a prime ideal with a parameter set S and P be a polynomial
not in I, then there is a nonzero polynomial @ € K[S] N Ideal(I U {P}).

Proof. Tt is a direct consequence of the dimension theorem (p48, [Hartshorne,
1977]). 1

The leading variable of a nonconstant polynomial P € K|[x] is the smallest
i <n such that P € K[z, ..., z;].

Lemma 8 Let GB be a Grobner basis of a prime ideal I in the lexicographical
order x1 < ... < xn, and S be the set of distinct leading variables of the polyno-
mials in GB, then T = {x1,...,2,} — S is a set of parameters of I and hence T
is of dimension |T|.

Proof. See [Kredel et al, 1989]. |

Lemma 9 Let GB be the reduced Grobner basis of a zero-dimension prime ideal
I in the pure lezicographical order x1 < ... < x,,, then GB = {A4, ..., A, } where
A; is a polynomial of x4, ..., x; with a power of x; as its leading term.

Proof. See Proposition 5.5 and 5.9 in [Gianni et al, 1988]. |

Lemma 10 Let GB be the reduced Grobner basis of a prime ideal I under the
lezicographical order x1 < ... < xy,, and S be the parameter set of I, then the
Grobner basis of the ideal generated by I in K(S)[T], (T = {x1,...,xn} —S5), is
{P| for each z;, inT, P € GB is the least polynomial with x;, as its leading
variable }.

Proof. Tt is a consequence of Lemma 3.4. |

4  The Independent Parameters
We will use the notations introduced in (2.1), (3.1), and (3.2).

Definition 11 The parameters ty,...,tm of (2.1) are called independent if the
implicit ideal of (2.1) is of dimension m, or equivalently the transcendental
degree of K(P1/Q1, ..., P,/Qyn) over K is m (by Theorem 2.3).

Lemma 12 1D and ID N K]|t, ] are prime ideals of dimension m.



Proof. Similar to the proof of Theorem 3.1, we have

ID = {P€ K[t,x,z} | P(tl,...,tm,Pl/Ql,...,Pn/Qn,]./Ql,...,l/Qn) EO}

i.e., ID is a prime ideal with (¢1,...,tm, P1/Q1, ., Pn/Qn,1/Q1,...,1/Qy) as a
generic point. Therefore, the dimension of I D is m. Similarly,

IDNK[t,z] = {P € K[t,2] | P(t1,....tm, P1/Q1, ..., Pa/Qn) = O}

Therefore ID N K|t, x] is also a prime ideal of dimension m. |

Let GB be a Grobner basis of I D in the lexicographical order x1 < ... < x,, <
t) < ...<tm <z <..<z, Since ID and ID N K[t, z] have the same dimen-
sion (Lemma 4.2), by Lemma 3.5, each z; must be the leading variable for some
polynomials in GB. Thus without loss of generality we can assume the leading
variables of the polynomials in GB be T g1, Td42, -oos iy tsp 1y Est2s cees by 215 -vy Zn-
Therefore, {21, ..., %4, t1, ..., ts } is a parameter set of the prime ideal ID and d+s
is the dimension of ID, i.e., d + s = m by Lemma 4.2. For the same reason,
{z1,...,zq4} is a parameter set of the ideal ID N K|x] and the dimension of
ID N K|[z] is d. Summing up, we have

Theorem 13 (a) The implicit ideal of (2.1) is of dimension d > 0. (b) The
parameters of (2.1) are independent iff s =0, i.e., each t; occurs as the leading
variable for some polynomials in GB.

Proof. For (a), we only need to show d > 0. Since not all of P; and Q; are in K
and ged(P;, Q;) = 1, some x; must dependent on the ¢ effectively, i.e., we must
have d > 0. Since d+ s = m, the parameters of (2.1) are independent iff d = m,
or s=0. ]

Theorem 14 If the parameters of (2.1) are not independent, we can find a set
of new parametric equations

z1=P{/Q,- -z = P, /Qy, (4.4.1)
which has the same implicit ideal as (2.1) and a set of independent parameters.

Proof. Use the notations introduced in the paragraph before Theorem 4.3. Then
{ x1, ..., g, t1, ..., ts } (d+ s =m) is a parameter set for ID. Thus the ideal
1D’ generated by ID in

R=K(x1, iy Ty 1y ooy s ) [Ty ooy Ty Est1s eees bamy 215 ooey 21

is a prime ideal of zero dimension. By Lemma 3.6 and Lemma 3.7, a Grobner
basis of ID’ under the lexicographical order xg11 < ... < Tp < tsp1 < ... <
tm < 21 < ... < z, can be found and is of the following form

A1 (zg41)



An—d(xd—&-la ooy zn)
Bi(xag1, - Tn,tet1)
(4.4.2)
Bm75($d+1, T 7$n7ts+17 e 7tm)

C1($d+1, ey Ty Lot 1y vvny by Zl)

Cn(Tar1, ooy Ty tot1y ooy timy 215 05 Zn)

where the leading term of each A; (B; and Cy) is a power of x44; (ts+; and z)
with coefficient 1. The coefficients of A;, Bj and Cy, are in K (x1, ..., g, t1, ..., s).
Let M be the least common divisor of the denominators of the coefficients of the
A;, Bj, and Cj, then M is a polynomial of 1,...,z4 and t1,...,ts. Let hq, ..., ks
be integers such that when replacing t; by h;, ¢ = 1,..., s, M becomes a nonzero
polynomial M’ of z1,...,x4. Let P/ and Q) be polynomials obtained from P,
and @Q; by replacing t; by h;, i = 1,...;s. In the next paragraph, we will show
that @} # 0. Thus we have obtained (4.4.1).

Let the implicit varieties defined by (4.4.1) and (2.1) be W and V respec-
tively. We want to prove W = V. By the selection of h;, it is clear that W C V.
For each F}, h =1,...,n, since Fj, € ID’, we have

n—d m—s n
Fy = Z H A + Z G;B; + ZEkOk
i=1 j=1 k=1

where the H;, G; and Ej, can be taken as polynomials in K|t, x, z], because the
leading terms of A;, Bj;, and C} are powers of variables. Replacing t; by h;,
1=1,...,s, in the above formula, we have

n—d m—s n
Fj =Y H/A;+ Y G,B;+> EC (4.4.3)
i=1 j=1 k=1

where Fy = Q) x5 — Pj,. By the selection of h;, B} and Cj, are well defined. Since
{z1,...,xz4} is a parameter set of the implicit ideal whose zero set is V, there
exists a generic zero xg = (1, ...,z,) of V such that x, ...,/ are independent
variables over K. (It is easy to show that 41 =0, ..., A;,_q = 0 can determine
such a generic zero.) Without loss of generality, we assume that the coefficients
of B}, as polynomials in R, have the form P/M’ where P is a polynomial in
Klx1,...,2q4] and M’ is defined as the above paragraph. Then by the selection
of the xg, we can replace x by xg in B;- and obtain a polynomial B;-’ . B;-’ is
a nonzero polynomial of ts41,...,t; whose leading term is a power of ¢;. Then

7 =0,..,B)_, =0 can determine a set of solutions for tsy1, ..., tm. Let such
a set of solutions be ¢, ,...,t/ . Similarly, we can determine a set of solutions
21y ey 2 for 21,02y from C1,...,Cl. Now replacing x by xg, t; by t,, i =
s+1,..,m,and z; by z;,, k =1,...,n, in (4.4.3), we have Q}z) — P}/ = 0 where



Q@ and P}’ are obtained from @}, and P; by replacing ¢; by ¢}, i =s+1,...,m.
Since Dy = Qrzr — 1 € ID', similarly we can show that Q}z;, —1 = 0. Thus

© # 0 (hence @, # 0). Therefore we have xg = (P{'/QY, ..., Pl /Q"), ie., zg is
in the image of (4.4.1) hence in W. This implies V' C W. Thus we have proved
V = W. Since V is of dimension d, by Theorem 4.3, the parameters t541, ..., tm
of (4.4.1) are independent. |

Example 15 In example (1.1), by (3.3.2), {x,u} is a set of parameters of
Ideal(PS). Here d = 1,8 = 1; hence the parameters u and v are not inde-
pendent. To reparameterize (1.1), by Theorem 4.4, we need to compute the
Grobner basis of Ideal(PS) in K(z,u)ly, z,v, z1] in the pure lexicographical or-
der y < z <wv < z1. Such a Grobner basis is

(—x+ 1)u z+1

2 3
S Lo+ —" 2o .
{y T )% x” + ,’U+ ($+1) y 21 2 }

Then the M in the proof of Theorem 4.4 is 2(x + 1)u. Selecting a value of u,
say 1, which does not make M zero, we get a new parametric equation

v+1 _2v2+2 _2v3+6v

R VAL Sy FR P L FR e

which has the same implicit prime ideal as (1.1) and has an independent pa-
rameter v.

5 Inversion Maps and Proper Parameterization
Definition 16 Inversion maps for (2.1) are functions

tl = fl(xla "'axn)a atm = fm(ajla awn)

such that x; = P;(f1, ..., fm)/Qi(f1, ..., fm) are true on the implicit variety V of
(2.1) except a subset of V' which has a lower dimension than that of V.

The inversion problem is closely related to whether a set of parametric equa-
tions is proper or faithful.

Definition 17 (2.1) is called proper if, except a subset of IM(P,Q) which
has lower dimension, for each (a1,...,an) € IM(P,Q) there exists only one
(T1y ooy Tin) € E™ such that a; = Py(T1, oo, Tim) /Qi(T1, ooy Tm), 1 =1, ...y

Now we assume that the parameters ¢, ..., t,,, of (2.1) are independent, i.e.,
s =0, then (4.4.2) becomes
Al(xm+1)

An—m(xm—i-lv Ty xn)

10



Bl(xm-i-l: te axnatl)

(5.1)
Bm(xm—&-l, e axnatla e 7tm)
Cl(xm+17 e 7xn7t1"'7t7n7 Zl)
Cn(xm-i-la 5y Ty tl...,tm, 21y ey Zn)

Theorem 18 Using the same notations as above, we have

(a) Bi(z,t1,...,t;) = 0 determine t; (i =1,...,m) as functions of x1,...,x,
which are a set of inversion maps for (2.1).

(b) (2.1) is proper if and only if B; are linear in t; fori=1,..,m, and if
this is case, the inversion maps are

ty =Uy/I, ..., tm=Upn/I;
where the I; and U; are polynomials in K[X].

Proof. Similar to the proof of Theorem 4.4, let the least common divisor of
the denominators of the coefficients of the A;, B;, and Cy be M, then M is a
polynomial of x1,...,zq. Let 2’ = (2f,...,x],) be a zero on the implicit variety
V of (2.1) such that M(z") # 0. Then similar to the proof of Theorem 4.4,
we can show that B;(z/,t1,...,t;) = 0, i« = 1,...,m, determine a set of values
t' = (t},...,t.,) for the t; and Cx (2, ¢, 21, ..., 2) = 0, k = 1, ..., n, determine a set
of values z’ = (21, ..., z,) for the z;. Furthermore, (¢,2’,2') is a zero of ID (see
(3.2)) which implies that Q;(t') # 0. Thus Fy(t',2") = Pp(t )z}, — Qn(t') =0,
ie., zj, = Py(t')/Qn(t'). Note that Zero(M) NV has a lower dimension than
that of V, we have proved (a).

To prove (b), first note that the B; = 0 (i = 1,...,m) are the relations
between the z and ti,...,t; in ID’ which have the lowest degree in t;. Also
different solutions of B; = 0 for the same x give same value for the x;. Since
(5.1) is a basis of a zero dimensional prime ideal ID’, for a generic zero z’ on
the implicit variety V, B;(2',t1,...,t;) =0, i = 1,...,m, have no repeated roots
for the ¢;. Therefore a point z € IM (P, Q) corresponds to one set of values for
t; iff B; are linear in t;, i = 1,...,m. Let B; = I;t; — U; where I; and U; are in
K|[x] then the inversion maps are t; = U;/I;, i =1,...,m. |

Theorem 5.3 gives a method to find the inversion maps and a method to
decide whether the parametric equations are proper.

Remark. In the terminology of algebraic geometry, if (2.1) is proper, then the
variety V defined by (2.1) is a rational variety, i.e., V is birational to E™.

Theorem 19 If m = 1 and (2.1) is not proper, we can find a new parameter
s = f(t1)/g(t1) where f and g are in Klt1] such that the reparametrization of
(2.1) in terms of s

(5.4.1)

are proper.

11



Proof. Since m =1, (2.1) defines a curve C. Let K/ = K(P1/Q1, ..., P,/Qx) be
the rational field of C'. Note that Py (t1)—Q1(t1)A = 0 where A = Py (t1)/Q1(t1) €
K’, then t; is algebraic over K’'. Let f(y) = a,y” + ... + ag be an irreducible
polynomial K”[y] for which f(¢1) = 0. Then at least one of a;/a,, say n = as/ay,
is not in K. By a proof of Liiroth’s theorem (p149, [Walker, 1950]), we have
K’ = K(n). This means that z; = P;/Q; can be expressed as rational functions
of n and 7 also can be expressed as a rational function of x; = P;/Q;, i.e., there
is a one to one correspondence between the values of the z; = P;/Q; and 7.
Therefore 7 is the new parameter we seek. Now the only problem is how to
compute the f.

By Theorem 5.3, we can find an inversion map Bj(z1,...,Z,,t1) = 0 of the
curve. Then Bj is a relation between the x and ¢; with lowest degree in ¢
module the curve, in other words Bi(y) = B1(P1/Q1,..., P0/Qn,y) = 0 is a
polynomial in K'[y] with lowest degree in y such that Bi(t1) = 0, i.e., Bi(y)
can be taken as f(y). So the s can be obtained as follows. If B; is linear in t;
then (2.1) is already proper. We can take s = t1. Otherwise let

By = bt + -+ by

where the b; are in K[z]. By (2.1), b; can also be expressed as rational functions
ai(t1), i =1,...,r. At least one of a;/a,, say ap/a,, is not an element in K. Let
s = ap/a,. Eliminating ¢; from (2.1) and a,s — ag, we can get (5.4.1). Note
that a; comes from b; by substituting x; by P;/Q;, j = 1,...,n, then s = by /b,
is an inversion map of (5.4.1). |

Theorem 5.4 provides a new constructive proof for Liiroth’s Theorem, i.e.,
we have

Corollary 20 Let gi(t), ..., g-(t) be elements of K(t), then we can find a g(t) €
K(t) such that K(g1,...,9-) = K(g).

Example 21 Consider the parametric equations for a Bézier curve [Sederbery,

1986]:

6_ 105 3 2 .
561)
_ 245°+54s* 545 —545°1+30s
Y= s6—-355+3544+3524-35+1
Let HS = {(s® — 3s% + 3s% + 352 + 35 + 1)z — (8s% — 125° + 32s% + 2452 +
125), (85 — 3s% 4+ 351 + 352 + 35 + 1)y — (24s° + 5ds? — 54s® — 54s? + 30s), (80 —
35°435% 43524+ 3541)z—1}. Under the variable order y < s < z, the Grébner

basis of Ideal(HS) in K(z)[s,y, 2] is

xTr =

g1 = 224y3 + (—22681 + 7632)y? + (—5dx? — 15122 — 480384)y + 3426323 —
4242242? 4+ 1200960z

go = (1527322 + 1098792z — 9767808) s + (7280y? + (—27006x — 125592)y —
17406922 + 598788z — 9767808)s — 7280y> + (270062 + 125592)y + 18934222 +
500004
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g3 = (4887362+39071232)2+(33488y%+(—95718x+1701432)y— 71213422+
99704882 —34187328)5+27888y+(—812102+1297128)y—58410922 488851962 —
39071232
Since (5.6.1) defines a plane curve, by Theorem 3.1 and Theorem 5.4, (5.6.1)
is a set of improper parametric equations for the curve gy = 0. An inversion
map of (5.6.1) can be obtained by solving go = 0 as a quadratic equation of s.
To find a set of proper parametric equations for g; = 0, by Theorem 5.4, we
select a new parameter

(7280y2 + (—27006x — 125592)y — 17406922 + 598788z — 9767808)  s2 + 1

L (1527322 + 1098792z — 9767808) -

(5.6.2)
Eliminating s from (5.6.2) and (5.6.1), we have

8t3 + 12t2 — 36t; + 16 —24t3 + 78t — 54
xTr = =
B33t 7 £+36 -3

(5.6.3)

By Theorem 5.4, we can easily check that (5.6.3) is a set of proper parametric
equations of g; = 0 with an inversion map (5.6.2).

6 Conclusions

The main results of this paper can be summarized as follows.

(a) We can find a basis for the implicit ideal of (2.1).

(b) We can decide whether the parameters t1, ..., t,, of (2.1) are independent,
and if not, reparameterize (2.1) so that the parameters of the new parametric
equations are independent.

(c) If the parameters of (2.1) are independent, we can construct a set of
polynomial equations

Bl(xh ...71‘n,t1) = O7 ceey Bm(xl, ...7$n,t17 7tm) =0

the solution of the ¢; in terms of the z; are the inversion maps of (2.1), and (2.1)
is proper iff the B; are linear in t;, i =1, ..., m.

(d) If m =1 and (2.1) is not proper, we can reparameterize (2.1) such that
the new parametric equations are proper.

The general case of (d), i.e., to decide weather the implicit variety of (2.1)
is rational (or equivalently, birational to E* for some k), and if it is, to find a
set of proper reparametrization for (2.1), is still open. In the case m = 2, see
[Gao & Chou, 1991b] for further discussions.
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