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ON HERMITE INTERPOLATION IN R4*

BORIS SHEKHTMANT

Abstract. In this article, we deal with the problem of “Minimal Hermite Interpolation.” That is, given a number
k of distinct points in R; and the values of several derivatives at this point, we want to find a subspace of minimal
dimension, where this interpolation problem has a solution, independent of the choice of points. In Section 2, we
present some results on such subspaces in the particular cases of two points and some or all partial derivatives of the
first order. In Section 3, we obtain some general upper bounds on the dimension of interpolation subspaces.
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1. Introduction. When describing a problem of Hermite interpolation in several vari-
ables, one is confronted with a necessary evil of unbearably cumbersome notations. | am
hoping to avoid this assault on the psyche of the reader by confining the discussion to a few
simple examples, where an explicit description of the question circumvents the need for a
general scheme. So, let us agree to use the words “Lagrange Interpolation” for the problem
of finding a function with prescribed values at finitely many points. “Hermite Interpolation”
then refers to the situation when not only the values of the function, but the values of some of
the partial derivatives of the function are prescribed.

So, given k points: wuy, ue, ... ux € Rg; k scalars ai, as,...ax € R and a finite dimen-
sional subspace F' C C (Rq4), we wish to find a function f € F' such that f (u;) = a; for
all j = 1,... k. If that is possible for all choices of scalars a1, as,...ax € R, we will say
that the space F' interpolates the functionals @y, : {0u,, du,, - - -, du, +- (Here d,, refers to the
functional on C (R;) defined as 4, (f) = f(u).) Let fi, fo,... fn be bases for F. Then
F interpolates the functionals 6., , dy,, - - . , 0., if and only if the rank of the & x N matrix
[fj (um); m = 1,...k; j = 1,...N, is equal to k. The three types of problems in the
Lagrange interpolation are as follows:

1. Given a space F, find all configurations of points uy,us,...ur € Ry such that
interpolates 6y, , 0wy, - - -« 5 Ousy, -

2. Given &y, := {04, ,0u,, - - -, du, , find the space F that interpolates ®y.

3. Let I (®%) = min {dim F : F interpolates d,, , du,, - - - , oy, for all choices of
distinct uq, us,...ux € Rq}. Find I(®g) and a space F' that interpolates
Ouy s Ougs - - - » Ouy, TOr all choices of distinct wy, ug, ... ur € Rq such that dim F' =
I (®y). We will refer to this problem as the “Minimal Interpolation Problem.”

For Hermite interpolation, we once again start with k points: wy, us,...ux € Rg and a
set n of k integers nq, ng, ... ny. For each integer n;, we prescribe a family of differential
operators { D} :a=1,...,n;}. Let ®(j) = {bu;, 0D} :a=1,...,n;} be the family of

k
corresponding functionals at the point «; and let @ (7)) = |J ®(j). We are interested in a

7j=1
space F' C C* (R,) that interpolates the functionals @, (72). The corresponding three types
of problems in Hermite interpolation are:
1. Given a space F, find all configurations of points uy,us,...ur € Ry such that
interpolates ®, (7).
2. Given &, (n), find the space F that interpolates ®;, (7).
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3. Let I (P (7)) = min{dim F : F interpolates @, (i) for all choices of distinct
Uy, Uz, ... U € Rq}t. Find I (P (7)) and a space F that interpolates &, (n) for
all choices of distinct wq, us, ...ur € R4 such that dim F' = I (P (7). We will
refer to this problem as the “Minimal Hermite Interpolation Problem.”

Obviously I (®x; B) > k for Lagrange interpolation and I (9 (7)) > #Py () for
Hermite interpolation. The rest depends on d = dim Ry and, as we will see in the next
section, on the choice of operators D¢ . For instance, for the Minimal Lagrange interpolation
problem in one variable, I (®;) = k and the space of polynomials IT;._, is an example of a
®.-interpolating space of minimal dimension.

Interpolation in several variables has received serious attention in the literature only re-
cently (cf. survey papers [2] and [4]). Specifically, for “Minimal Lagrange Interpolation” in
R, the following striking result was proved by F. Cohen and D. Handle [1] and rediscovered
by Vasiliev [7]:

THEOREM 1.1. Let I(k,2) be the least dimension of a space ' C C (R2) that inter-
polates at arbitrary k points in Ry. Then 2k — v(k) < I (®y) < 2k — 1, where v(k) is the
number of 1°s in the binary representation of an integer k.

Despite the flurry of activity around Hermite interpolation, the “Minimal Interpolation”
in several variables had been investigated only for Lagrange Interpolation. This paper is a
modest attempt to attract attention to the “Minimal Hermite Interpolation.” One way to do
so is to compare Lagrange and Hermite interpolation, which we will do in the next section,
by means of simple, yet peculiar, examples. We hope that these examples will emphasize the
topological nature of the problems. In Section 3 we will prove some general estimates for the
quantity I (P (72)).

We will use the notation 114, to denote the space of polynomials of degree N of d vari-
ables.

2. CaseStudy of (2, 1) Interpolation. These are the cases of Minimal Hermite interpo-
lation at two distinct points in R, and some of the partial derivatives of the first order at those
points. The two distinct points are denoted as « and v, and the point evaluation functionals
are d,,,0,. Hence in this section we are interested in finding a subspace ' C C'*° (Ry) of
minimal dimension that interpolates the functionals 4., é,,, and some or all of the function-
als 6, o %, 8y © a%’ dy © a% and §, o a%- We will often use (z,y) to denote the point
u = (x,y) € Ry. Hence, it will be understood that for instance the function f(u) = 2 —y is
the function f (x,y) = 2 - y. Similarly, (Zf) (u) = fo(u) is the derivative of the function
f with respect to the first variable, evaluated at the point w.

Case 1. Interpolation of ¢,,6,. This is a classical case of Lagrange interpolation in
Rs.

THEOREM 2.1 ([5]). For any two-dimensional subspace F' = span [f1, fa] C C (Rz)
there exists a pair of distinct points w,v € Rs such that the space F' does not interpolate
at these points. Hence I (®;) = 3 and the space F' = span[l,x,y] is a minimal I (®y,)-
interpolation space.

A nice proof is due to Mairhuber [5]. Since we will use the idea of this proof over and
over, we will refer to it as the Mairhuber Argument.

Proof. Position two points u, v on diametrically opposite ends of a circle and consider
the determinant

Ji(u)  fa(u)

fiw)  fa(v)
As we rotate the diameter, the points « and v switch positions and hence D[u, v] changes
sign. By the intermediate value theorem, there exists a pair «, v such that D[u,v] = 0 and

Dlu,v] =
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hence F' is not interpolating at these points.

On the other hand, it is easy to verify that the 3-dimensional space spanned by [1, z, 3]
interpolates at two arbitrary points. Indeed the

rank [1 1 yl} =2
1 i) yQ

if (and only if) (x1,y1) # (22,y2), 1.6, u £ v. O

CoNcLusIoN 1. The minimal dimension of the space that interpolates 4., ,, is three,
one more than the number of interpolating conditions.

Case 2: Interpolation of d,,6, and d,, o a%- This is the first case of Hermite Interpo-
lation. Suppose that we now want to find a three-dimensional space F' = span|[f, g, h] C
C* (R3) such that for any two points u,v € R the space F interpolates the functionals

Ou, 0y and d, o a%- Observe that in this case the Mairhuber Argument does not work. For in

the determinant

fuw)  g(u)  h(u)

af(v) ag(v) ;L(v) :

gh(u) go(u) gh(u)
as u and v switch positions, the last row changes as well and so the conclusion is indeed not
warranted. Nevertheless, any three-dimensional space ' C C'* (Rz) does not interpolate
Ouy Oy, and &y, o a% for arbitrary distinct v and v.

THEOREM 2.2. The minimal dimension of the space F© C C* (Ry) that interpo-
lates functionals ¢,,9, and ¢, o a% for arbitrary u,v € Ry is 4. The space F' =
span [1,z,y, z? — y?] is an example of such space.

Proof. Contrary to the conclusion, let F' = span(f, g, h| interpolate ¢,, J,, and §,, o %
for arbitrary u # v € R, i.e., the determinant

fw)  g(u)  h(u)
(2.1) D(u,v):=|f(v) g) h(v)|=0ifandonlyifu=wv.
fo(u)  go(u)  ho(u)

Let ¢ : Ry — Rj3 be defined by ¢(u) = (f(u), g(u), h(u)). Then ¢ is one-to-one, for
otherwise, the first two rows in determinant (2.1) would be equal for some u # v. Hence
¢ (R2) is a smooth 2-manifold in R3. Let T'(u) be a plane defined as span [p(u), ¢, (u)].
Then for every u € Ro, T'(u) is a two-dimensional plane passing through the origin, oth-
erwise the first and the third rows in the determinant D(u, v) would be linearly dependent,
which would contradict (2.1). Furthermore,

22 ¢ (Ra) NT(u) = {d(u)}-

Indeed, if that was not so, then we could find ¢(v) € ¢ (R2) N T'(u) for some v # w.
Hence the vectors ¢(u), ¢(v), ¢.(u) all belong to a two-dimensional space T'(u) which,
once again, would imply that ¢(u), ¢(v), ¢, (u) are linearly dependent and D(u, v) = 0, in
contradiction to (2.1).

Since ¢ (R2) is a smooth two-dimensional manifold without a boundary, (2.2) implies
that 7'(u) is a tangent space to ¢ (Rz) atevery point ¢(u) € ¢ (R2). The important conclusion
is:

For every point w € ¢ (Rz), the tangent space T, passes through the origin.

That actually implies that ¢ (R) is either a plane or, locally, a cone. This means that
there is a straight line in ¢ (R2) that belongs to T}, = T'(u), which contradicts (2.2). Since |
couldn’t find a convenient reference to this last fact in the literature, let me verify it directly.
Let P(w) be an arbitrary plane passing through the origin and a point w = ¢(u) € ¢ (R2)
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such that w # 0. Then r(w) = P N ¢ (R2) is a one-dimensional smooth curve and the
tangent line ¢(w) to the curve r(w) belongs to P(w) N Ty, and, in particular, passes through
the origin. Let r(s) = (x(s),y(s), z(s)) be a parametrization for the curve r(w). Since the

tangent line to r(s) passes through the origin for all s, we have
z'(s) _ y'(s) _ 2(s)
. oawls) Tl T oE() ) . .
It is now easy to solve this differential equation to conclude that r(s) is a straight line.

Hence r(s) € ¢ (R2) N T'(u). That contradicts (2.1) and proves the first part of the theorem.
The fact that the space F' = span [1, z,y, 2 — yz] interpolates functionals ¢,,, §,, and
Oy © % for arbitrary u, v € Ry will be verified in the next case. O
CoNcLUsION 2. The minimal dimension of a subspace that interpolates é,,d, and
0y © % = 4, is one more than the number of interpolation conditions.

Case 3: Interpolation of 4, d,, d, o a% and ¢, o a%- Surprisingly in this case the
minimal dimension of the interpolation space is the same as the number of interpolation
conditions.

PROPOSITION 2.3. The space F := span [1,z,y,2? — y?| C C (Ry) interpolates the
functionals d,,, d,, 0, © % and é, o 8% for arbitrary choice of distinct points u,v € Rs.

Proof. Let u = (x1,y1) and v = (z2, y2). Then the corresponding determinant

Loz oy xf—yf
1 oz yo x3—y3
0 1 0 2:131
00 1 —2y

= —2aomy + Y3 + 2+ 2t —2pye + i = (z1 —22)° + (Y1 — 32)°

and equals to 0 only if z; = x5 and y; = yo; that is, when v = v. 0
CoNcLusIoN 3. The minimal dimension of a space that interpolates 0., 6., 0., © a% and

0y © a% is 4.
Case 4: Interpolation of 4y, d,, 6, o 2 and 6, o a%- Once again, we have
PROPOSITION 2.4. The four-dimensional space F' = span [1,z,y,z* + y?| inter-
polates the functionals 4, d,, d, o a% and ¢, o a% for arbitrary choice of distinct points

u,v € Ro.
Proof. For u = (z1,y1) and v = (x2, y2), the corresponding determinant

Loz oy xi+y3
1 oz y2 x3+y3
0 1 0 211
00 1 2;

= —2xo71 — 2yothn + a5 + Y5 + 27 + 7 = (v1 — 582)2 + (y1 — y2)2

and equals to 0 if and only if x1 = x5 and y; = yo; that is, when u = v. 0
CoNcLUsION 4. The minimal dimension of a space that interpolates d.,, 6., 0., © a% and

0y O a% is 4.
Case 5: Interpolation of d,,6,, d, © a% and ¢, o %. In contrast to the previous two
cases, | was unable to find a four-dimensional space that interpolates these functionals for

arbitrary u # v € Rs.
CoNJECTURE 1. No four-dimensional space interpolates functionals d.,, 6., 6, © a% and

0y O a% for arbitrary choice of distinct points u,v € Rs.
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Case6: Interpolation of §,,, 6., 6, © 2, 6, o %, 8y © a% and 6, o a%'

PROPOSITION 2.5. There exists a seven-dimensional space that interpolates at two ar-
bitrary points, and all of the first-order partial derivates at these points. No six-dimensional
space F' has this property.

Proof. Consider the space F' spanned by the first seven harmonic polynomials:
1,z,y, 22 — y?, —2yx, 23 — 3y%x, —3x%y + y3. We need to show that for every (z1,y1) #

(z2,92)

(1 2 oy 2% —yl —2pr 2 —3yirn =3y + oy
1 2y yo a5 —y5 —2ways a3 —3yswa —3x3ys +y3
0 1 0 2z -2 3x? — 3y —6y171
rank = 6.
0 1 0 21 —2yo 313 — 3y3 —622y2
0 0 1 =2 —21 —6y121 —32% + 3y3
0 0 1 —2y —2x9 —622y2 —3x3 + 3y3 |

This can be easily done by direct computations:

1 21 »n x% — y% —2y171 x? — 3y%:c1
1 xy yo @3 —y5 —2woys a3 — 3ysao
0 1 0O 2z —2y1 3x? — 3y?
det 5 3
0 1 0 2x9 —2y9 3z5 — 3y3
0 0 1 —2y1 —2561 —6y1£C1
0 0 1 —2y —2x2 —6z2y2

= —2(z2 —11) ((502 — 1)’ + (g2 — y1)2) ((502 —a1)” =3 (y2 — ?Jl)z)

and
1 oz oy 2f—yi =2z —3ziy +
1z yo x3—y3 —2xay2 —3a3y2 + 3
det 0 1 0 21‘1 —2y1 —6y1$C1
0 1 0 229 —24o —6x2y2
0 0 1 =2y  —2x; 322432
0 0 1 —2y2 —21‘2 —356% + 3y%

=—2(~y2+y1) (3 (w1 — 582)2 — (~y2 + y1)2) ((351 - 302)2 +(—y2 + 91)2) .

It is now easy to check that the two are equal to zero simultaneously if and only if u = v.
On the other hand, we can use the same Mairhuber argument to show that a six-
dimensional subspace cannot interpolate the functionals in question. Once again, let

f1, f2,-- -, f¢ be abasis for such a space. Consider the determinant
fi(w)  fa(w) - fe(uw)
fitw)  fa(v) o fe(v)
S G o He)
Fw) P o e
G ) o G
Srw) G - )

As u and v are rotated into each other, three consecutive pairs of rows alternate and
hence, the sign of the determinant changes. Once again, by the indeterminate value theorem,
we conclude the existence of v and v for which the above determinant is zero. O

This result generalizes to k points interpolation, which we will prove in the next section.

REMARK 1. To contrast Minimal Hermite interpolation with regular Hermite interpo-
lation, compare the “success” of harmonic polynomials to failure of regular six-dimensional
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space polynomials I1% that do not interpolate functions 4., &,, d, © ai

xT
8y 0 a% for any points « and v.

CoNcLuUsION 5. The minimal dimension of a subspace that interpolates d,,, 6., 0., © %,
5u03%y5v0%,5v03%i57-

9 9
,5u03—y,5v06—

!

3. General Estimates. In this section, we will establish some upper bounds for the
quantity I (@, (72)). These bounds give an accurate estimate of the asymptotics of I (, (72))
with respect to parameters k, m and d but, as can be seen from examples in the previous
section, are far from being exact.

For Lagrange interpolation, the following result was established in [6]

THEOREM 3.1. There exists a subspace F' C C (Rg) with dim F' = (d + 1)k such that
F interpolates at arbitrary & distinct points uy, us, ..., u; € Ry.

Next,we give a similar theorem for the case of Hermite interpolation, and an outline of
its proof. The details are analogous to the proof of Theorem 3.1, and require the following
definition of transversality (cf. [3]):

DEFINITION 3.2. Let A and B be two differential manifolds and G be a smooth mapping
G : A — B. Let C be a submanifold of B and z € A. We say that G is transversal to C at
the point x if

G(x) ¢ Cor Tg(S)B = Tg(s)c + (DG) . A.
We say that G is transversal to C, (G rh C) if it is transversal to C at every point z € A.

Here, T,.U denotes the tangent plane to a manifold U at the point «, and (DG),, is the
derivative of the function G at the point .

THEOREM 3.3. Let wy,us,...,ux, € Ry be an arbitrary collection of k dis-
tinct points. For each j, consider a collection of n; distinct functionals ®(j) =
{6%. o D?), oy 0y, 0 foj)} where Dl(” are arbitrary operators on C> (R,). Let
Oy, (n) = UP(4) and let m = #®4, (1), the cardinality of &y, (7). Then there exists a sub-
space F' C C (Rg4) with dim F' = dk + m that interpolates ® for arbitrary choice of distinct
points uy, us, ..., ur € Ry.

Proof. Let N = dk + m, and let M be an integer large enough so that the interpolation

problem for functionals ®,, () is solvable in the space of polynomials I1¢,. Let E = (H‘}W)N
be a differential manifold (vector space) which is a direct product of N copies of 11¢, and
A = A(d, k) be a “configuration manifold,” i.e., the set of all distinct k-tuples of points
Uy, U, ..., ux € Rq. Finally, let B = B(NN,m) be the space of all m x N matrices and
C C B(N,m) be the submanifold of matrices of rank less than m.

Define a mapping Q : E x A(d, k) — B(N,m) by

(31) Q(plap217pN7u17u21auk):[¢(p7)]7 .7:1’7N7 ¢€¢k(ﬁ)

Our immediate goal is to show that Q M C, i.e., to verify that

(3.2) TQ(pyu)B = TQ(pyu)C + (DQ)(p_’u) (E X A)
Since B is a linear space, its tangent space is itself and is sufficient to show that
(3.3) rank(DQ) p,u) = dim Ty ) B = dim B = mN.

The Jacobian (DQ)p,.) is an augmented matrix L = [L1, L»], where L; = %—g and Ly =
g—g. Differentiating with respect to polynomials p € 11¢,, we can easily find (cf. [6]) that
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H 0 --- 0
0o H --- 0
L=
o 0 --- H

where H is the matrix of ®;, () interpolation in the space I1¢,. Since 114, is ®j, () interpo-
lating, hence rank H = m and, thus, rank L. > rank L; = mN and Q h C.

By the Transversality Theorem (cf. [3]), we conclude that for almost all fixed polyno-
mials p1,po,...,pn € 114, the mapping P := Q (p1,pa, pN;u1, ua, ..., ug) : A — B
is transversal to C. Let F' = span [p1,pa,...,pn]. We claim that the space F' is @y (72)-
interpolating. Indeed, since P rh C, hence either P(A) N C' = §), that is, the matrix [¢ (p,)];
j=1,...,N; ¢ € ® (i) has rank m, or

(3.4 Tp(u)B = Tp(u)c + (DP),A.

A simple dimension count shows that (3.4) is not possible: dimTB = dim B = Nm;
codimC = N —m+ 1and dim(DP),A < dim A = dk. Substituting dk + m for N we
have dk + 1 < dk.0O

Comparing Theorems 3.1 and 3.3, one can observe that for Lagrange interpolationm = &
and, hence, Theorem 3.1 follows from Theorem 3.3.

Our next and last theorem establishes an analog of the right-hand side estimate in Theo-
rem1.1:

THEOREM 3.4. There exists a 4k — 1 dimensional space F' C C (R3) that interpolates at
any k distinct points in R and all of its partial derivatives of the first order at those points.

Proof. We wish to prove that the space F' of the first 4 — 1 harmonic polynomials
interpolate the values of the function and all of its partial derivatives at an arbitrary % points.
Consider the % distinct points w1, us, . . ., ux € Ry ascomplexnumbersu; = (z;,y;) = z;+
iy;j. Let{a;, 85,7 € R:j=1,...,k} begiven. Letp(z) = ap+arz+---+agg_122F"1 =
h(z,y) + ig(x, y) be a complex polynomial such that

p(uj) = aj, p'(uy) = Bj —iv;.
Then h (u;) = «;; and by the Cauchy-Riemann equation we have
I'g) = 3 (& =i %) (hy) +igle,y) = 2 (u) = i 2 = B — iy
Hence, A is the harmonic polynomial with the desired property. O

REMARK 2. Unfortunately, the usefulness of harmonic polynomials ends at this point. If
the second derivatives are involved, the equation Ah = 0 renders them useless for interpola-
tion.
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