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As an extension of the notion of an L-g spline, three mathematical structures
called LM-g splines of types I, 11, and ITI are introduced. Each is defined in terms
of two differential operators

n—1 m ' ’
L=D"+ Y a{t)D’ and M= b{t)D',wberen > m > 0,n> 0, D= d/dl,
§=0 =0 :

the coefficients a; , j = 0,..., n — 1, and b, , i = 0,..., m, are sufficiently smooth;
and b, is bounded away from zero on [0, T]. Each of the above types of splines
is the solution of an optimization problem more general than the one used in the
definition of the L-g spline and hence it is recognized as an entity which is distinct
from and more general mathematically than the L-g spline. The LM-g splines in-
troduced here reduce to an L-g spline in the special case in which m =0 and
by = constant # 0. After the existence and uniqueness conditions, characteriza-
tion, and best approximation properties for the proposed splines are obtained
in an appropriate reproducing kernel Hilbert space framework, their usefulness in
extending the range of applicability of spline theory to problems in estimation,
optimal control, and digital signal processing are indicated. Also, as an exten-
sion of recent results in the generalized spline literature, state variable models
for the LM-g splines introduced here are exhibited, based on which existing
least squares algorithms can be used for the recursive calculation of these splines
from the data.

1. INTRODUCTION

As a generalization of the L-g spline function [1, 2], we introduce in the
present paper three types of generalized splines, which we call LM-g splines
because they are defined in terms of two operators L and M. An LM-g spline
reduces to an L-g spline if M is the identity operator.

Our basic motivation for introducing LM-g splines into spline theory is
that they permit a wider application of this theory to problems in estimation
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of random processes, minimum-energy controls, digital signal processing,
and systems modeling.

In the remaining part of this section, we present a brief introduction to
the results in this paper.

In an LM-g spline, L and 37 are linear differential operators, of degrees »
and m < n respectively, with coefficients not necessarily constant, the
domains of L and M being appropriate Sobolev spaces of real-valued
functions on an interval [0, T] of the real line.

In what follows, G, will denote a suitably defined Green’s function
pertaining to M. For each of the three types of LM-g splines to be defined,
let ¥ denote the space over a subset of which the minimization defining the
spline is to be carried out. Specifically, ¥ will be the domain of G, L,
and M, respectively, for LM-g splines of types I, I, and Y11, Also, in each
case, let @ denote a set of k continuous linear functionals on Y, r a k-tuple
of real numbers, and U(r) the set consisting of the elements of ¥ which
interpolate or smooth » with respect to @. Then we say that f* e ¥ is an
LM-g spline of type I if it minimizes || L G, fll, an LM-g spline of type iF
if it minimizes || Gy, Lfl, and an LM-g spline of type HI if it minimizes
| L M £, in each case over all f belonging to an appropriate sgt U{r) defined
as above. Also, in each case || - || denotes the norm in the space to which the
range of the composition of the two operators acting on f belongs.

We will see that an LM-g spline of type 1 is simply the image of an L-g
spline under the differential operator M; that an LM-g spline of type Ii
is an image of an L-g spline under Gy, ; and that if L and A are constant
coefficient operators and under appropriate boundary conditions in the
definition of Gy, , the LM-g splines of types I and I1 are one and the same
function. ,

It may be remarked at this point that the three types of Li-g splines,
which we are introducing here, have, in their respective reproducing kernel
Hilbert spaces, optimal properties of “‘conventional splines.” For this
reason, it pays to think of them as “functions’ rather than linear functionals
indexed on r,

Of the previous work in this area, some of the contributions of Wahba
and associates [3-7]are most relevant to the material presented in this paper.
In particular, the generalized splines associated with spaces of functions
with rapidly decreasing Fourier transforms, referred to by Wahba [6],
constitute specific instances of the LM-g splines defined by as. Also, very
relevant to the present work are the results of Weinert and associates [8~117
and of the anthor and Caprihan [17].

In what follows, we present, in Sections 2 through 4, a detailed formulation
of the LAM-g interpolating and smoothing splings of type I, in an appropriate
reproducing kernel Hilbert space framework. In Section 5, as an extension
of existing results [3, 10] for the Z-spline, wz constract a state variabie
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stochastic model such that the LM-g interpolating and smoothing splines
of type I are least squares estimates of the model ouput given the data; and,
on this basis, we indicate how least-squares algorithms may be used for
nonrecursive and recursive calculation of these splines.

In sections 6 and 7, we summarize for the LM-g splines of types II and 111
results similar to the ones obtained for the L M-g spline of type I. A detailed
treatment is omitted since it would follow along parallel lines.

In Section 8, we consider the special case in which the differential operators
L and M have constant coefficients.

Finally, in Section 9, we discuss applications of LAM-g splines to the
problems in signal and system theory mentioned above.

It goes without saying that the results presented in this paper extend
trivially to the case in which L and M are abstract operators in a Banach
space rather than differential operators as assumed by us. Since such a
generalization is unnecessary for the types of applications envisaged here,
it is not discussed in the present paper.

2. THE LM-g INTERPOLATING SPLINE OF TYPE I

For n a positive integer and ¢ a variable belonging to an interval [0, T]
of the real line, et

L= Dr E at) D', )
and
M= bo) D', @

3=0

where D = djdt, 0 < m <nm,n>0,a,eC [0, T, j=0,., 0 — 1
b, e Conm [0, T, i = 0,..., m, and b,, is bounded away from zero on [0, T].

If P is an operator from a space X to a space Y, we will denote its null
space by N(P) and its range by PX.

Let HY, with j a nonnegative integer, denote the linear space of real-valued
functions f on [0, 7] such that fY—Y(=D/-Yf) is absolutely continuous and
f9eL¥0, T) (where L*0, T) = H° denotes the linear space of square

integrable real functions on (0, T7)). H’ is a Banach space under any of the
equivalent Sobolev norms of the form| g || = {Z,_l (Fg)r + fo (Pg()y? de)'/?,
where ge Y, P is a linear differential operator of order j from H/ to H*
(P being in the form expressed by the right side of (1) with = replaced by j),
and F;, i = 1,..., are linear functionals on H’ which are linearly independent
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on N(P}. Let #7 denote the set of linear functionals £ on H’ of the form
Fg=131, fOT Dig(t) dut), where p, are functions of bounded variation.
Let us introduce the subspace

N, = N(L) n N(M) 3

and denote by n, its dimension.

Also, let = {ify,..., ¥} be a set of linear functionals belonging to F»
which are linearly independent on N(AM), and, for convenience, assume that
these functionals are labeled so that the first #, of them are linearly indepen-
dent on N, . It is then possible to write N{L) and N(M) in the form

N(L)y=N, ®N,, (4)
N(M) = N, ® N,, (5)
where @ denotes direct sum, and

Ny ={geN(L): g = 0,i = l,..., ng}, (62)

Ny, ={geNM): ;g =0,i = 1,.., n,}, (6b)
and the dimensions n; and n, of N, and N, clearly satisfy n, = n — n, and
Ry = M — Ny .

In addition, by means of i it is possible to define an inverse G, of the
restriction of M to the subspace

Hypr ={geHr y;,g =0,i =1,.., m} (7
Specifically, this inverse is the Green’s function Gy(¢, #) of the problem

Mg=f hg=0, i=1l.,m ®)

G may be constructed by the procedure in [1, pp. 959-960].
For simplicity, we will abbreviate integral operator actions as follows:

[ Gt £) da = Gualt, ) o5 () = Gt ) )

and we will further abbreviate the function Gy(:, -) o (-} (i.e., the set of
all t-evaluations of (9)) by Gy, f-

Assume finally that we are given a set @ = {¢, ,..., ¢}, wWhere k = n, ,
of linear functionals in & »~, which are linearly independent on MH,*.

We have:



336 RUI J. P. DE FIGUEIREDO

DerinitioN 1. Let L, M, ¥, Gy, and @ be as above. Given a k-tuple
r = (ry,.... 7)) of real numbers, an LM-g spline S{L, M, ¥, D,r;-) of
type I interpolating r with respect to @, is defined by the minimization?

i, [ CoGult, ) o1 dr

er (r)

T
= [ LoGult, ) o SUL, M, ¥, &, 13 ) dt, (10)
0

where

U(r)y ={fe MH: ¢;f =r;, i = 1,., k.2 | (11)

Remark 1. If the functionals ¢, i = 1...., &, are evaluation functionals,
that is ¢;f = f(t), t; €10, T}, i = ..., k, we call the corresponding spline
simply an LM spline of type I. ||

Remark 2. 1f the operator M is of zero order, then the corresponding
L M-g spline of type I reduces to the L-g spline of Jerome and Schumaker [2]. ||

3. REPrODUCING KERNEL HILBERT SPACE RESULTS FOR THE TYPE I LM-g
INTERPOLATING SPLINE

3.1. Brief Review of Pertinent L-g Spline Results

It is necessary at this point to recall briefly the definition of the L-g inter-
polating spline and the structure of the reproducing kernel Hilbert space in
which it appears as the solution of a minimum norm problem. Let L be the
differential operator previously defined and suppose I" = {y; ,..., v}, [ = n
is a set of linearly independent functionals in #7.

DermuTion 2. Given a real [-vector g = col(q; ,..., q;), the L-g spline
S(L, I, ¢; -) interpolating g with respect to I is defined by the minimization

min f (Lo )2 dr = f (LS, T, ¢; D) dt, (12)

feVia)

i A subscript in parentheses on a symbol representing an operator or functional indicates
the variable with respect to which the operation is performed.

* The end of a formal statement such as a definition, a theorem, or a.proof, will be
signaled by the symbo! ||
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where
Vg ={feH"yf=q;,i=1..1} | 13
It has been shown by de Boor and Lynch [1] and others [2, 8, 12, 13],
that the solution S(L, I', g; ) always exists; and it is unique if and only if
N(L) 0 ¥(0) = 6, (14)

where © denotes the null subspace. By a well-known argument [2, 8],
condition (14) may be shown to be equivalent to the requirement that n of
the elements of I, say yy ..., v , be linearly independent on N{L). de Boor
and Lynch [1] showed further that if {£; :{ = 1,..., n} constitute the basis
for N(L) dual to y; ,..., v, , thatis, if &, i = 1,..., n, are solutions of

L¢ =0, yi€i = 84y, Lj=1..,n (15}
then

KLEy = ﬁ i yv:d) + LT (LfO)LEmydt Vi, geH", (16

is an inner product in H”, which makes 5" a reproducing kernel Hilbert
space Hn with the reproducing kernel

R(tw) = . 60 60 + [ Gult, o) Gulu 0 o (a7

where G is the Green’s function of the problem

If =W, yf=0 i=1.,n (18}

\

As emphasized by Weinert [8], the L-g spline of Definition 2 is the solution
of the minimum norm problem in A

min [ £ {2 = (1S, T} ¢; HII3, (19
fevia)
where ||| --- ||| denotes the norm in A" induced by the inner product (16).

3.2. On the Type I LM-g Interpolating Spline

Returning to our original problem, we are now able to formulate the
following.

TueoreMm 1. Suppose L, M, ¥, @, and r are as in Definition 1. Then

SI(Ls Ms T—a ®’ r; t) = M(i)g(l’; Fz (*L t)s (20)
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provided we pick I, I' = {y, ,..., yi}, and g = (g, ..., q;) as follows:

I =m+k; @2n
v, = ¢:M, i=1,.,n, (22a)
= i n, i=m-+ 1,8+ m, (22b)

= ¢;_mM, i=m+m-+1..,m+k); (22¢)

q; = Fi» i=1,..,m, (23a)
=0, i=mn -+ la,n +m, (23b)
=Ftim, L=m-+m+L.,m+k). | (23¢)

Proof. Since Uy(r) is in the range of M, and M is one-to-one and onto
from H,” to HM,", U,(r) is isomorphic under M to the set

{fe MH,» Mfe U(r)} = {feH" 4;f =0,i = 1,..., m, (24a)
dMf =r;,j=1,..., k} (24b)

={feH" y;f=¢q;,i= L, k-+m (24c)

= V(g), (24d)

(24c¢) and (24d) following from (22a), (22b), (22¢) and (23a) (23b), and (23¢).
Let f and f denote the corresponding elements of U,(r) and V(g), ie.,

f = Mfa fE Ul(r)a _fE I/A'(q)w (253.)
or equivalently,
F=Guf, felUfr), feV(g. (25b)

According to (25b),

LyGu(t, ) o f = Ly f(8). (26)

Substitution of (26) in (10) shows that the minimization problem (10) is
equivalent to the minimization problem (12), provided ¥(g) is chosen as in
(24a-d), with the associated correspondence (25a), (25b). In particular, it
follows from (25a) that the minimizers of the two problems are related by
(20). |l

THEOREM 2. The LM-g spline of Definition 1 always exists. ||
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Proof. Clear, since the L-g spline S(L, T, ¢; -) in (20) always exists [2]

THEOREM 3. The LM-g spline of Definition 1 is unique if and only if
W U0) = 6, 27

S

where W= MN(L) = MN,. |

Proof. Since by (22b) and (23b), (27) is equivalent to (i4), (27) implies
uniqueness of S(L, I, g; -) in (20) and hence, of S(L, M, ¥, D, r; -). To
prove the “only if” part of our assertion, suppose the solution
y* = S{L, M, ¥, D, r; -} of the minimization problem (10) is unique and
yet (27) is not required to hold. Then there is at least one nonzero element,
say z,, in W Uy(0). Substitution of y,* = y* + z, and 3,* = y* — z;
in (10), and (11) shows that y*, y,* and y,* are solutions of the minimization
problem (10), which contradicts our assumption that y* is unique. |

Henceforth, we shall assume that the conditions of Theorem 3 hold and
hence that n; of the functionals ¢, , i = 1,..., k, specifically &, ,..., 95'”1 , are
linearly independent on W.

The following gives the reproducing kernel Hilbert space structure for the
spline under construction.

TaeoreM 4. Under (27),

f&= ﬁ (/)N hig) + f: (LGult, ) o Ly Gult, ) o g)dr (28)

is an inner product for all f and g € MH,", which makes MH,™ a reproducing
kernel Hilbert space, denoted henceforth by HY™™, with the reproducing kernel

ke T
K(’: u) - Z 7]2(t) Tii(u) —1‘" J- M(t) M(u)GL(t» U) GL(ua I/) dl)‘, (29}
i=1 0

where n;, i = 1,..., ny, are the elements of the basis for W dual to ¢;,
i =1,.., ny, that is, (according to (253))

me o= ME,  i=l..,n, (30)
with €;,1 = 1,..., ny, defined by (15), together with (22a), (22b).

I

Proof. Because H," is a closed subspace of H”, the restrictions ¢ 7, #y
and K(z, u) of (16) and (17) to f and g & H," are valid inner product and

reproducing kernel for H,". Since M is continuous, one-to-one and onto,
from H,” to MH,", (28) is obtained from (16) by setting /' = Mf and
g = Mg (or equivalently, f = G,,fand § = Gyg)and using (22a), while (29)
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is obtained by the well-known technique of replacing the action of an operator
on the elements of a reproducing kernel Hilbert space by its action on the
reproducing kernel, i.e., (29) follows from?:

K(t, u) = MoyMuwKE w. | 3D

As in the case of (19), Definition 1 may be reformulated in the reproducing
kernel Hilbert space Hy ™. Thus if || -|| denotes the norm in this space
(induced by (28)), we have:

DerNiTION 3. If L, M, ¥, D, and r are as before, S)(L, M, ¥, D, r; ) is
the solution of
1 2
min /17| (32)
Equation (32) is a conventional minimuom norm problem in the Hilbert
space Hy ™. The solution for such a problem is well known [15]: it is the
unique element f, (= S/(L, M, ¥, ®; ) of H}™ orthogonal to U;(0),
that is, lying in the span of the representers-f;, i = 1,..., k, of the linear
functionals ¢,, i = 1,..., &k, in H{™, satisfying the data constraints.
Specifically,

&

fo@) = ) whi(), (33)

i=1

where, by a well-known property of representation .of linear functionals in a
reproducing kernel Hilbert space [14, §],

hi(u) = ¢5(t)K(ta u)a J = la-na ka (34)

and the constants «;, j = 1,..., k, are determined from the requirement that

x
bifo=S b hya;—r;, i=l..k (35)

§=1

As in the L-g spline case [8], the solution of (35) permits us to express
S(L, M, Y, D, r; t) explicitly in terms of the data.

3 By a straightforward but rather tedious calculation, one can show that K(z, «) defincd
by (29) satisfies the two requirements for it to be the reproducing kernel of H~™, namely,
that K(v, #) is an element of H7~" and <X(, &), f(-)> — f(u) ¥ fe Hy ™ (for basic theory of
reproducing kernel Hilbert spaces see [14]).
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In fact, with the notation

o = col(ay ..., o), (36)
h = col(hy ..., Iy), 37
H=kxk matrix with the (if)th element = {&,, 4, (38)
r = col(ry ,..., Fp)s 3%

Egs. (35) take the form
Ha =r, (40)

which, since H is invertible because 4, , i = 1,..., k, are linearly independent,
leads to

Jolt) = S{L, M, D, ri 1) = K (t) H'r, (41

where the superscript T denotes the transpose.

Before closing this section, it is worthwhile in connection with the applica-
tions of Section 9, to state the property of “best approximation of linear
functionals” for the LM-g spline approximation under discussion. This
property holds, of course, in the present case, on the basis of well-known
arguments developed for splines in a Hilbert space by Golomb and Weinberger
[16], and hence it is stated without proof.

TareoreM 5 (Best Approximation of Linear Functionals). For € a positive
constant and Uy(r) as in (11) let

Oir) = {fe Uy(r): | fIP < &, (42)

and assume that U(r) is nonempty. Then, given a continuous linear functional
x on HY™™, the value x( f) which minimizes

sup [ x(f) — x(8)* (43)

gelUy(r)

over all fe HY™ is given by x(f,) where fy = S{(L, M, ¥, ®,r; ). |

4, THE LM-g SMOOTHING SPLINE OF TYPE [

In a manner analogous to its interpolating counterpart, an LM-g smoothing
spline of Type I may be defined as a generalization of the L-g smoothing
spline. Suppose L, M, ¥, and @ are as before, and let there be given the
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real data vector r = col(ry ,..., ;) and a symmetric positive definite k X k
matrix Q which expresses the fidelity that the solution is required to maintain
1o the data.

DErINITION 4. An LM-g smoothing spline S)(L, M, ¥, @, r; Q; ) of Typel
is the solution of the unconstrained minimization problem:

min, [ CaGult, ) o e+ ¢ — BT 02— B, @4

I EMHII/L

where
Of = col($yfy..s Prf). | 45)

The following points may be made regarding the above spline:
(1) By an argument similar to that in the preceding section, it follows
that, with I" and ¢ as described by (22a—c) and (23a—c),

SUL, M, ¥, D,1; Qs 1) = MuS(L, T, g; Qs 1). (46)

Here, S(L, T, q; Q; -} is the L-g smoothing spline, defined as the solution of
the minimization problem:

min [ @ora+@—1preg-ml @
l!fif=0,i=i€,...,m °
where i i i
I'f = col(ys fees v £)- (48)

We will assume that (27) holds. The existence and uniqueness of
S(L, M,¥, D,r; Q; -) then follows from the existence and uniqueness of
S(L, T, q; 05 ).

(ii) Introduce the Hilbert space W = L? X RF with the inner product
in W defined by

(f; g)W = (f;l > gl)zﬁ +f2TQ_lg2 ’ (49)
Wheref: COI(f‘l :f‘2)9 g = CO1(g1 > gz)a Wlthfi > gl € Hf*m andfi;. 3 g2 € -Rk
Leth;,j = 1,..., k, be as in (34) and define m: Hy ™™ — L%, @: H™ — RE,
O, 7 HY ™ —~ W, #, and pe W by
7= LGy; P =col({hy, Dy, i, D)y P = (..., p); 50)
7 = col(P, B); #t = (z!, DY; ot = Adj(mr);  p = col(0, r).

Finally, for simplicity in notation let f* = S(L, M, ¥, D, r; Q; *).
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Then, the functional to be minimized in (34) may be rewritten as

Hf) = (Fe—p,af —pw, (D

and following the developments in [17] we have Theorems 6 and 7 below.
In fact, taking the Gateaux differential of (51) along Af'e A},

Ka'af — 4'p, Af, (52)

the requirement that (52) vanish for all 4f at f = f* leads o

THEOREM 6. f* is the solution of
#af = #p. | (53)
Let / denote the orthogonal complement of N(D) in H™™; that is, A is
the span of {&, ,..., i}
Taeorem 7. f*e .
Proof. Let p denote the orthogonal projection operator from ™™
te A. Then
J(f) = (@l + (f — )L 7lef + (f — D + (Pf — p)F O~ H(Ppf — p)
= (mpf, muf)pe + @lf — wf) 7lf — wfDpe + (Ppf — p)T O Pwf — p)
= Tf) + 11 f = pf Popm
= J(pf)

with equality if and only if f = pf. ||

(iil) As done with the derivation of (41) in the interpolating case, it is
possible, on the basis of the preceding, to derive a nonrecursive algorithm
for obtaining f*. Thus by Theorem 7, we may write

k

¥ = Z aht) = W1(0) o, (54

=1
which when substituted in (53), use being made of {50), leads to
k
3 wlnte + Ol by = Dy, (35)
j=1
Obtaining the inner product in H{™ of both sides of (55) by &, , i = 1,..., k,
and expressing the resulting & equations in matrix form, we get
(B4 HTQ'H) « = HTQ"r, (56a)

615'19/4-3
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where H is defined by (38) and B is a matrix with elements By, i, j,.... k,
given by
By; = (why , 7hy) 2 = Pi9PinKils, 1), (56b)

where K is defined by (59b).
Equations (56a) and (54) then give the desired nonrecursive expression for
the smoothing LM-g spline of type I:

F¥@) = hT(@)XB + HTQ*H) BTQ""r. 57)

5. LM-g SpLINgs OF TYpE I IN THE CONTEXT OF ESTIMATION OF
STOCHASTIC PROCESSES

5.1. Introduction*

In the correspondence between Bayesian estimation and spline inter-
polation established by Kimeldorf and Wahba [3-5] and Weinert and
Kailath [8, 9], the data are modeled as arising from nonnoisy discrete linear
measurements made on a realization (sample function) y = {p(#): 0 <t < T}
of a second-order zero-mean real-valued stochastic process Y == {¥(¢):
0 <t < T}, and the least-squares (minimum variance) estimate $(z) of y(z),
given the measurements, is the value at ¢ of an L- or L-g spline interpolating
the data. In such a correspondence, the reproducing kernel of the Hilbert
space on which the spline is defined is equated to the covariance of the process
Y, which permits the determination of the differential operator L, associated
with the spline, from the covariance; and the functionals constraining the
spline are the same as the ones expressing the measurements on the realization
{y():0<t<T}.

If the measurements are contaminated by noise, independent of Y, then
the least-squares estimate J(¢) is the value at 7 of an L- or L-g smoothing
spline, with the operator L and the constraining linear functionals same as
in the interpolating case, and the fidelity matrix Q equated to the covariance
of the discrete measurement noise.

Weinert and Sidhu [10] have further explored the above correspondence
by deriving a state-variable model for the process Y, for the case of inter-
polation by L splines, and using this model to apply existing least-squares
recursive smoothing techniques to the recursive calculation of the inter-
polating L spline.

However, processes Y which give rise to minimum variance estimators §
that are L or L-g splines, as described above, are ““autoregressive’ in nature,

4 Readers unfamiliar with the material in this subsection may wish to read Section 9.1
first.
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that is, they are modeled by dynamical systems, driven by white noise,
possessing only “denominator dynamics.” More general processes ¥ which
are both “autoregressive” and “moving average,” i.e., which require both
denominator and numerator dynamics in their dynamic modeling, lead to
LM or LM-g splines, introduced in the present paper, as minimum variance
estimators,

In the following subsections, we. discuss stochastic models on the basis
of which the Type 1 LM-g interpolating and smoothing splines are derived
as least-squares estimates.

5.2. A Stochastic Model Associated with the LM-g Interpolating Spline of
Type I

In our state-variable model (Eqgs. (66a)~(66e)) for the process ¥ pertaining
to the LM-g interpolating spline of type I, the introduction of the operator
M essentially generalizes the structure of the matrix® ¢ in the model derived
for the L spline by Weinert and Sidhu [10].

To obtain the proposed model then, we note that, in our case, the co-
variance of ¥ is the reproducing kernel K(¥, u) given by (29), and proceed
exactly as in [10] by partitioning K(¢, u) in the form

K(tz M) = KO(Z’ u) + Kl(t: u)a {58\'

where
71 ) T
Koty u) = z NL8) n:(u); Ky(t, u) = J‘ My MG (t, v) Gu, v) dv,
§=1 0
(59a,b)

and introducing the second-order zero-mean stochastic processes

Yo ={Y,(1): 0 <1< T}

Vi ={Y():0<t <T}
with covariances Kz, ) and K¢, u), respectively. Since K, and X, are
reproducing kernels for an orthogonal decomposition of Hy ™™, they induce

the stochastically orthogonal decomposition of ¥

Y() = Y1)+ 1), O0<r<T (60)

3 The matrix ¢ referred to here is the one appearing in the measurement equation such
as (66b).
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(where, by stochastic orthogonality, E{Yy(¢) Yi(¢)} = 0) with the corre-
sponding relationship among the realizations y, y, , and y, of ¥, ¥, , and ¥; ,

y(@) = yo(t) + 3:(0), 0< T 6D
It follows from (58), (60), and (61) that y,(¢) is the least squares estimate

of y(¢) given ¢y, i = 1,...,, n; (i.e., y, is the projection of y on the span of
the representers of &, , i = 1,..., n;). Hence,

30 = 3, ($:9) ik )

= 3 @) 20 (622)
= 3 r). (62b)

According to (30), (15), (22a), and (22b), (62a)-(62b) is equivalent to

Yo(t) = MF(1), {63a)
Ly(#) = 0, (63b)
qSZMfIO _ l‘i ’ i = 1,..., nl ; l/‘jj;o = 0,] = 1,..., nz . (630)

Also, from (59b) (which is the covariance of the process Y;) it is clear
that the covariance of the process LG, Y, is 8(t — u), and hence, y,(1),
0 <t < T, is described by

L(t)GM(ta ) oY = W(t), » (643)
iy =0,i = L., ny; bsy1 = ri — di¥o Efz'; i=n + L.,k (64b)
where w(-) is a sample function of white noise (formal derivative of a Wiener

process) with unit impulse covariance.
The system (64a), (64b) is equivalent to

n(t) = M7 @), (65a)
Ly () = w(?), (65b)

dMP, =0, i=1,.,n; Uid, =0, j=1,.,n;

(65c)
My, = r; — S MPy=7#;, i=n + 1.,k

Thus we conclude that the set of Eqgs. (61), (63a—c), and (65a—c) provide
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an input—output description for the process Y which we are seeking. This
description can be converted to any one of the standard state variable
descriptions for systems such as the above available in the literature (see,
c.g., [18]). The following particularly simple stafe-variable model results
from (61}, (63a~c) and (65a—c), if we assume that m < n:

M) = A@) #@), - = djdt, (662)
Yolt) = ¢7(2) x(1), (66b)
#(1t) = A(t) x(t) + bw(z), (66¢)
yi(t) = "(t) x(2), (66d)
y(#) = yolt) + 3(0), (66¢)

where x(¢) and x(¢) are real n-vectors, which together express the “state” of
the system at 7, and A(¢) is an »n X n matrix and b and ¢(¢) are n-column
matrices described by:

) 1 0 0 - 0 0
0 0 1 0 - 0 0
A(t) = ce , (661)
0 0 0 0 - 0 i
—ayft) —ay(t) —ax{t) —axt) - —ap (1) —an,{?)
b = col(0, 0,..., 0, 1), (66g)
e(t) = col(by(t), Byt )y Bn(t), O..., O). (66h)

To complete this description, we need to specify, in terms of the data,
the initial state x(0) of (66a), the mean (which is equal to zero) and covariance
of the initial state X(0) of (66¢) (where we denote by X = {X(1): 0 < < T}
the stochastic process of which {x(¢): 0 <t << T} in (66¢), (66d) is a realiza-
tion}, as well as the correlation of X(0) with the input. These quantities are
expressed by Eqgs. (71) to (77) below, the derivations of which we omit since
they constitute a straightforward application to our case of the procedure
followed with the L spline in [10].

Denoting by P(t,, t;), the principal matrix solution of (66a), and introducing
the n-column matrices

Iy = COI(PI EARRS ] Pn) = COI((;él ERERS (ﬁnl 9 77[[1 ERRES Sbng): (67}
F = col(#, ..., 7,,) = col(ry ,..., 7, , 0,..., O, (68}

the constant » X n matrix
F = pg c7(t) P(t, 0) (69)
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(the 7jth element of which consists of the action of the functional p; on the
function 3,_; ¢,(") P,;(-, 0) on [0, T]), and with the notation

P(t,v), =0, t<v
(70) .
= P(t,v), t >,
we obtain
#(0) = F-% D
(and hence, according to (66b))
Yolt) = T(t) P2, 0) F17, (72)
E{X(0)} = 0, (73)
E{X(0) XT(0)} = F1C(FT)™, (74)
C = {Cylijet,....m (75)
min(t,t’)
Co = puopser [T ([ P ) BBTPTC, ) ds) )], (76)
E{X(0) W(0)} = ppe™(t) P(2, v). b (77

Now (73), (74), and (77) may be used with any standard least-squares
smoothing algorithm [19], and in particular with a modified version of the
algorithm in [10], for the recursive calculation of the LM-g spline of type I
identified as the least squares estimate $(¢) of y(¢) described by (66a-h),
given the data.

5.3. A Stochastic Model Pertaining to the LM-g Smoothing Spline of Type I

From (44) it easily follows, by an extension of the argument presented in
the preceding section, that the value S(L, M, ¥, @, r; Q; t) of the LM-g
smoothing spline of type I is the least-squares estimate of y(z) described
by (61), (63), and (65), with the first equation. in (63c) and (65c) replaced
respectively by '

bMPy -z, =r;, = 1,.,m;
bMFy + 2 = 1 — B MPy =7, i =m + 1.,k

where z = col(z, ,..., Z;) is 2 measurement noise vector with covariance Q
and independent of y.

The corresponding state variable model is again described by (66a)—(66h)
with appropriate accounting of the initial conditions. However, in the
ensuing least-squares smoothing algorithm for the recursive calculation of
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$(t) (which is equal to S{L, M, ¥, D, r; O; 1)), the covariance @ of the
additive measurement noise z (indicated above) has to be included in a
standard way [19].

6. SUMMARY OF RESULTS FOR INTERPOLATING AND SMOOTHING
LM-g SprLiNes oF Tyeg I

Let L and M be the differential operators described in Section 2 except that
now?® the coefficients a; and b, satisfy, respectively, a, € C'+[0, T}, j = 0,...,
n— 1, and b, CJ0, T}, { = 0,..., m. Thus L and M are continuous linear
operators, respectively from H™t™ to H™ and H™ to L* 0, T).

Suppose that we are given a set ¢ of linear functionals ¢, , i = 1,..., m,
on H™ which are linearly independent on N(M) and a set @ of linearly
independent functionals ¢;, j = 1,..., k,k = n, on H" {and hence also
on H™m} such that ¢ ,..., ¢, , constituting a subset @ of @, are linearly
independent on N(L). Here, ¥ € #™ and @ € #7. It is then possible to define

Hm™={geH™ ;g =0,i = 1,..., m}, (78a)
O3 ={ge H™™ ;g = 0,i = 1,.., 71}, (78b)

and -
Hyt ={geH" ¢;g = 0,7 = 1,...,n} {78c)

In a way analogous as before we may introduce the Green’s functions
Gy : MH/® — H,™ and G, : LH;*— H,". Note that G, is well defined
on LHI™,

Let

H= G(MLAY"™ LA™ ©® N(L), (78d)
and, given a data k vector r (as in (39)), let
Uplr) ={feH" bif =7, 1 = L., k. (79

We then have:

DEFINITION 5. With L, M, ¥, ®, &, and r as above, an LM-g spline
Si(L, M, ¥, @, r; ) of type II interpolating r with respect to & is defined by

T T
min [ (Gult, Vo L) dt = [ (Gadlt, Yo LSu(L, M, B, r; )2 dr. | (80)
fEU-z(r) i) 0

The following results can be proved by the methods of Section 3.2.

¢ In this section as well as in the following one, some of the previously used symbols
are redefined to fit the definition and developments related respectively to LM-g splines
of types II and III.
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THEOREM 8. The LM-g interpolating spline of Definition 5 exists, and,
in view of the way we defined @, it is unique. ||

Let v, i = L,...,, n, Aconstitute the basis for N(L) dual to ¢;, i = 1,..., n,
and use the notation H™™ = G, Gy, LH,".

THEOREM 9. Sy (L, M, ¥, @, r; -) satisfies
SII(L: M} 1}79 ®9 I"; t) = GL(tﬁ .) ° MLf *a (81)
where f * is the L-g spline defined by
. T " T .
min [ woral = [ arora | 62
[ Q

. fedmtm
¢if2¢i(t)GL(t:-)MLf:ri;i:I ..... k

THEOREM 10. H,", equipped with the inner product

n T
L= () + fo [Gult, ) o LINGu(2, -) o Lgldt Nf, g€ Hy",
=1
(83)
constitutes a reproducing kernel Hilbert space with the reproducing kernel

n T
Kt w) = 3 90 @) + [ MGt 0IMpGul o)) o, (89)
=1
where the superscript * denotes the adjoint. ||

TueoreM 11. Sy, (L, M, ¥, D,r; -} is the solution of the minimum norm
problem in H," (with the norm || - || induced by the inner product (83))
min_ | f1% ] (85)

feUy(r)

It is clear that, provided ¢; and X are interpreted as in the present section,
formula (41) also permits an explicit representation for the LM-g spline
in the present case.

Finally, as in Definition 4, we have:

DEFINITION 6. If Q and r are as in Definition 4 and L, M, ¥, and D as
above, an LM-g smoothing spline S;(L, M, ¥, @, r; Q; ) of type II is the
solution of the problem ,

T
min | (Gult, ) o L de+ ¢ = ONTQ — B[ | 86)
eH," (Yo

Again, in the reproducing kernel Hilbert space of Theorem 10 a repre-
sentation for S;,(L, M, ¥, @, r; Q; -) can be obtained exactly as for S)(L, M,
¥, D, r; Q; -) in Definition 4.
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Analogous to the system (61), (63), and (65), we have the following input-
output stochastic model (counsisting of (87), (88), and (89)) for which the
LM-g spline of type 11 is the least-squares estimate:

V(1) = yolt) + »(2), (87
Lyft) =0, (88a)
Giyo =ri, i=l,..n, (88b}
Ly(t) = Mw(t), (89a)

by, =0,i=1,..n Sy =1, —yo=7;,j=n+ L., k. (8%b)

Remark 3. Equation (87) is a realization of an orthogonal decomposition
of the process Y as in (60), with the covariances of ¥, and Y; equal, respec-
tively, to the summation and integral terms in (84). We will simply indicate
how (8%9a) is obtained. From the definition of the process ¥y, it follows
that the covariance of the process G, LY, is

T T
Kioyilty ) = [ || Gutlt, 1) Ly Ml Gult', ) dr |
0 0
r
X [ f Gra, 0) Loy MG o, ) du'] d
i
T T T
= [ U Gult, t’)f LnGi(t', s) Myo(s — v) ds dt']
0 Q 1]
T T
X U Gulu, u) f LGy, 2) Mpyo(z — vy dz du’] dv
h) 0 (90}
T T
- [ [ Gult, ) Myt — vy |
o Lg i
T
X [ f Gy, ) M8’ — v) du’} dv
0 d
T ®
= [ (MG, DM Gt 0) v
T
= f 8t — ) S(u — v) dv = 3(t — u),
0

which is the covariance of white noise w(z). This leads to the model:
Gu(t, ) o Lyy = wlt), ©hH

which, when formally operated on both sides by M, leads to (89a). ||
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From elementary considerations [18] it follows that Eqs. (66a—¢) constitute
a valid state-variable model for the system (87)-(89), with the matrix A(?)
defined by (66f), and Eqgs. (66g) and (66h) replaced by (66g) and (66h")
below:

! 0 0 0 O9*tr 0 N
a,_1(1) 1 0 0 0
a,_(t) a,(t) 1 0 e 0 0
b(t) = b,(2) (66g")
e bmAl(t)
L ay(t)  a(t) a(t) at) - a,(r) 14 L by(®)

(where the rightmost member is an n-vector consisting of the coefficients
bi(t),i =0,..,m, of M and (n — m — 1) zeros, as indicated),

e(t) = ¢ = col(l, 0,..., 0). (66h)

Conditions (73), (74), and (77) also apply to the present case, provided
b and ¢ are defined as in (66g’) and (66h"), and (67) and (68), are:

p = Ol oo b), 67)

7 = col(ry yuu, Fu)e (68")

Finally, it is clear that the above model also leads to the LM-g smoothing
spline of type II as a least-squares estimate provided (89b) is replaced by
$ivotz=r,i=1l.,n $ntz=r—¢y=7%,j=n+ L.,k
(89b")

7. LM-g SpLINES oF TypE II1

A third type of LM-g spline may be introduced if we assume L to be the
same as for S, , and the coefficients of M to be such that M is an operator from
Hmm to H™, Let n, where n << n, <X 1 -+ m, denote the dimension of N(LM).
Then given a set @ = {¢, ,..., ¢y}, where k > n, , of linear functionals in
Frim, (with ¢y ..., by, linearly independent on N(3/) and ¢, ,..., ¢, linearly
independent on N(LM)) and a real k-vector r, we have:

DEeFINITION 7. An LM-g spline S;,(L, M, D, r; ) of type III interpolating
r with respect to @ is described by

T
min_ [ (LM dt = [ CMSm(L, M, &, r; 02 e 92)
erg(") 0 0 )
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where
U(r) ={fe B ¢;f = r;, i = L., kb | (%3

It follows that an LM-g spline of type III is an L-g spline with the dif-
ferential operator consisting of the composition LM. However, its structure
does complete the picture of classes of generalized splines generated by two
differential operators, and for this reason we bring it up here. In fact, if we
define the Green’s function G, pertaining to M and to the set of functionals
&1 eeey b, and introduce the set I' = {y, ..., vi} = {&; ..., </§k} of linear
functionals on H™ defined by

G = $:Gry,  i=1,.,k, %4

then, analogous to the result (20) for the LM-g spline of type I, we have in
the present case

SIII(Ln M) (D: r t) = GM(tb .) ° S~(L: Fa g ') (95)

where ¢ = r, and S(L, I', g; -) is the L-g spline in a subspace of MH™™
interpolating g with respect to I'. It is clear {and hence we do-not further
elaborate it here) that developments analogous to those in sections 2 to 5
hold in the present case with the role of M in those sections replaced by G, .

8. THE CASE IN WrIcH L AND M ARE CONSTANT COEFFICIENT OPERATORS

It is of interest to note that if L and M are constant coefficient differential
operators, then L and M commute in the integrals appearing in (10} and (44)
provided the conditions of the following theorem are satisfied. It follows
that in such a case the LAM-g splines of types I and I are the same.

THEOREM 12. Suppose L and M -are constant coefficient differential
operators, and either (a) Uy(r) is restricted to the subspace of MH,* consisting
of functions f which vanish at end-points (this is equivalent to requiring that two
of the constraining functionals ¢;, say ¢, and ¢y, satisfy $.f = f(0),
bof = f(T), andry = ry=0); 0r (b) o f = f(O) = 1y =0 and s, [ = f(0),...,
B = FOI0). (This requirement on ;, i = 1,..., m, is equivalent to the
condition that Gy, be causal.) Then L and G, commute in (10) and (44).

Froof. In (10) and (44) we have
LoGult, ) of = [ LoGult = 5) f(5) ds
= [" LGt — 5) f(5) ds ©96)

= f " Gt — ) Lig f(5) ds — Gt — TYF(T) + Gusl1) FO),

the last equality following from Green’s formula [20, p. 861.
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From (96) and either of the sets of conditions in the theorem, the result
of the theorem follows. ||

9. APPLICATIONS TO SIGNAL AND SYSTEM THEORY PROBLEMS

9.1. Estimation of Mixed Stochastic Processes

As is wellknown, in the solution of the optimal linear filtering and
prediction problems, the structure of the filter or predictor is based on the
models assumed for the signal and noise stochastic processes. For any such
stochastic process’ Y = {¥(¢): 0 <t < T}, the model most commonly
used assumes Y to be the output of a linear dynamical system & driven by
white noise W = {W(#): 0 <t < T}

If the process Y is stationary, ¥ is time-invariant and can therefore be
described by a “‘transfer function” G(iw), where i = (—1)'”* and w is the
frequency variable. A reasonable assumption to make in most cases is that ¢
is lumped. This is equivalent to assuming that G is a rational function, that is,

Gliw) = M(iw)/L(iw), (972)

where L and M are polynomials in iw of the form

L{iwy = (iw)* "5: a(iwy, (97b)
M(iw) = % b, (iw)?, (97¢)

a;,j=0,.,n—1,and b,, p = 0,..., m, being constants.

A process ¥ modeled as above is depicted in Fig. 1. For white noise
with covariance Ky (t, s) = 6(t — s) (and hence with unit spectral density),
the spectral density Sy(w) of Yis '
| M(iw)}®

- (98)

LINEAR TIME - INVARIANT
DYNAMICAL SYSTEM 6
w(t)—=  WITH TRANSFER FUNCTION |—y{t!

{WHITE NOISE) M (i)
Gfiw} = m)

Fic. 1. Model of a stationary stochastic process Y.

7 As done earlier in the text, random processes will be denoted by capital letters and their
sample functions by the corresponding small letters.
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In the above formulation, the polynomials L and M are said to express
respectively the “denominator” and “numerator” dynamics of the system 4.
Processes ¥ for which the degree m of M is zero {and hence for which G
consists only of denominator dynamics) are called autoregressive processes.
On the other hand, processes for which G consists only of numerator dynamics
(n = 0) (with differentiation of white noise appropriately interpreted) are
called moving average processes. Processes for which both numerator and
denominator dynamics are present are called mixed processes.

1t is clear that the above classification of stochastic processes Y holds
if we generalize the structure of ¢ to that of a linear time-varying system
described by a differential equation of the form

Ly(t) = Mw(z), 99)

where L and M are the differential operators defined by (1} and (2). According
to the Fourier transform theory, in the special case in which L and M in (99)
have constant coefficients, the differential equation description (99) of ¢
corresponds to the description by means of the transfer function G(iw)
given by (97).

Let us now return to the spline approximation problem. Because it is
easier to visualize the underlying ideas in terms of transfer functions, we
shall assume in the following that the differential operators 7. and M have
constant coefficients. Our remarks will clearly extend to the case in which
they vary with 2.

The interpolation by one of the three types of LA-g splines proposed by us
corresponds to the least squares moiseless prediction of a mixed process
modeled as in Fig. 1, while the smoothing by such an LM-g spline corresponds
to the least squares filtering or prediction of such a process in the presence
of observation (measurement) noise.

Specifically, in the interpolation problem, the function y(-) to be interpolated
is given by (61), with yy(-} a suitably defined function dependent on some
of the data, as indicated before, and y,(*) a sample function of a random
process Y, described by one of the models represented in Figs. 2, 3, or 4,
depending or whether the interpolation is by an LM-g spline of type I, 11,
or ITI. Note that the difference between the models pertaining respectively
to LM-g splines to types I and II lies in whether the numerator dynamics
follows or precedes the denominator dynamics.

For the cases in Figs. 2, 3, and 4, the least-squares predictor of y{(¢) based
ori the discrete noiseless measurements ¢;y = r; , i = 1,..., k are, respectively
W)y =8S(L, M,¥Y,D,r;1),j = I II, and S,,,(L, M, D, r; ).

In the smoothing problem, the signal process Y is still described as
in Figs. 2, 3, and 4, but the discrete measurements are corrupted by additive
noise z;, { = l,.., k. The least-squares estimate of y(z) isthen F{¢) =
SAL, M, VY, D, r; Q3 1), = Tor I, or Sy (L, M, D, r; O3 t).
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FiG. 3. Stochastic model pertaining to an LM-g interpolating spline of type II.
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Fic. 4. Stochastic model pertaining to an LM-g interpolating spline of type IIL
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It is clear then that. on both the interpolation and smoothing problems,
the least-squares estimate (¢) may be obtained by means of a recursive
least-squares algorithm [181.

9.2. Minimum Energy Control Problems

The way in which generalized splines appear in the formulation of the
solution to a class of minimum energy control problems has been discussed
in [21,8,11,22]. However, the systems considered in those references
possess no numerator dynamics. The LM-g splines introduced here not only
permit the generalization of these results to systems with both numerator
and denominator dynamics but also bring further insights into the existing
resnits. We shall first explain the second part of the last statement, assuming,
for simplicity in presentation, that the constraining functionals are inter-
polating.

The question under consideration may be posed as follows:

Problem 1. Given a dynamical system whose input # and output y are
related by
Ly() = u(t), O0<:t<T, (100)

where L is the differential operator in (1), and subject to the output constraints
y(tz) == Fz-, Z = 1,..., k, tiEA, (1@1)

where 4:0 <ty < <tp,<T, and r;, i = 1,.., k, are real numbers;
find the control »* in the range of L of minimum energy, that is, which
minimizes the L0, T) norm of u under (100) and (101). ||

According to the minimum norm property of L splines [13}], the y* which
when replaced in (100) gives u*, is the L-spline y*(t) = S(L, 4, r;1), ie.,
a y* satisfying:

(@) L'Ly*t) =0, £, <t<tiq,i="1,.,N—1; (102a)

) y*t) =r;, ;€4 (102b)
(0 y*eC*% (102¢)
() Ly*@#) =0, O0<t<t,and ty <t T (102d)

Applying (100) to (102) we conclude that the »* that we are seeking is
defined by

u¥(t) = LS(L, 4, r; 1), (103)
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which according to Theorem 1 vhows that u* is an LM spline of type I with
M= L.
As a generalization of Problem 1 we have:

Problem 2. Same as Problem 1 with Eq. (100) replaced by
Ly(t) = Mu(t), O0<t<T, (1007

where M is as in (2). ||

It is clear that the function y* satisfying (100") and the remaining conditions
of Problem 2 (instead of being defined by (102a-d)) is an appropriate LM
spline of type II, S;(L, M, 4, r; t). Also, the application of the operator
Gy L to (81) shows (in light of (100")) that u* in this case is again an LM
spline of type 1.

As we have said before, the remarks in this subsection extend immediately
to the case in which the evaluation functionals are replaced by arbitrary
continuous linear functionals, this bringing into the discussion L-g and LM-g
splines rather than L and LM splines.

9.3. Digital Signal Processing and System Modeling

An approach to the optimal design of digital filters and digital simulators,
based on an appropriate modeling of the signal source and a subsequent
use of the theorem on best approximation of linear functionals [16], was
presented in [23]. This approach was further extended in [24] to the modeling
of systems on the digital computer. In these works, generalized splines
provide a natural setting for the formulation and solution of the problems
posed.

The LM-g splines introduced in the present paper permit us to generalize
the source models previously used. Specifically, the model used in [23] for
the signal source is of the form

S={feH"||LfIP <y ¢if =r;, i =1,..,k} (104)

where the meaning of the symbols is clear. The generalization of (104)
referred to above is obtained by replacing Lf in (104) by LGy f, GuyLf,
or LMf.

10. CONCLUSION
Three types of genralized splines, called LM-g splines of types I, II,

and ITI, have been introduced as a generalization of the L-g spline [2]. Their
properties have been investigated and their role in problems of estimation of
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stochastic processes, minimum energy controls, and digital signal processing
and system modeling indicated. Further discussion on the algorithms that
result from the present formulation is contained in [i7, 25].
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