1. Linear operator approximation

An operator is understood here as a mapping from a domain vector space 2 = (U, S, +,-) to a co-domain vector space
7" =(V,S,+,-), and the operator £: U - V is said to be linear if for any scalars c|,c; €S and vectors uy,ur € U,

F(ciur+cour) =c1 B(uy) +c2 B (un),

i.e., the image of a linear combination is the linear combination of the images. Linear algebra considers the case of
finite dimensional vector spaces, such as U=R", V =R", in which case a linear operator is represented by a matrix
L e R™" and satisfies

L(c1u1+czu2) :clLul +chu2.

In contrast, the focus here is on infinite-dimensional function spaces such as C"(R) (cf. Tab. 1, L18), the space of
functions with continuous derivatives up to order ». Common linear operator examples include:

Differentiation. £/ =0f/0r*, £:C"(R) > C"*(R).
Riemann integration. £f = fab w(t) f(r)dt, £:C(R\A)— R, where A is a set of measure zero.

Linear differential equation. £y = Z}‘:O aj(t)yV =f(1), B:C"(R) » CK(R).

1.1. Numerical differentiation

A general approach to operator approximation is to simply introduce an approximation of the function the operator
acts upon, f=p,

Bf = Ep.

Monomial basis. As an example consider the polynomial interpolant of f based upon data & = {(x;,y;=f(x;)),i=
0,...,n},

p)=[11¢t+¢* ... 1t"]c,
with coeffcients ¢ determined as the solution of the interpolation conditions
Mc=y,
with notations
M=[1x x> ... x"],x*=[xk ... xk]1y=[y0 ... wn

Differentiation of f (£ =d/df) can be approximated as

d . d et
af=a[?—[0 12t ... nt" e

It is often of interest to express the result of applying an operator directly in terms of known information on f. For-

mally, in the case of differentiation,

d
/=0 120 opm! M1y,

allowing the identification of a differentiation approximation operator &
d
T/=20).2=[012 ... n" " M

This formulation explicitly includes the inversion of the sampled basis matrix M, and is hence not computationally
efficient. Alternative formulations can be constructed that carry out some of the steps in computing M~! analytically.

Newton basis (finite difference calculus). An especially useful formulation for numerical differentiation arises from
the Newton interpolant of data & = {(x;=ih,y;=f(x;)),i=0,...,n}, ffR->R, fe CcD(R),

f@) =p(t)=[yol +[y1,yol(t=x0) + -+ + [Yns Yn-15-- - Yol (E=X0) - (=X1) - ...+ (E=Xp_1).



For equidistant sample points x; =ik, the Newton interpolant can be expressed as an operator acting upon the data.
Introduce the translation operator

Ef(t)=f(t+h).
Repeated application of the translation operator leads to
E'f(0)=E(EXf (1) =+ =f(t+kh),
and the identity operator is given by
If()=f(t)=E°f(1)=>I=E".
Finite differences of the function values are expressed through the forward, backward and central operators
A=E-I,V=I-E,§=E'?-E~,
leading to the formulas
Af@)=f+h) = f(0),Vf@)=f(0)=ft=h),8f () =f(t+h/2) = f(t=h/2).
Applying the above to the data set ¥ leads to
Ayi=Yic1=Yis VYi=Yi=Yi-1, 8Yi=Yir12= Yi-1/2-

The divided differences arising in the Newton can be expressed in terms of finite difference operators,

_yi=yo 1 _ Dyl =Iyiyol _ Ayi=Ayo _ A’y
[y1,y0] = 7 —EAyo, [y2,¥1,y0] = o VS R VR

or in general
Ak
WYk -2 y1.y0] =777 Yo-

Using the above and rescaling the variable ¢ in the Newton basis N ={1,7—xq, (f=x¢) (—x1),...} in units of the step
size t = a h + x¢ leads to

A A? A?
p(t(a))=P(a)= (I+av+a(a—l)j+--- +a(a=1)-...- (a—1+n)7)yo. (1)
The generalized binomial series states
(1+x7=Y (l‘j )xk, @
with k=0
a)_ala=1)...(a=k+1)
k)™ k!

the generalized binomial coefficient. The operator acting upon y in (1) can be interpreted as the truncation at order n
P(a)=(I+A)"yo=Fayo,

of the operator (I + A)* defined through (2) by the substitutions 1 - I, x - A. The operator %, = (I + A)“can be inter-
preted as the interpolation operator with equidistant sampling points, with P(«) its truncation to order n. Reversing
the order of the sampling points leads to the Newton interpolant

p(t) = [yn] + [yn—l’yn] (t_-xn) +tet [yo,)’h- ~-’yn](t_xn) (t_-xn—l) BERE (t_-xl)~
The divided differences can be expressed in terms of the backward operator as

_Yn-1—Yn __l _ [yn=2,yn=1]1 = [yn-1,¥n] __ VYn-1=Vyn _ sz”
[Yn-1,¥n] Ay A Vyus [Yn-2:Yn-1,Yn] = o) - 22 T op2

leading to an analogous expression of the interpolation operator in terms backward finite differences

2 n
pt(a))=P(a)= (I—a%+a(a—l)%+---+(—1)”a(a—1)-...-(a—1+n)nv—



Differentiation of the interpolation expressed in terms of forward finite differences gives

£ = 5P = S2 P (@) =S,y =L [In(1 + A)] (1 + A)'yo=In(l + A) Pla).

The particular interpolant P(«) is irrelevant, leading to the operator identity

d 1
_;=Zln(I+A)
For |x| < 1, the power series expansions are
d _ 1 _ 2 _ x2 x3 k+1%X
aln(1+x)_1+x_1—x+x —---@1n(1+x)—x—7+?—...+(—1) Tt
are uniformly convergent, leading to the expression
d _1(y 1o 1,5 _kd Ak
E_h(A 2A +3A o+ (=1) kA+ )

stating that the (continuum) differentiation operator can be approximated by an infinite series of finite difference
operations, recovered exactly in the 2 — 0 limit. Denote by Dj the truncation at term k of the above operator series
such that

, . 1 1 1 1
£00) =DF () x0) = A= g A24 58— o (DFL & o
Truncation at k= 1,2, 3 leads to the expressions
D1+(f)=M,D§(f):4f(h+”_f2(ih+t)_3f(t),D3+(f): 18f(h+t)—9f(2h+6t)h+2f(3h+t)—llf(t).

The h — 0 limit of divided differences is given by

. . 1 1
/1113(1) [Vk> V=155 Y0l = /1113(1) (W Akyo) :Hf“‘)(xo),

such that for small finite 4> 0,
Nyo= h*f® (x).

The resulting derivative approximation error is of order k,

+ + ’ (_1)k+lhk (k+1) k
e ()=D{(fH()-f (l)ZTf (t) =0 h").

The analogous expression for backward differences is

d_ 1 [ A D T Loen
E:—zlﬂ([—V)—z(V-ﬁ*zv +§V +'“+EV + ),

and the first few truncations are

—f(t=2h)+4f(t-h
2h

_2f(t=3h)=9f (t=2) + 18 f (t=h) =11 £(1)

)—3f(t)’D3_(f) s

pi(f) =LY s )=

with errors
k
er () =DE(N 1) - (1) =22 00 = 0 (),

The above operator identities can be inverted to obtain

A=E—I=exp(hi) _[’V:I_E_IZI—CXP<—I’1%),

dr
leading to
d d 1/,d)\2 1 d \k
E—eXp(l’la)—l-Fha"rE(ha) ++F(l’la) + -0+

this time expressing the finite translation operator as an infinite series of continuum differentiation operations. This
allows expressing the central difference operator as



and approximations of the derivative based on centered differencing are obtained from

d_2 S\ _1(, 8 38° 587 358°

: Wmsmh(f) 7(‘“?* 640 ~ 7168 * 294912 ‘)

An advantage of the centered finite differences (surmised from the odd power series) is a higher order of accuracy

ex=Dif (f)=f"(1)= O (h*).
Higher order derivative are obtained by repeated application of the operator series, e.g.,
d2 d d 1 1., 1,3 2 1 (0 a3, 11 4 2
W—ma—ﬁ(A—iA +§A —) —ﬁ(A -A +ﬁA —) .

Moment method. An alternative derivation of the above finite difference formulas is to construct a linear combina-
tion of function values

Lhnf=Y ckf<r+kh>=( > ckE")fm,
k

k=-m =-m

and determine the coefficients ¢, such that the p™ derivative is approximated to order ¢
FPO) =Lyf () + O (h9).
For example, for m=0, n =1, carrying out Taylor series expansions gives
FUh) = f0)+hf (0 + g hF (1) %
f@) = 1.

Eliminating f(#) by multiplying the first equation by c¢; =1 and the second by co=—1 recovers the forward finite
difference formula

fry L0 g

B-spline basis. The above example used a truncation of the monomial basis /6 ,(f) ={1,t,...,t"}. Analogous results
are obtained when using a different basis. Consider the equidistant sample points x;=ih + x¢, data & = {(x;,y;= f (x;),
i=0,1,...,n)}and the first-degree B-spline basis

B, 1 (1) ={Bo,1(), B1,1(1),...,Bp1(1)},

in which case the linear piecewise interpolant is expressed as

n
p)=) yiBir(0),
and over interval [x;_y,x;] reduces to =0

Xi—1t r—Xxi-1
L +y;- ! .
Xi—Xi-1 Xi—Xi-1

pi(t) =yi1Bi_1,1(t) +y; B 1(t) = yi_1-

Differentiation recovers the familiar slope expression

_Yi=Yi-1 _ Yi=Yi-1

pl(t) Xi—Xi-1 = 3

At the nodes, a piecewise linear spline is discontinuous, hence the derivative is not defined, though one could consider
the one-sided limits. Evaluation of derivatives at midpoints t;= (x;-1 +x;) /2= (i—-1) h+ h/2+xo,i=1,2,...,n, leads to

, 110 0 ...0
I 0 -11 0 .0
y'=|?|=p'0)=Dx=1 o,

i 1 q L
with D e Rm (D),
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