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1. Introduction.

Interpolation theory for functions of a single variable has a long and distinguished his-
tory, dating back to Newton’s fundamental interpolation formula and the classical calculus
of finite differences, [7,47, 58, 64]. Standard numerical approximations to derivatives and
many numerical integration methods for differential equations are based on the finite dif-
ference calculus. However, historically, no comparable calculus was developed for functions
of more than one variable. If one looks up multivariate interpolation in the classical books,
one is essentially restricted to rectangular, or, slightly more generally, separable grids, over
which the formulae are a simple adaptation of the univariate divided difference calculus.
See [19] for historical details.

Starting with G. Birkhoff, [2] (who was, coincidentally, my thesis advisor), recent
years have seen a renewed level of interest in multivariate interpolation among both pure
and applied researchers; see [18] for a fairly recent survey containing an extensive bibli-
ography. De Boor and Ron, [8,12,13], and Sauer and Xu, [61, 10, 65], have systemati-
cally studied the polynomial case. Multivariate generalizations of divided differences have
been proposed by several authors [9, 30,40, 52, 59, 60]. Other significant developments
include Kergin’s interpolation theory, [38, 45, 46], multivariate Birkhoff and Hermite in-
terpolation, [42,43], radial basis functions, [4], and various algebraic and group-theoretic
approaches, [25,31,41, 48,49, 67].

The goal of this paper is to investigate some of the basic computational issues that
arise in multivariate interpolation. In the polynomial case, it is an elementary observation
that the interpolation conditions require the solution of a Vandermonde linear system,
[27, 34], which is then effected by the classical divided difference calculus. Less commonly
known is that there is a beautiful, explicit LU factorization of the classical Vandermonde
matrix. Here is the third order case':

1 1 1 1
T T €T T
SO =12 2 2 g | =T, (1.1)

Lo T3 Ty Ty

3 3 3 3

where
1 0 0 0
I3 _ T 1 0 0
x3 Ty + Ty 1 0|
3 rRtror, + 2t ryt g twy, 1 (1.2)
1 1 1 1
0 0 (29 — z0) (29 — 27) (23 — o) (23 — 27)
0 0 0 (x5 — o) (w5 — @) (25 — 25)
T I use S to indicate that we are dealing with the “sample matrix” — here of the monomials
1,z, :c2, 23 — and reserve the symbol V for vector spaces.



The general pattern, cf. (2.22), is almost evident from the 3 x 3 case. In particular, the
factorization yields a completely elementary proof of the classical Vandermonde determi-
nant formula as the product of the pivots, i.e., the diagonal entries of the upper triangular
factor. The entries of U®) are the classical Newton difference monomials. Indeed, as we
will see, the classical interpolation and the divided difference formulae all follow imme-
diately from the factorization. The entries of L) are the classical complete symmetric
polynomials, [44]. Interestingly, the inverse of L®) also has a nice explicit formula

1 0 0 0
_ —x 1 0 0
E® — (131 %xol - X o | (1.3)

whose entries are the classical elementary symmetric polynomials. The inverse of the upper
triangular factor (when it exists) is also striking:

1 1 1 1
g —x (T —x)(T9 —T3) (29— 1) (Tg — o) (T — 73)
0 1 1 1
(U(g))_l . Ty =3y (T —20)(T) — 7)) (T —x0)(T) — T) (7 — 73) (1.4)
0 0 1 1 '
(g —mg)(Tg — 1) (75 — 7)) (29 — 71) (75 — 73)
0 0 0 1

(23 — o) (x5 — 1) (23 — T2)

Historical note: 1 noticed the factorization a few years ago, and was certain that it
must be well known. However, tracking down references has been a challenge. In lec-
tures given around 1991, George Andrews, [1], used it to motivate a general combinatorial
method, but never published it. With the help of Gil Strang and Dennis Stanton, I
found explicit versions in several rather recent publications, [26, 39,57, 66], but, so far,
nothing older. De Boor, [11], emphasizes the importance of the LU Vandermonde factor-
ization for interpolation theory without explicitly writing it. In a 1973 paper, Miihlbach,
[50, 51], rewrites both classical and generalized divided differences as ratios of Vander-
monde determinants, but doesn’t relate them to matrix factorizations. Interestingly, the
rather extensive numerical literature on practical solutions to Vandermonde systems, in-
cluding [3, 33,27, 34, 53, 63|, fails to reveal the explicit factorization formula. The last
formula (1.4) was pointed out to me by Herbert Wilf.

In the multivariate version, the Vandermonde matrix assumes a block form, where
the ordinary powers are replaced by symmetric powers of vectors. To effect a similar
explicit block LU decomposition, and thus establish the multivariate analogs of the Newton
interpolation formulae, we are naturally led to the non-commutative quasi-determinants
originally proposed by Heyting, [32], and then developed in detail by Gel’fand, Retakh, and
their collaborators, [15,16,20-24]. The simplest example of a quasi-determinant is the
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well-known Schur complement ©,(A) =d— ca~1b of a 2 x 2 block matrix A = (CCL 2),

which appears in its block LU factorization

(0 0)= (ear ) (6 amin) 19

The general case can be recursively defined based on the general heredity principle for-
mulated by Gel’fand and Retakh, [24, 20]: quasi-determinants of quasi-determinants are
quasi-determinants.

Warning: in the scalar case, a quasi-determinant does not reduce to an ordinary
determinant, but rather to a ratio of determinants.

The block factorization of the multivariate Vandermonde matrix leads to a full mul-
tivariate version of the classical divided difference calculus, including a general recursive
algorithm for computing the multivariate interpolation coefficients, as well as connections
with the theory of noncommutative symmetric functions, [21]. The result is a substantial
generalization of the univariate divided difference calculus to multivariate interpolation
that holds much promise for practical applications.

An alternative, intriguing approach is to relate the interpolation problem for surfaces
and higher dimensional submanifolds to that of curves. Suppose we use n + 1 points to
interpolate a submanifold N C R™. As the points coalesce, the relevant coefficients of the
interpolating submanifold converge to the corresponding derivatives of the submanifold
at the point of coalescence. This, indeed, is the foundation of numerical differentiation
theory. At the same time, we could also regard the points as interpolating a curve, and
thus providing approximations to the derivatives of that curve up to order n. This indi-
cates that there is a profound connection between higher dimensional submanifolds and
curves that relate their derivatives at a point in such a manner that the divided difference
approximations to the curve derivatives will, in appropriate combinations, also serve to
approximate surface derivatives. This observation will be developed in depth in the final
section, leading to some fascinating new formulae that directly connect multivariate inter-
polation and approximation of derivatives with the classical univariate divided difference
calculus.

These observations strongly suggest that there is a heretofore unsuspected connection
between the derivatives, or “jets”, [54], of submanifolds of differing dimensions, and hence
a connection between the different jet bundles for submanifolds of a given manifold. In-
deed, the anticipated outcome of our studies should be a geometric blending, through a
general construction known as multispace [55], of interpolation-based numerical approx-
imation schemes for jets of submanifolds of dissimilar dimensions. Our theory has been
designed to establish a rigorous definition of multivariate multispace as the proper foun-
dation of a geometrical theory of numerical algorithms; see also [14, 35]. Applications to
the design of group-invariant numerical methods for approximating differential invariants
and integrating invariant differential equations via the method of moving frames, [55], and
more general methods of geometric integration, [29, 36|, are under development.
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2. Interpolation as Factorization.

The purpose of this section is to show how the classical divided difference formulas
for univariate polynomial interpolation can be recovered from the LU factorization of a
Vandermonde matrix. Indeed, we will establish analogous formulas for completely gen-
eral function interpolation based on the same matrix factorization method, resulting in a
general divided difference calculus for univariate interpolation theory.

Suppose we are given n + 1 scalar-valued! functions p,(x),...,p, (z) depending on

z € R. Let ug,...,u, € R indicate a set of interpolation data at the prescribed nodes
Zg,---, %, € R. The general interpolation problem seeks a linear combination

u=p(x) =copy(x) + -+ +¢,p,(x) (2.1)

that passes through the interpolation points:

u;=o(x;) =Y o pplay), j=0,....,n. (2.2)
k=0

We will often view u; = f(x;) as the sample values of a function u = f(z). Of course in
many applications, there is no underlying function, and one merely replaces every occur-
rence of f(z;) by u;.

We can rewrite the basic interpolation equations in matrix form as follows. Let X =

(zg,---,x,) denote the sample points. Then (2.2) is equivalent to the matrix equation*
u=c§, (2.3)
where u = (ug,uy,...,u, ), ¢=(cy,¢q,-..,c, ) are row vectors, while
$=p(X) = (pxo) py) - pl,)) (2.4)

denotes the (n+1) x (n+1) sample matriz obtained by sampling the interpolating functions
p(z) = (po(x),...,p,(x) )" at the points. We shall assume that the the interpolation
equations (2.2) have a unique solution, which imposes the following key constraint on the
points.

Definition 2.1. A sequence of points X = (z,,...,x,) is said to be poised for
the interpolation functions p,...,p, if and only if the sample matrix is nonsingular:
det p(X) # 0.

T The theory applies without significant modification to vector-valued functions of a single
variable.

! One can, equivalently, work with column vectors by transposing the matrix systems. How-
ever, this leads to a number of technical complications that only seem to obscure the key issues.
Despite some initial unease, I came to the conclusion that using to a row vector notation for the
interpolation coefficients is the more natural approach.



There are two particularly important special cases. The first is classical polynomial
interpolation theory, which takes

polx) =1, pi(x) =z, p,(x) =",
The sample matrix
11 1 ... 1
Lo Ty L n
S=pX)= |25 =i 23 ... z (2.5)
Ty xy Ty ... T
is a Vandermonde matrix. As is well known, S is nonsingular, with
det S = H (z, —x;) #0, (2.6)

1<J
and hence the points are poised if and only if they are distinct.
The second case is trigonometric interpolation, where
pp(z) =e'Fe k=0,...,n.

Equally spaced points x,, = 2v7/(n + 1) on the interval [0, 27 ], lead to the discrete Fourier
transform of fundamental importance in signal processing, [62]. The entries of the sample
matrix

11 1 ... 1
1 ¢ ¢ oL

S=pX)=|1 ¢ ¢* ... ¢

1 Cn C2n . Cn2
are (n + 1)st roots of unity, i.e., powers of ( = 271/(n+1),
The direct method for solving the interpolation equations (2.3) is standard Gaussian
elimination, [62]. Let us assume that the coefficient matrix S is regular, [56], meaning

that it is invertible and, further, that no row interchanges are required to reduce it to
upper triangular form. Regularity is equivalent to the factorization®

S=LU, (2.7)

of the sample matrix into a special or unit (meaning it has all 1’s on the diagonal) lower
triangular matrix L and an upper triangular matrix U. Assuming invertibility, the regu-
larity condition can always be arranged by an appropriate ordering of the sample points

T Even though (2.3) is an equation for row vectors, we still use row operations on S (not S7)
to reduce it to upper triangular form. Once the LU factorization (2.7) is established, the system
can be solved by back and forward substitution.



Zg,---,Z,. The entries of L and U can be computed using the following recursive scheme,
which is just the systematization of the Gaussian elimination algorithm. Similar formula-
tions can be found in Miihlbach, [50, 51].

Theorem 2.2. Given functions py(x),...,p, (x), recursively define the functions
. i i w,ﬁz(l‘k) k:O,...,n—l,
wo(z) = p; (), wi1(7) = wi(z) — o () wy, (), i=k,...n, (2.8)

i Wi (z k=0,...,n,
@) =ub@), )= ETen 2.9)

Then the entries of L and U in the factorization (2.7) of the sample matrix are

wk(xj>v k S]:
0, k> 3.

Uk =

J

(2.10)

Thus, the upper triangular factor U = w(X) is the sample matrix for the “triangular
basis” functions w(z) = (wy(x), ..., w,(z) )", The effect of the iterative algorithm (2.9) is
to compute the interpolation coefficients

Z Liw,(x Z Al () wy (2 (2.11)

of the original functions p, () relative to the triangular interpolation basis w; (x). Indeed, if
we evaluate both sides of (2.11) at the interpolation points, we recover the LU factorization
of the sample matrix in the form

Z Liw, (x Z L UF. (2.12)

The implementation of the recursion (2.9) requires that
wy () # 0, kE=0,...,n, (2.13)

which is just a restatement of the regularity condition. A simple induction proves that
wi (z ;) =0 for j < k. Indeed, the functions wi(z) can be completely characterized by an
1nterpolat10n condition, namely

Wli(x) =p;(z) — UIé:(’f)? where Uli(x) = C;:c,o po(x) + -+ Ci:,k:—1 P ()

is the k point interpolating function for p,(z), i.e., a,i(xj) =p;(x;), 5 =0,....k—1.
The direct recursive algorithm for the functions

A () = A ()

p;(z) B L
Ae(@) = A(zy) where X (z) = A\J T (2), (2.14)

Xo(@) =

)‘ZH(I') =
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has the flavor of a divided difference. However, the recursion satisfied by the functions
wt () is more fundamental, since it is the one that has a straightforward generalization in
the multivariate situation.

Given a function u = f(x), let us write the corresponding interpolating function,
satisfying u; = f(x;) = ¢(z;) for j =0,...,n, in terms of the triangular basis functions:

o@) =3 a,w(a). (2.15)
k=0

Its coefficients a;, are computed by an identical recursive scheme. We set hy(z) = f(x),
and then recursively define

hi ()
h z)=h.(z) —a,w,.(x), = kTk/ k=0,...,n. 2.16
We note that the scheme can also be implemented by setting
hy, ()
9i(2) o (7)) whence a, = g (xy) ( )
The latter functions can be found directly by a generalized divided difference formula
f(x) 9e(x) — gi(zy)
go(x) = , Jpy1 (@) = : (2.18)
0 po(z) o Ap(@) = A ()

As we shall shortly see, for polynomial interpolation, the recursion scheme (2.18) is the
classical divided difference calculus.

A useful reformulation of the recurrence relations (2.9), (2.14) is based on the gener-
ating functions depending on a dummy variable ¢:

Plat) = Y pa) = (o) 4 py ) -

Qk(l',t):z: wlie(x)tiZwk(x)tk-l—w,ljﬂ(a:)tkﬂ+ .

i>k
Qp(x,t) ; :
Ay (z,t) = a}jk(a:) :; N (z) 8 = 1% 4+ A, () L 4 N2 () Rt 4

Then equations (2.9), (2.14) can be recast in the form

(1) = Pz, 1), Uy (2,8) = Vy.1) = Uyl t) 0
Pla,t) M) Aglrnt) (219
Aoz ) =2 0y Ren (@8 = = @)

Note that the denominator in the recurrence formula for A, (x,t) is just the leading term
in the series expansion of the numerator.



In the polynomial case, the LU factorization of the Vandermonde matrix (2.5) is,
interestingly, related to the classical symmetric polynomials, [44]. Indeed, the generating
function’ for the ordinary monomials p,(z) = 2° is

P(x,t) = E 't = ,
i=0

C1l—xt

where we identify polynomials that agree up to terms of order ¢t". By induction, we easily
prove

th (@ —wp) (@ — @) (@ — 2y

(1—zt)(1—xp_qt) - (1—ayt)’

and hence the triangular interpolation basis functions

Q(z,t) =

wi(z) = (x —zo)(z —2y) - (T — 24 _4),
are the usual difference polynomials. In this case, (2.15) reduces to the classical Newton
form for the interpolating polynomial

p(r) = agwo(e) +ayw(2) + -+ +a,w,(2)

b+ by e m) @, ). )
On the other hand,
tk - :
Ay (z,t) = (I—zt)(1—x,_1t)--- (1 —xyt) - Z—Zk Pi—i(@, 0, T T
where
hy(zy,...,x,) = Z Ty Ty T k>0, (2.21)

1<i1<ip<--<ig<n

is the complete symmetric polynomial of degree k in n variables. Thus, the S = LU
factorization of the Vandermonde matrix (2.5) is given by

hk—j<$0w~v$j)a k=7,
0, k<37,

kE _

UF = w(z)), (2.22)
where the lower triangular entries are the complete symmetric polynomials, while the upper
triangular entries are the difference polynomials! Incidentally, the factorization provides
a simple, direct proof of the classical Vandermonde determinant formula (2.6), since the
determinant of S = LU is the product of the pivots — the diagonal entries of U.

Another interesting observation is that the inverse of the complete symmetric poly-
nomial matrix L is the elementary symmetric polynomial matrix L=' = E, where

EZ = { (_1)i_j ei—j(x(h ‘. ~7xi—1)7 v 7,
CLe i<

T If we restrict our attention to polynomials of degree < n, then all generating function series
should be truncated at order n.



where e, (z,,...,,,) are the standard elementary symmetric polynomials, [44]. Indeed,

the generating functions for the entries of L=! are

1 (I=zt) =z t)--- (1 —zt) k - .
Ak(x7t) B tk _7712_:0 (_1) ek—m(x7$07"'vxk_1)t

In addition, the inverse Z—! = U of the difference polynomial matrix has entries

|| —
i ; 1 <7,
Z; =4 0<k#i<j T;— Iy

0, T > 7.

Since we won’t need it, the proof of the latter formula is left as an exercise for the reader.
In particular,

Ap(@) = hy(z,mg, .y ) =x+ 20+ + 2,

and so the recursive rule (2.18) for the interpolation coefficients a,, reduces to the classical
divided difference formula

(o) = BB ) fa), (2.23)

Therefore, the interpolation coefficients
a, = g (z),) = [uguquy . .. u |, k=0,...,n, (2.24)

agree with the usual divided differences of the function values u; = f(z;) at the sample
points, [47, 58].
Let us write

0"f = 8" = (ag; - a,) = (9o(%0), 91 (21), -, 9,(x,)) (2.25)

for the row vector of divided differences (2.24) of order < n for the function f(z) on the
specified points — which are the same as the divided differences of its interpolant o(z).
We can then write the Newton interpolating polynomial (2.20) in the compact form

o(x) =0"f - w(z) so that f(X)=¢(X)=0"f w(X) (2.26)
represent the defining interpolation conditions relative to w(z) = (wy(),...,w,(x))T. In
particular, if we let p(z) = (py(z), . ..,p,(2))T = (1,z,...,2™)T be the original monomials,
then

p(x) =0"p - w(x) where S=p(X)=00" w(X) (2.27)

reproduces the S = LU factorization of the Vandermonde sample matrix.

To approximate the derivatives of a function, we consider the coalescent limit of
the divided difference formulas. We restrict our attention to the polynomial case, al-
though similar reasoning can be used for the analysis of general function interpolation. If
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f(zg,...,z,, ) is any function depending continuously on the sample points and, possibly,
a variable point x, we define

climf=  lim flzg,. .. 2z, ) (2.28)

) n?
L0y s T Tk

to be its coalescent limit as the sample points (but not necessarily x) all converge to the
same point x, .

Given a vector-valued function f(z) = ( f,(z),..., fx(2) )T of a scalar variable z, let
fite) fio) . fY @)

d"f(z) = : : : (2.29)
K@) fi@) . K@)

denote the k x (n + 1) Wronskian matriz of order n. In particular, taking the Wronskian
of the interpolating polynomial, written in the compact form (2.26), yields

d"p =0"f-d"w. (2.30)

where d"w denote the Wronskian of the difference polynomials. In the coalescent limit,
the latter Wronskian is readily seen to converge to the diagonal factorial matrix,

c-limd"w = D = diag (0!, 11,2, ... | n!), (2.31)

while, assuming f € C™*!, the derivatives of f and its interpolating polynomial ¢ coincide
in the coalescent limit, [7,58)]. Thus, in the limit, (2.30) becomes

d"f =climé"f - D, (2.32)

which is just a matrix form of the classical result that, for a sufficiently smooth function,
its kth order divided difference converges to its kth order derivative divided by k!.

3. Quasi—Determinants.

In preparation for our development of the corresponding multivariate interpolation
formulae, we review the calculus of of quasi-determinants first introduced by Heyting, [32],
and then developed in detail by Gel’fand and Retakh and collaborators, [15,16, 20—24].

As before, we will call a nonsingular square matrix A regular if it can be reduced
to upper triangular form by a sequence of elementary row operations that add multiples
of one row to another; row interchanges are not allowed. Regularity is equivalent to the
existence of a (unique) factorization

A=LU=LDU (3.1)

into a product of a special lower triangular and an invertible upper triangular matrix, or,
in more detailed form, into a product of a special lower triangular matrix L, an invertible
diagonal matrix D, and a special upper triangular matrix U, [62]. The pivots of A appear
along the diagonal of both U and D, and are ratios of determinants of successive minors
of A. The product of the pivots equals the determinant of A.
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In the standard theory, the entries of A are real or complex numbers, but the com-
putations apply to any matrix whose entries belong to a commutative field. Multivariate
interpolation theory requires extending the factorizations (3.1) to matrices in block form,
whose entries no longer necessarily commute. More specifically, consider a linear transfor-
mation A:V — V on a finite-dimensional vector space V. Introducing a basis e, ..., ey
of V results in the identification of A with an N x N matrix with scalar entries ag-. More
generally, a direct sum decomposition of

V=Vie eV, (3.2)

7

; ), in which each component

into subspaces induces a block decomposition of A = (A
AV, — (3.3)

denotes a linear transformation on the summands. The subspaces can be of varying di-
mensions, and so the off-diagonal blocks need not be square.

The primary goal of this section is to establish a corresponding block form of the LU
factorization (3.1). The explicit formula for the entries of the factors can be written in
terms of quasi-determinants. In the Gel'fand—Retakh formulation, [24], the entries A;
of the matrix all belong to the same non-commutative or “skew” field, and hence can
be multiplied and inverted (when possible) arbitrarily. Our approach is more general, in
that the blocks A; are allowed to have different sizes, and so multiplication of blocks is
only allowed if they are “compatible”. In general, the (non-commutative) multiplication
A; AF:V, — V., makes sense if and only if j = k. Moreover, since the subspaces V; are not
necessarily of the same dimension, we are only permitted to invert diagonal entries, e.g.,
A% or suitable products, e.g., A;Ai, that map V, to itself. (In subsequent formulas, we
implicitly assume that the matrix satisfies the requisite conditions that allow invertibility
of any indicated factor.) Despite the different contexts, the two theories turn out to be
almost identical.

Let us begin with the simplest case in which there is a direct sum decomposition
V =W e Z into two subspaces W, Z. We shall decompose a linear map A:V — V into the

block form
Al Al
(4 4), »
1 2

where, for instance A}: W — W, AL: Z — W etc.

Definition 3.1. Given A € L(V), and a direct sum decomposition V. =W e Z, we
define the W —quasi-determinant of A to be

O (A) = A3 — A2(AD) AL . Z — Z. (3.5)
Remark: We always assume that any indicated square matrix that is to be inverted is

invertible. The collection of all such invertibility assumptions will serve to define regularity
of our matrices.
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The formulas will look simpler if we abbreviate (3.4) as

A= <CCL Z) whereby Oy (A) =d—ca™'b (3.6)

is the Schur complement of the block matrix A. The resulting block LU factorization

1 0 a b
A_LU_<ca_1 1) (O d—ca‘lb)

permits us to write down a formula for the inverse of A,

-1 -1 —17\—1
—1__ —17-1 _ a —a b(d— ca b) 1 0
AT=UL _< 0 (d—ca=th)~! —ca™! 1 (3.7)
_(a ' +ab(d—ca'b)"lca™t —a7lb(d —ca”tb)! .

We note that we could equally well reduce with respect to the subspace W instead of Z,
leading to the Z-quasi-determinant

0,(A) =a—bd !c,

that appears in the permuted LU factorization

1 bd! a—bd7tc 0 g
A= (3 4 (b ) g o
whence
A1 (a —bd~te)™t —(a—bd~te)"tbd™? (3.9)
“\—dlc(a—bd )t d7t+d7le(a—bd o) od™ ) '

The reader may enjoy verifying that the two formulae (3.7), (3.9) are, in fact, equal!
This fact is known as the Matrix Inversion Lemma in linear estimation theory, [37], and
the Sherman—Morrison—Woodbury formula in linear algebra, [5,28]. In particular, this
implies that if @ and d are invertible, then ©,(A) = d — ca™!'b is invertible if and only if
O (A) = a — bd~'c is invertible.

Remark: In (3.8), the matrix L is “lower triangular” and the matrix U is “upper
triangular” with respect to the alternative basis ordering e,,e;. They happen to look
upper and lower triangular with respect to the standard ordering e;,e,, but this is a
low-dimensional accident.

The key result is that quasi-determinantal reduction is a commutative operation. This
is the heredity principle formulated by Gel’fand and Retakh, [20, 24]: quasi-determinants
of quasi-determinants are quasi-determinants. In the present set-up, we decompose the
subspace Z = X ©Y and then perform two successive quasi-determinantal reductions.
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Theorem 3.2. Suppose V=W e X eY. Then
Ox(Ow(A)) =Owax(4) =0y (0x(4) : ¥ — Y. (3.10)
Proof: Let us write

A:

SEESEES
ST R
»w Qe

in block form relative to the decomposition V.= W e X &Y. Then, according to the
definition (3.5),

—1 —1
_(p g\ (u 1 _(p—uaTx g—wua”y
@W(A)_<r s) (v)a (zy) <r—va_1x s—va_1y>'
Applying the X quasi-determinantal reduction to this matrix, we obtain

Ox (O (4) = (s —va~'y) — (r —va~'2)(p —ua~'a) (g—ua'y).  (3.11)

On the other hand, using (3.5) on the decomposition V = (W e X)eY yields

@W@X(A)=s—<“)<3 ﬁ)_lﬁ)

=s—wva ty —vatz(p —uatr) tuay +
+vataz(p —uatx) g+ r(p —uwa ) tua Ty — r(p —ua”tr) g,
(3.12)

where we used (3.7) to compute the inverse of (Z Zf) . The expressions (3.11), (3.12) are

clearly equal, proving the first equality in (3.10). The second, reverse equality, follows from
the trivial remark that the direct sum decomposition is independent of order: We X =
X oW. (Alternatively, the reader can verify this by direct computation.) Q.E.D.

The heredity principle allows us to recursively compute quasi-determinants with re-
spect to general decompositions V' =V, e --- @ V_ of our vector space. Given an unordered
multi-index I = {iy,...,4,,} C{1,...,n}, welet V; =V, &--- &V, . Note that

V=VeV, (3.13)
where ~I = {1,...,n}\ I is the complementary multi-index. In particular, set
Vi = Vl...k—l,k—i—l...n =Vie-eVi_ eV eV,
As above, let A;: V; — V; be the restriction of A to the indicated subspaces. More
generally, given unordered multi-indices I = {iy,...,4,,}, J = {j,---,7,,} having the

same cardinality, we define ALV, — V;, so that AL is an m x m block matrix formed out
of the individual blocks A% of A.
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Definition 3.3. Define the I = {3,,...,1,,} quasi-determinant of A to be
0,(4) =06y, i (A) =0y (A4): V  — TV,
relative to the decomposition (3.13).
The commutativity Theorem 3.2 implies that we can compute

0,(4)=6,,(0,,(--0; (A4)--)) when I={iy,...,i,}

im

recursively, and in any order. The kt! quasi-determinant of A is defined to be
@(k)(f‘U = @1,...,k—1,k+1,...,n(A> Ve — Vi (3.14)

In particular, the last quasi-determinant with respect to the given ordering of the subspaces
is denoted by

0,.(A)=0"MU): Vv, — V. (3.15)

Warning: In the commutative (scalar) case, the last quasi-determinant of a matrix
does not reduce to its usual determinant, but rather the ratio of its determinant to the
determinant of its upper left (n — 1) x (n — 1) minor — which is the same as its final pivot
under regular (no row interchanges) Gaussian elimination, [56, 62].

Remark: The last quasi-determinant O, (A) does not require that the lower right block
A7 be invertible, and hence makes sense even for certain types of rectangular matrices.

The case that will appear shortly is for the submatrix Agﬁj; with 7 #£ j.

Remark: 1f every A; is invertible, then our quasi-determinants coincide with those of
Gel’fand and Reytakh, [20—24]. For example, our 2 X 2 quasi-determinant (3.6) is identical
to theirs, whereas they write a 3 x 3 quasi-determinant in the form

=s—r(p—uatz) lqg—r(r—autp) "ty —

“lg—v(@a—zptu)ly.

SEISEEES
ST R
»w Qe

—v(u—pzta)

The proof that this expression actually equals (3.11), when the appropriate invertibility
assumptions are made, is a nice challenge!

Quasi-determinants allow us to easily formulate the general triangular decomposition
of a block, non-commutative matrix.

Theorem 3.4. A regular block matrix A = (A;) factors as
A=KD'U, (3.16)
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where

Ay
AT 6,(A))
3 13 123 i AR S
K = 41 0,(A13) @*(%123) , K; = @AA}%___;_%), v > 7,
A7 0,(A15) ©,(A135) ... ©,(4)
A
0, (Ai3)
D= 0.(415) . Di=0,(A5),
©.(4)
A4l AL LA
0.(413) 6.(4135) ... 6,(4)
123 123 i =14 . .
U= 0,(A133) - 6*(41211) , U; = @*(Ag___i_ij), 1 <j.
©.(4)
Regularity of A requires invertibility of each diagonal block in D, namely
0, (A}2-H) is invertible for ~ k=1,...,n. (3.17)

Proof: The 2 x 2 case of (3.16) takes the form

a 0 a~t 0 a b
A= (c d—ca_lb) ( 0 (d—ca_lb)_l) (O d—ca_lb)' (3.18)

To proceed further, we break the lower right block up into subblocks and use an induction
based on the heredity principle (3.10). Q.E.D.

The preceding decomposition (3.16) is easily converted to the alternative factorizations
A=LU=LDYV, where L=KD™ '  V=D1U,
with L,V special — meaning identity matrices appear along their diagonal, and
i 12...5
Lj = @*(A12...'

i . (3.19)
Ui=0,(A;5"

4. Divided Differences for Functions of Several Variables.

We now adapt the preceding constructions to develop a general interpolation theory
for functions of several variables. In the first approach, the theory proceeds exactly as
in the one-dimensional version presented in Section 2, with z = (z!,...,2™) € R™ now
referring to points in m-dimensional space. The number of variables dictates the dimension

of the interpolating submanifold. Thus, univariate interpolation, m = 1, corresponds to
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passing a curve through a collection of data points, bivariate, m = 2, corresponds to
interpolation by a surface, and so on.

Suppose we are given scalar-valued functions’ P,:R™ — R for k =0, ..., N. For the
multivariate interpolation problem, we are given points x,...,x5 € R™ and associated
data uy = F(zy),...uy = F(zy) € R™, and seek a function

u=o(x) =cyFyx)+ -+ +cy Py(x) (4.1)
that satisfies the interpolation conditions
u]:F(x]):(I)(ajj), j:O,...,N. (4.2)
As before, the interpolation conditions can be written in the equivalent matrix form
cS =u, (4.3)

where u = (uy, uy,...,uy ) is the row vector of interpolation values, ¢ = (¢, ¢y, ..., ¢y )
is the row vector of unknown coefficients, while

S =P(X) = (Py(z;)) (4.4)

is the (IV 4+ 1) x (N + 1) sample matrix of the functions P(z) = ( Py(z),..., P, () )" at
the points X = (z,...,zy).

The existence of a unique interpolating function (4.1) requires that the points be
poised, in the sense of Definition 2.1, meaning that the sample matrix is nonsingular,
det S # 0, or, equivalently, that no nontrivial linear combination (4.1) vanishes at all
the sample points. Unlike the scalar case, which, at least in the most important exam-
ples, merely requires that the points be distinct, in the multivariate theory this imposes
significant constraints on their geometric configuration.

The most important example is polynomial interpolation, where the interpolation
functions are all the monomials of degree 0 < #1 < n, of which there are a total of

— 1
N-l—lzm(”)zl-l-ml-i----+mn:<m+n>, where mi:(m-ﬁ-z ), (4.5)
m m—1

counts the number of monomials of degree ¢. For later convenience, we rescale the mono-
mials by multinomial coefficients, and set

I k! . .
Pi(@) = (ﬁ)xl:ﬁ@l)“m(wm)’m, 0<H#I=k=1iy+ - +i, <n.

t For simplicity we assume the functions are globally defined, although one can easily adapt
the general construction to vector-valued functions defined on open subdomains of Euclidean
space, or even on general smooth manifolds.
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The sample matrix (4.4) is a multi-dimensional Vandermonde matrix, which we write in
columnar block form

1 1 1 e 1
Ty, Ty Ty ... Ty
S=8M=px)= |2z = x* ... ay (4.6)
A 2 A S
Here, given a column vector z = (z!,..., 2P)T € R™, we define its ith symmetric power to

be the column vector’ = © € R™: with entries (;) x!, 0 < #I =i < n, which are precisely

the terms appearing in the multinomial expansion of (2! +---+2™)’. Using this notation,
we can write a general polynomial of degree n in the abbreviated form

P(x) = g:o c,x %" = zn: <];) c;al, (4.7)

#I=k=0

where ¢, = ( ... ¢; ... )isthe row vector consisting of its degree k = #1I coefficients. The
points are poised if and only if the Vandermonde matrix is nonsingular, which guarantees
a unique interpolating polynomial of degree < n passing through the data points.

Theorem 4.1. The N + 1 = m("™) points Zg, .-,y € R™ are polynomially poised
if and only if they do not belong to a common algebraic hypersurface of degree < n if
and only if for any u,, ..., uy, there exists a unique interpolating polynomial u = ®(x) of
degree < n satisfying u, = ®(z;) fori =0,..., N.

In other words, the points are non-poised for polynomial interpolation if and only if
there exists a nonzero scalar-valued polynomial g(x) of degree < n such that g(x,) = 0
for all v = 0,..., N. Or, to state this another way, the vanishing of the multivariate
Vandermonde determinant det S(™ = 0 is necessary and sufficient for a collection of points
to lie on a common algebraic hypersurface of degree < n.

Implementation of the recursive factorization algorithm (2.8, 9) is straightforward.
However, the scheme does depend upon a choice of ordering of the polynomials, and
requires that the points satisfy the additional restriction (2.13) that ensures continuation
of the recursive algorithm. Thus, we must assume that, for each £k =1,..., N, there is no
linear combination of the first £ polynomials that vanishes on the first £ sample points.
Unlike the poised condition, this depends upon the ordering of the sample points, as well
as the monomial ordering.

The resulting triangular basis functions w, (z) will also depend upon the ordering.
Unlike the univariate case, they no longer depend in a polynomial manner upon the sample
point coordinates, and, while eminently computable, the general formula is complicated.

T We can identify R™ with the kP symmetric power O'R™ of our underlying vector space,
cf. [17]. However, this level of abstraction is unnecessary for what follows.
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(Generating functions do not appear to offer any appreciable help.) For example, under
the standard degree lexicographic ordering, 1, z, vy, 22, 2zy,y2, ..., we find
CUO(.’E):l, (.Ul(.’E)ZIZJ—IZJO, w2<.’13): (xl_x0)<y_y0)_<y1_y0)(x_x0),
L1 — To
(21— 20)(Y2 — Yo) (& — o) (x — 1) — (T3 — %) (Y1 — Yo) (T — zp) (T — )
— (g — ) (@ — 1) (1 — ) (¥ — o)

ws() = (1 —20) (Yo — Yo) — (Y1 — Yo) (T2 — T) ,

and so on.

One way to avoid the issue of ordering is to reformulate the interpolation conditions
using a block factorization of the multivariate Vandermonde matrix. The idea of treating
interpolation using block decomposition of the Vandermonde coefficient matrix is not new,
a block factorization of the multivariate Vandermonde matrix, as in [5, 6, 8,12, 59, 61];
see also [63] for numerical solution methods for block Vandermonde systems.

A key advantage of the divided difference calculus is that one can efficiently pass
from the interpolation polynomial of degree n — 1 to that of degree n without having to
recompute any of the previous coefficients. As we learned in Section 2, this is a direct result
of the LU factorization of the Vandermonde matrix. In the multivariate version, we note
that there are m,, additional coefficients in an n*h degree polynomial that do not appear
in that of degree n — 1, and hence the passage requires the inclusion of m,, additional
interpolation points. To this end, we partition the interpolation points into blocks, which
are subsets of sizes my =1, my =m,...,m,. Along with the initial point z, the first m,
points will be used to determine the linear interpolating polynomial, the next m, will be
added in to determine the interpolating quadratic polynomial, and so on. Let

X, = (xmocfl): = -,l'm<k>_1) (4.8)

denote the m x m, matrix whose columns consist of the k*h block of interpolation points.
We write the multivariate Vandermonde matrix in block form

1 1 1 1
X, X, X, ... X,
s=sm=| x5 Xt x5t xg . (4.9)
X(?” Xf’” X2®” X

The (i, 7) block X7 = X" has size m; x m; and its columns are the 7*h symmetric powers
of the jth block of interpolation vectors z,,;-1)1,- .., Z,¢). The first row of S consists of
row vectors of the appropriate sizes all of whose entries are equal to 1.
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Example 4.2. In the two-dimensional case, m = 2, the second order block Vander-
monde matrix takes the form

1 1 1 1 1 1
] ] ] Lo Ty ) L3 Ty Ty
@) Yo Yy Yo Ys Yy Ys
Xor Xpr X 5 vf a3 I A
200Yo | 270y 2@5yy | 2T3Ys  2x,y,  2T5Ys
yt yi v vi o vi Y3

where

Yo Y1 Yo Ys Ys Ys

have sizes 2 x 1, 2x 2 and 2 x 3 respectively. This reflects the fact that a homogeneous linear
polynomial az + by has m,; = 2 coeflicients, while a homogeneous quadratic polynomial
cx?+2dzy+ey? has m, = 3 coefficients. The 6 points (z4,%,), - - -, (5, ys) are polynomially
poised if and only if they do not lie on a common conic section, which is equivalent to the
condition det S(2) #£ 0.

Now, in analogy with the univariate case, we base our multivariate divided difference
calculus on the block LU factorization

S = Ly, or, if the order n is fixed, S=LU, (4.10)

of the multi-dimensional Vandermonde matrix (4.9). The lower and upper triangular
matrices L and U are in block form, and are constructed by recurrence formulae similar
to the scalar case (2.8), (2.9).

Lemma 4.3. The Vandermonde matrix (4.9) is block regular if and only if the
sample points are poised in block, meaning that each subset xy,x,...,x,,x _; is poised
fork=1,...,n.

Note that the poised in block condition depends on the ordering of the points. More-
over, any poised set of sample points is poised in block relative to some ordering. We make
the blanket assumption that our data points are ordered so as to be poised in block.

Theorem 4.4. Recursively define the vector-valued polynomials

Qp(z) =2, QZH@) = O () = (X)) (X)) T Qp(2), Qle) = Q). (4.11)

Then the multi-dimensional Vandermonde matrix (4.9) has block LU factorization (4.10)
in which

; : (4.12)
! ! 0, k> j.

0, k <y,
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Note that ,:R™ — R™¢ is a vector-valued polynomial of degree k in the entries of
x € R™. However, unlike the scalar case, the coefficients of {2, (x) are not polynomial in
the sample points z,...,xy. The notation (X j) refers to the corresponding sample
matrix, (2.4), based on the jth set of sample points in X ;- Theorem 4.4 is established by
a straightforward induction, mimicking the proof of its commutative version Theorem 2.2.
Our quasi-determinantal formulas can be viewed as alternative forms of Rabut’s formulae
for multivariate divided differences based on Vandermonde determinant ratios, [59].

Example 4.5. The cubic case n = 3 has the following factorization

1 1 1 1 1 0 0 0 1 1 1 1
Xo X1 Xy Xg || X 1 00 0 Q,(Xy) Q(Xy) Q4(X,)
Xo® X7 Xg7 Xy© Xg* L3 01{0 0 (X, 2(Xy)
X5 X2 X9 X$® X§ L3 L3 1 0 0 0 Q3(X5)
where
z=Q(x) =2 — 1z, Qy(z) =2 — XOX'

Qu(r) = 22 =X P X o= (X5 =X PP XX (X572 X P2 X 1 X,) ™ < XX ),

with X ; = ,(X;) obtained by subtracting z, from each column — which is equivalent to
translating the first point to the origin — and

L? = XX, L3 =XOX1,
L3 = (X5° = XX X,)(Xg? = XX X,) ™

As a specific example, in the m = 2 dimensional situation, we set £ =z — 2,9 = ¥ — Yo,
and then

~2 (2309 — 2391) & + (By — &))&1 297
O . D
I T4 —Z x - 1T
O, (z,y) = r , O, (z,y) 254 — (24 2)y1Ay2A ‘i‘A(yAz J1)21 259 | (4.13)
Y 2 L1Y2 — La¥y
A _ A A A~ A A /\2 _ A /\2 A
?32_(?41 92)0192% + (2193 — 991) 9
L1y — Lo
while
7 3 o\
2 _ A A 1 L2
Li= {289, 2,0, (gl @2)
I 93
T30y — T30, (Tg —21)%12y
T G — i 2(21 = 22)9102  2(92 — §1)21 24
1Y2 2Y1 . o AN
(91 — 92)9192 T1Ya — Ta¥q

The third order entries are a bit too complicated to display explicitly.
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According to Theorem 3.4, the entries of the block LU factorization can be identified
as quasi-determinants.

Lemma 4.6. The polynomials appearing in the recursive scheme (4.11) are equal to
the following quasi-determinants:

1 1 1 1 1
X, X, X, ... X., oz
_ X2 X X2 .0 X2 x®?
Q(z) =2, () =0, } ] ) . (4.14)
N A S
X5t X X2 X2y T O

The final block in each row of the quasi-determinant matrix has a single column, and so
the entire matrix has size m®*=1) x (m*=1 4 1),

In particular, the multivariate difference polynomials are given as quasi-determinants

1 1 1 1 1
X, X, X, ... X., =
X X X9 .. X2, go
X XN XSS L X e
X" X XSt .. XOr  gok

Consequently, the blocks in the factorization have the quasi-determinant formulae
k 01..k—1,k E_ 01..j—1,k 01..5—1,jy—1
Uj = 6*(X01...k:—1,j ), Lj = @*(X01...§—1,j ) 6*(X12...§—1,§) )

where, for j > k, we abbreviate

1 1 1 1 1
X, X, X, .. X, X
©2 02 ©2 ®2 ®2
yOLh—1k _ X Xy X5 e XD X
0l..k—1,j — ' .
D S AED S D ¢ D ¢ . ¥
Xgt o Xt X9h o X Xt

The entries L; can be viewed as non-commutative versions of the classical complete sym-
metric polynomials (2.21), while the block entries of its inverse, which can also be written
in terms of quasi-determinants, [24], are the non-commutative versions of elementary sym-
metric polynomials, [21, 20].

We now characterize the difference polynomials by their interpolation properties.
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Proposition 4.7. The difference polynomials (4.14) have the form
0 () = 2 — S (), (4.16)

where Yt () is the unique (vector-valued) polynomial of degree k — 1 that interpolates the
polynomial x ®* on the points zy,z{,...,%,,x-1_;. In other words,

Si(v,) =22  andso  Qi(z,)=0, v=0,... mkD_1, (4.17)

The interpolation coefficients (a,...,a,) = (... a; ... ) for a function F(z) with

interpolating polynomial

O(x) =Y ap Q) (4.18)

k=0

are computed using the same recursive scheme as in (2.16). We set Hy(z) = F(x), and
then recursively define

Hy () = H(z) — a;, Q. (), a, = Hy (X)) Q.(X,) 1, k=0,...,n. (4.19)

We have thus established a full multivariate version of the classical recursive divided dif-
ference recursive scheme.

Example 4.8. In the two-dimensional case, suppose we are given m(? = 10 data
points (xq, Yo, Ug)s (1, Y1, Uq), - -+, (Tg, Yg, Ug), Where we identify v, = F(x,,y,) as sample
values of a function F(z,y). To simplify the formulae we will assume that (x,yy, uy) =
(0,0,0) so that the interpolating polynomial

u=®(x,y) =a,x+ ayy + agws(x,y) + ayw,(z,y) + ayws(z,y) + (4.20)
+ agwg(z,y) + a, @, (2, y) + agwg(x,y) + agwy(x,y)
goes through the origin. The general case can then be simply obtained by subtracting
Zo, Yo, U from, respectively, x,y,u and T;,Y;,u; in the final interpolation formulae. The
quadratic difference polynomials ws(z,y), w,(z,y), ws(x, y) are the corresponding entries
of Q,(z,y) given in (4.13), namely

wy(z,y) = 22 _ (23yy — 23y)) & + (29 — )T 79 y :
T1Ya — Lol

@, (2, y) =2 (azy _ (T — 29)th Yo T + (Yo — ¥1)T1 Ty ) ’ (4.21)
L1Y2 — Tl
s (z,y) = y? — (y1 = Y2)¥1¥o @ + (2193 — Tou7) y ,
L1Y2 — T2l
while wg(x,y),...,wy(x,y) are their cubic counterparts, The coefficients of the linear

terms in w;, w,, wy are uniquely determined by the interpolation conditions
w(z;,y;) =0, 1=0,1,2, k=3,4,5, (4.22)

as in Proposition 4.7. The polynomials @, (z,y) = x, wy(z,y) =y, w3(x,y), ... we(z,y)
play the role of the univariate difference polynomials of degree < 3.
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To determine the explicit formulae for the difference coefficients a4, ..., ay, we use the
recursive scheme (4.19). Since we are assuming w, = 0, there is no constant term in the
interpolation formula, and so we begin with H,(z,y) = F(z,y). According to (4.19),

—1
T, T
(a; ag) = (uy uy) (yi yz) ) where U; = Hl(xjvyj> = F(xjvyj>'
At the next stage

Hy(z,y) = Hy(z,y) — (a7 + ayy) = F(z,y) — (a2 + ayy),
and so the quadratic coefficients are given by

1
w3(T3,Y3) w@3(T4,y) w@3(T5,Y5)

(a3 a4 ag5) = (v3 vy vy) @, (73,Y3)  w@u(4,Y,)  w4(T5,Y5) )
ws(23,Y3) @52y, ys) @s5(T5,V5)

where v; = Hy(z;,y;). The third order terms are computed similarly:

Hy(x,y) = Hy(x,y) — [agmy(z,y) + 2a4@,(,y) + a5 @5(2,y) |,

whence
-1
we(Te:Ys) w6(T7,Y7) we(Ts,Us) @e(Tg, Yg)
wo(Tg,Ys) @r(27,y7) wr(rg,y5) wr(2g,y
e an o o) — (w10, g )| FrE ) Folenvn) @elasu) Felaew) |
wg(T6,Ys) ws(T7,y7) wg(Ts,ys) w@s(Tg, Vo)
@o(Te:Ys) Wo(T7,Y7) wo(Tg,Yg) wWo(Tg,Yg)

where w; = Hz(z;,y;).

Now let us analyze the coalescent limit of the multivariate divided difference formulae.
In analogy with (2.25), we write

A"F = A" = (ag,...,a,) (4.23)

for the vector of multi-variate divided differences of order < n for the function F'(x) on
the specified points. We can then write the multivariate interpolating polynomial (4.18)
in the compact form

O(x) = A"F - Q(x) (4.24)

so that
F(X)=9(X)=A"F-Q(X)

are the defining interpolation conditions relative to the block triangular basis polynomi-
als w(z) = (wy(x),...,w,(z)). Similarly, as in the scalar version (2.27), we write the
multivariate monomials in terms of the difference polynomials,

P(x) =A"P - Q(x) where S=P(X)=A"P-Q(X) (4.25)
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indicates the block LU factorization of the multivariate Vandermonde matrix S.
Given a vector-valued function G(z) = (G4 (z),...,Gy(z) )T depending on z € R™,

opades
oo = (57t )

denote its k x m™ multivariate Wronskian matriz, consisting of all partial derivatives of
the components of G up to order n. Differentiation of (4.24) yields

let
0<#J <n, (4.26)

"®(z) = A"P - 9"Q(z). (4.27)

We note that, since €2 consisting of polynomials, block ordered by their degree, the Wron-
skian matrix 0"€(x) is block lower triangular.

In the univariate situation, the difference Wronskian converges to a diagonal facto-
rial matrix in the coalescent limit, cf. (2.31). This is no longer necessarily valid in the
multivariate context; one must control the determinantal denominators appearing in the
formulae, e.g., (4.21), as the points coalesce.

Definition 4.9. The points z,...,z5 for N 41 = m(™ are said to coalesce inde-
pendently if, as x; — x,, the nth order difference Wronskian matrix 0" converges to a
diagonal matrix.

For instance, in the two-dimensional case covered in Example 4.5, independence of a
coalescent system of 6 points is assured provided

det Q,(X,) = detXl—det< — Yo ”72_%)
Y1=Y% Y2~ Y
remains bounded as the points converge, while the independence of a nine point coalescence

requires that R
det Q,(X,) = det X§* — XP°X71X,

also remains bounded. The detailed analysis of the coalescence criteria will be deferred
until a later paper; see also [59, 61].

Under the independence assumption and Proposition 4.7, the coalescent limit of the
multivariate polynomial Wronskian matrix is found to be the block diagonal multivariate
factorial matrix

c-lim0"Q = D = diag (0!, 1!T_, 2!1 (4.28)

mo? T ° mn)7

in which I, - denotes an m; xm; identity matrix. Furthermore, assuming sufficient smooth-
ness, the derlvatlves of the 1nterpolat1ng polynomial converge to the corresponding deriva-
tives of the function at the point of coalescence, and so (2.30) becomes

9"f = c-lim A"F - D, (4.29)

which is the multivariate version of the classical divided difference coalescent limit formula
(2.32). In other words, under the preceding conditions, the multivariate divided differences
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converge to the corresponding partial derivatives of the function, divided by a suitable
product of factorials.

Summarizing the results of this section, we discovered that, in order to maintain an
analogy between the univariate and multivariate interpolation equations, we must split
the multi-dimensional Vandermonde matrix (4.6) into block factors and apply the quasi-
determinantal block LU factorization. The result is a recursive formula for the interpo-
lation coefficients that, although more complicated, retains the computational advantages
of the classical univariate divided differences. In particular, the recursive formulae for
the multivariate divided differences imply that one can successively compute higher or-
der interpolants without having to adjust any of the already computed lower order terms.
Moreover, assuming sufficient smoothness of the interpolated function F' and independent
coalescence of the points, the interpolating coefficients converge to the appropriate partial
derivatives of F', [61, 10, 59].

5. Curves and Submanifolds.

The purpose of this final section is to formulate a new connection between univari-
ate and multivariate interpolation theory. As usual, the number of independent variables
refers to the dimension of the interpolating submanifold. The starting point is the trivial
observation that the same set of data can interpolate submanifolds of dissimilar dimen-
sions, i.e., graphs of functions depending on different numbers of independent variables.
The relationships among these interpolated submanifolds will lead us to a collection of
intriguing formulae for multi-dimensional interpolation coefficients in terms of the clas-
sical univariate divided differences. The coalescent limits of these formulae is of great
interest. Depending on the mode of coalescence, the univariate divided difference coeffi-
cients converge to ordinary derivatives of curves, while, in other regimes, the multivariate
difference coefficients converge to partial derivatives of higher dimensional submanifolds.
The formulae relating the interpolation coefficients will then reduce to formulae relating
the derivatives (or “jets”, [54]) of submanifolds of dissimilar dimensions. As we shall see,
the latter formulae can be obtained directly by implicit differentiation. Moreover, they
can be used to reconstruct the original formulae connecting the classical divided difference
expressions for curves to the complicated multivariate difference formulae for surface and
higher dimensional submanifold interpolation.

In order to understand this novel construction, let us concentrate on the simplest case
of curves and surfaces in R®. Suppose we are given three points wy, = (x4, Y, 2o), Wy =
(T1,Yy,21), Wy = (Ty,Ys, 25) € R3 in space. Without loss of generality, we translate the first
point to the origin, so z; = y, = uy, = 0. We first view the three points as interpolating a
surface S. In the simplest version, we choose S to be a plane, which we assume is given
as the graph of a first order polynomial function

z=pr+qy. (5.1)
This already passes through the origin, and the remaining interpolation conditions
Zy:pxy-i_qyy: V:1727
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uniquely prescribe the coefficients

Y129 — Yol T2 — To?
_ N* 2°1 g = %2 2°1 (5.2)
L1Ys — Lol L1Ys — Lol

subject to the condition that the points are poised, meaning that the points (z,,y,) =
(0,0), (z4,v), (x5,y5) do not lie on a common straight line.

On the other hand, we can view the three points as interpolating a curve C C R3.
Again, we focus on the simplest case, when C' is a quadratic curve parametrized by x, and
so can be expressed using the Newton form of the interpolating polynomial:

y=azx+bx(x—x), z=cr+dz(r—x).
Since z, = y, = 0, the coefficients are given by the divided differences

L1Ys — Lol

a=lwoml =2 b= [yorry2] = ,

oY1 T 071928 7 g wo(z — ) 53)

i T2y — T2 :
e=leonl=gh  d=laanl= om0

Comparing the two sets of formulae (5.2), (5.3), we find that we can write the coefficients
p, q of the interpolating surface in terms of the coefficients a, b, c,d of the interpolating
curve as follows:
(20712 ] d _ [2%12]
[Yoy1 ], g=, = : (5.4)

] b [yov¥s]

Now consider what happens as the points coalesce: w,,wy, — 0 = w,. If the points
follow a curve C parametrized by y = y(x), z = z(x), then the divided difference coefficients
(5.3) converge to the curve derivatives,

dy 1 d%y dz 1 d?z
— — b - — — — d — = —

“ dzr’ 2 dz?’ ¢ dz’ 2 dx?’

evaluated at the origin. On the other hand, if the points coalesce along a surface S given

by the graph z = z(z,y) while maintaining independence, as in Definition 4.9, then the

surface coefficients (5.2) converge to the surface derivatives

(5.5)

0z 0z
p — e qg — — (5.6)

again at the origin. Therefore, assuming that the relations (5.4) persist in the limit, we
deduce the interesting formulae

Oz _, ) P 02 _ Zpa (5.7)
on v Yey Oy Ypo '

connecting first order (partial) surface derivatives and second order (ordinary) curve deriva-
tives, which are here denoted by x subscripts.
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Remark: The formulae for the two partial derivatives look different, but this is because
we are singling out = as the parametric variable. If we chose to parametrize our curve C
by y instead, we would find the alternative formulae
0z 2y, 0z Zyy
or  z,, 5 oy Zy — X . (5.8)
Extending the formulae to general parametrizations is straightforward; complete details
are left to future development of the subject.

Of course, the points cannot actually coalesce along both a curve and a surface in
such a manner that they approximate both sets of derivatives in any reasonable manner,
and so the interpretation of formulae (5.7) requires some thought. The distinction between
the two ways of coalescence can be formalized as follows. If w;,w, — w, along a smooth
curve, then the divided difference approximations (5.5) are valid and the error formulae
are classical. However, if they coalesce in independent directions along a surface, then
the surface formulae (5.2), (5.6) apply; corresponding error formulae can be found in [61].
The independence condition requires that the denominators are well behaved in the limit,
and this will happen provided the two unit vectors

Wy — Wy Wy — Wy

Uy Uy

lwy —we ||’ wy —we ||
remain linearly independent, and so their cross product v; Av, # 0, even in the coalescence
limit. On the other hand, if v; Av, — 0 as the points coalesce, then one reverts to the curve
approximation, with the divided differences converging to the derivatives of the limiting
interpolating curve.
How can we make sense of the resulting connection formulae (5.7), or, even better,
how can we derive them from first principles? Consider the first order Taylor polynomial

0 0
z=pr+qy, where p= 6—;(0,0), q= 6_;(0’())’ (5.9)

for the surface. If we regard the curve C' C S as lying in S, then we can differentiate (5.9)
with respect to the parameter z, yielding the two equations

e w B @y
das_p qdw’ daz2_qd$2’

whose solutions are precisely (5.7). Although this derivation is in a sense formal, since it
ignores higher order terms in the Taylor expansion, it serves to capture the essence of the
connection formulae, and, moreover, provides a computational mechanism for constructing
similar formulae in more complex situations.

On a more rigorous level, if the curve parametrized by y = y(x), z = z(x) is contained
in the surface z = z(z, y), then it satisfies the restriction

2(2,y(2)) = 2().

If we differentiate twice and evaluate at x = 0, we find
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where

0z 0z 0%z 0%z 0%z

= —, q=—= r = , s = , t:—, (511)
ox oy 0x? Ox Oy 0y?

are the first and second order derivatives of z(z,y) evaluated at the point (z,y,) = (0,0).
Solving (5.10) for p, ¢, assuming y,, # 0, we find

p

0z 0z Zpw T+ 28y, +ty?
—_— = =z — y -_— = = — — .
Oz p x— 9Yy By q Y

(5.12)

X ymm
If we fix the tangent direction to our curve, as given by the first order derivatives y_, 2,
but allow curves with higher and higher curvature, so y,,, z,, — 00, then the second term
in the formula (5.12) for g goes to zero and, in the “infinite curvature” limit,
- b

Ox v Yz Ay Yz
which are precisely our original formulae (5.7). Therefore, from this point of view, surfaces
are limiting cases of curves as the curvature becomes infinite!

A good elementary illustration of this phenomenon is to take planar points

T

Y

xozyozoa Ty =Y =5, Tog = =Yg = —E€,

where ¢ is small and positive. Thus, as € — 0, the points coalesce along two independent
lines y = +x. The interpolating quadratic polynomial y(z) = =222 has, in the ¢ — 0
limit, infinite curvature at the origin: y,,(0) = 2/e — co. Thus, these three points should
be viewed as interpolating the (z, y)-plane, not a curve! (Of course, this is only a limiting
interpretation, since at any positive € they do interpolate a perfectly respectable curve,
but are poor approximations to its second order derivative.)

Keeping the preceding discussion in mind, let us next discuss the second order case.
In order to approximate the 5 derivatives (5.11) of order < 2 for a surface z = z(x,y), we
require 6 points z, 2y, ..., 2; on our surface. On the other hand, the same 6 points will
interpolate a smooth curve and can be used to approximate its derivatives up to fifth order
by the usual divided difference formulae

1 d* 1 dkz
[yo...yk]zad—xz, 20 2]~ o5 T k=0,...,5. (5.13)

Therefore, the key problem is to assemble combinations that reproduce the interpolation
approximations to the surface derivatives (5.11). Rather than tackle this directly, we shall
appeal to the limiting case to motivate the proper formulae.

In the coalescent limit, w, — w,, we can proceed as follows. We begin with the
multivariate surface interpolating polynomial

z=®(x,y) =pr+qy+rws(z,y)+ swy(z,y) +tws(z,y), (5.14)

through the six data points, where the quadratic difference polynomials w,, w,, @;, are
given in (4.21). The question is: what happens to the multivariate difference polynomi-
als in the coalescent limit? For univariate difference polynomials, this is not a significant
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issue, since they converge to the standard monomials w, (x) — x*. However, in the mul-
tivariate version, this limit is not so elementary. The correct condition that replaces the
interpolation condition (4.22) is that the limiting quadratic difference polynomials

wy(r,y) =22 +ezr+dyy, wu(r,y) =22y+c,v+dyy, ws(z,y) =y* +cs v +dyy,

(5.15)
vanish to order 2 at the origin z, = y, = 0 whenever y(z) is a parametrized curve.
Differentiating these equations, we find

dw d*w
dw d*w
d—;=2y+2xym+c4+d4ym, d[L'24 :4ym+2xywm+d4ymmv
dw d*w
T Vet A T2 = 2l + A0 o
which all vanish at £ = y = 0 when
y—2Y, y—2Y,
W3<.’13,y)::132—2 y ) W4({13,y):2{13y—4ym y )
2 Y — TY,

ws(z,y) =y* — 2>

T

In these coalescent formulae, the independent variables x,y are allowed to vary, but the
derivatives y, = v,(0), v, = ¥,,(0) are kept fixed at their values at the point of coales-
cence. As the reader can check, these are the coalescent limits of the difference polynomials
d d?
(4.21), and satisfy w,,(0,0) = ——% (0,0) = — &

dx dx?
y = y(z) passing through the origin.

(0,0) = 0 along any parametrized curve

Thus, the connection formulae, relating curve and surface derivatives, can be derived
by differentiating the coalescent surface interpolating polynomial (5.14), where the quad-
ratic polynomials are given by (5.16), with respect to . The result is a linear system

d*z d*y d* o, d*w, d*w
zZ.=p-+ , 2. = , = +r + s +t 5 k=3,4,5,
for the surface derivatives p, q,r, s,t. We can write this in matrix form
z=pW where 2 =2y Zpu» %30 Z4m> P50 ) » p=(p,q,rst),

30



while W is the 5 x 5 reduced? Wronskian matrix

10 0 0 0
Yo Yza Y3z Yax Ysz
0 0 —9 Y3a —9 Yaz —9 Ysa
0 o | Oelic —295Y50 OYs ¥ 8YuluuYse — 2Y2Yar  20¥20Ys0 + 10Y0YusYas — 2Walsa
(5.17)
whose columns consist of the = derivatives of w,(z,y), ..., ws(z,y) treating y = y(x) as a

function of x. Note that W is in block upper triangular form.

Indeed, we can compute W directly as follows. Start with the reduced Taylor Wron-
skian matrix

1 0 0 0 0
ym ymx y3x y4x y5m
2 9 0 0 0
2wy, +2y 22y, T4y, | 22Y3, + 6y, 20Yy, + 8Y3y 22Y5, + 10y,
2% 2YWpn + 202 20Ysp 60UV 2U¥sp + 8Uplse T 6U2. 29Ys, + 10Y,04, + 20y, Y,

based on the standard monomials

r, oy, 2%, 2zy, y*

We evaluate the Taylor Wronskian at x = y = 0, yielding

1 0 0 0 0

f Since we omit the first column corresponding to the undifferentiated function, which has
been normalized by our choice wg = 0.
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Then W is obtained by block LU factorization of Z, so

1 0 00 0

0 1 000

2 2

Z=KW,  where K= ym; Yaa (5.19)

4 4

~ e e g1 g
ymm ymm

293 292

20; 200 | o o g

yII yIl’

is special lower triangular. This factorization corresponds to replacing the Taylor expansion
z=Pz,y)=azx+by+sra®+say+ Lty (5.20)
by the alternative coalescent expansion (5.14). The coefficients are related by
(a,b,%r %s,%t) = (p,q,%r,%s,%t)K.

Note that a, b are higher order approximations to the first order surface derivatives, in the
infinite curvature limit.

Let us conclude by placing the preceding constructions into a general framework.
Given a function F:R™ — R depending on = = (z!,...,2™) and a poised collection of
N +1 = m™ points X = (g, ..., Ty), We can construct the multivariate interpolant
(4.24). On the other hand, suppose we view the interpolation points as lying on a curve
parametrized by, say, the first coordinate ¢t = xz'. Let ¢; be the parameter value correspond-
ing to the ith interpolation point z, = x(t;), and set T' = (¢, ..., ty) so that X = z(T') are
the interpolation points. We write the univariate vector-valued interpolating polynomial
@(t) = 6"F - w(t) of degree N = m(™ — 1 in the abbreviated Newton form (2.26), where

the divided difference coefficients are prescribed by the interpolation conditions
F(X)=9((T)=0"F- -w(T) at X =xz(7T). (5.21)

Similarly, interpolating the multivariate divided difference functions €2,;(z) by univariate
polynomials of degree N, we have

QX) =6 w(T). (5.22)
Combining (4.24) and (5.22),
F(X)=A"F-Q(X)=A"F-0"Q - w(T);
equating the result to (5.21), we deduce

5"f = AF - 5. (5.23)
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In the coalescent limit, in view of (2.32), (4.29), we obtain
d"f=8"f- D d"w, (5.24)

which is the coalescent limit of the difference formula (5.23) relating the multivariate and
univariate divided differences. Of course, as noted above, the formulae (5.24) rely on two
very different types of coalescent limits; coalescing along a curve, as in (2.32) will violate
the independence conditions required for the multivariate coalescence formulae (4.29). The
precise geometric interpretation of the connection formulae (5.24)will be developed in more
depth in subsequent publications.

On the other hand, the original multivariate monomials P(x) can be rewritten in
terms of the difference polynomials using (4.24):

P(x) = A"P - Q(x), where P(X)=A"P-Q(X)
is the block LU factorization of the multivariate Vandermonde matrix. Therefore,
d"P = A"P - d").

In the coalescent limit, this reduces to the block LU factorization of the multivariate
Wronskian
d"P=7=KW, (5.25)

where
K = c¢-lim A"P, W = c-lim d" (. (5.26)

This factorization formula is the general version the two-dimensional formula (5.19).

One final word of caution: The formulae (5.23) for the multivariate divided differences
in terms of their univariate counterparts cannot be unambiguously reconstructed from
the limiting formula for the derivatives (5.26). This is because the the replacement of a
function by its divided difference approximation is not an algebra morphism — it does
not respect multiplication. For example, given y(x), the divided difference approximations
to p(x) = y'(z) y”(x) are not the products of divided differences for y’(x) times those for
y"(x)! In other words, a combination of derivatives of one or more functions can lead to
different divided difference approximations, all of the same order. Thus, when forming
the block factorization of the Wronskian (5.25), one needs to be careful in keeping track
of algebraic operations that are not reflected in their divided difference counterparts. An
interesting question is whether the correspondence between the univariate and multivariate
divided difference approximations is maintained under such replacements. On the surface,
this expectation seems reasonable, but a complete resolution of this issue will be delegated
to future research.
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