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A High-Order Difference Method
for Differential Equations*

By Robert E. Lynch and John R. Rice

Abstract. This paper analyzes a high-accuracy approximation to the mth-order linear
ordinary differential equation Mu = f. At mesh points, U is the estimate of u; and U
satisfies M, U = I,,f, where M, U is a linear combination of values of U at m + 1 sten-
cil points (adjacent mesh points) and I,,f is a linear combination of values of f at J
auxiliary points, which are between the first and last stencil points. The coefficients
of M, I, are obtained ‘‘locally” by solving a small linear system for each group of
stencil points in order to make the approximation exact on a linear space S of dimen-
sion L + 1. For separated two-point boundary value problems, U is the solution of an n-
by-n linear system with full bandwidth m + 1. For § a space of polynomials, exis-
tence and uniqueness are established, and the discretization error is O(h
first m — 1 divided differences of U tend to those of u at this rate. For a general set
of auxiliary points one has L = J + m; but special auxiliary points, which depend up-
on M and the stencil points, allow larger L, up to L = 2J + m. Comparison of opera-
tion counts for this method and five other common schemes shows that this method is
among the most efficient for given convergence rate. A brief selection from extensive
experiments is presented which supports the theoretical results and the practicality of
the method.

1. Introduction. We consider some aspects of a new flexible finite-difference
method which gives high-accuracy approximation to solutions u of linear differential
equations Mu = f subject to rather general initial or boundary conditions. The ap-
proximation to u is taken as U defined at mesh points as the solution of a system of
difference equations M, U = I, f together with appropriate boundary conditions; n is
used to identify a particular partition of the domain of u. M, is a difference operator
and M, U is a linear combination of values of U at a small** number of mesh points
of a standard stencil; the value of I, f is equal to a linear combination of values of f
at several auxiliary points close to the stencil points and always inside the domain
of u.

With appropriate normalization of the coefficients of M,, and 7, then I,f is f +
O(h), where h is a norm of the partition; and thus, the operator J,, can be regarded
as a perturbation, or an expansion, of the identity operator as is commonly done for
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such operators in Approximation Theory. We have named this method High-Order
Difference approximation with Identity Expansions which leads to the pronounceable
acronym HODIE.

In this paper the application of the HODIE method to ordinary differential
equation problems is treated. The analysis and results presented here give insight into
the more complicated—and more important—application of HODIE to the solution of
partial differential equations. Results about the multi-dimensional applications are
given by Lynch and Rice [1975], [1977], [1978a], [1978b], by Lynch [1977a],
[1977b], and by Boisvert [1978]; more detailed analyses will be presented at a later
time. The method was discovered by R. E. Lynch during a study of methods for ap-
proximating solutions of elliptic partial differential equations in two ind¢pendent vari-
ables.

Some of the key features of the method include: (a) the small number of sten-
cil points which leads to a matrix with small bandwidth; (b) the coefficients of the
operators M,,, I, are determined so that the approximation is exact on a linear space
of functions and their values are obtained by solving a small local system of linear
algebraic equations whose size is fixed independent of the mesh length; (c) high ac-
curacy is obtained by the use of values of f at the auxiliary points rather than with
additional stencil points; (d) a variety of boundary conditions can easily be approxi-
mated with high accuracy; (e) the method is computationally efficient.

Although the difference equation is similar to one obtained by the Mehrstellen-
verfahren (or the “Hermitian” method) of Collatz [1960] after one replaces derivatives
of f with divided differences, the method of obtaining the coefficients of the difference
equation is different from that of Mehrstellenverfahren.

For ordinary differential equations, the HODIE method gives the same difference
equations as obtained by Osborne [1967] who generalized the St¢rmer-Numerov
scheme. Osborne was pessimistic about its practicality; he did not prove convergence
results. More recently and independently, Doedel [1976], [1978] presented an es-
sentially equivalent method for the ordinary differential equation case and he proved
some results. Doedel also presents results about difference schemes which use more
than the minimal number, m + 1, of stencil points for an mth-order ordinary differen-
tial operator; we do not consider this case. The results presented below are more com-
plete than those of Doedel for the cases we treat. Both Osborne’s and Doedel’s ap-
proaches lead to different and less efficient implementations than the one described
below.

This paper is briefly summarized as follows. In Section 2, a description of the
HODIE method for ordinary differential equations is presented and some simple ex-
amples are given. In Section 3, a bound on the truncation error is given when the
HODIE method is exact on P, , the space of polynomials of degree at most L. For
an mth-order operator and when the location of the auxiliary points is independent
of M, the order of the truncation error is L — m + 1. Higher-order (“superconver-
gence”) is obtained with special auxiliary points (““Gauss-type points™) whose location
depends upon M. In Section 4, approximation for the simple operator M = d"™ /d¢™
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is treated in detail. A direct relationship between the truncation error and quad-
rature error is demonstrated and Gauss-type auxiliary points are introduced and
analyzed. These Gauss-type points are the zeros of polynomials orthogonal with
respect to an integral inner product with weight function a polynomial B-spline.
In Section 5, we extend the results of Section 4 to the general linear variable
coefficient differential operator with leading term d™/dt™. In Section 6, we
show that the HODIE method gives a stable difference approximation. In Sec-
tion 7 we show that the order of the discretization error is equal to the order of the
truncation error for the initial value problem; in Section 8 the same result is shown
for the separated two-point boundary value problem. In these convergence results,
the convergence and rate of convergence applies for the first m — 1 divided differences
of U to those of u. Section 9 contains a comparison of the computational effort for
the HODIE method and five other methods; this suggests that the HODIE method is
among the most efficient methods available for solving second-order boundary value
problems. Finally, in Section 10, we give a small sample of extensive experimental
results which verify that the HODIE method works as the theory predicts and that
there are no unforeseen difficulties in its implementation. Numerical examples indicate
that the use of the Gauss-type auxiliary point for the operator D™, which can be cal-
culated in advance for a uniform mesh and which are then independent of the mesh
size, can yield enhanced accuracy for the general mth-order problem with operator M.

2. Approximation of Differential Operators. We construct and analyze high-ac-
curacy (m + 1)-point difference approximation to mth-order differential equations
M[u, f] = O subject to appropriate initial or two-point boundary conditions M* [, c,]
=0,k=0,...,m—1, where

(2-1_a) Mlu, £1(6) = Mu(t) - f(t), A<t<B,
(2-1b) Mu(t) = D™u(t) + mz—l a(OD'u(t), D = d/dt,
i=0

(2-1¢) M¥ [y, ¢,] = M*u(4) + M*u(B)~¢,, k=0,...,m—1,

(2-1d) Mru(t) = mzl a, i(t)Diu(t).

i=0
For the initial value problem, a;, (4) = 0 if i # k, a; 4,(4) = 1, and g, (B) =0, k
=0,...,m— 1; for the separated two-point boundary value problem, either MFu(A)
or M*u(B) is zero, k =0, ... ,m— 1.
The interval A < ¢ < B is partitioned into n subintervals by n + 1 mesh points
te A=ty <t,<---<t, =B, withm <n. The approximation U to the solution
u is obtained at these mesh points as the solution of a system of mth-order difference

equations subject to appropriate boundary conditions.

The approximation M, [u, f1 = M,u — I, f of the differential operator M is ob-
tained locally by use of a pair of point sets and a set of basis functions. The m + 1
stencil points are m + 1 adjacent mesh points: 7k =(ty>teg1s -+ teem)r and we
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set hy = (t; 4, — tx)/m. The difference operator M, with coefficients a is

m
MUG) =) 3 o Upsis Upyy S UL
i=0

The second set of points comprise J distinct auxiliary points 7, = (Try1s - -+ > T 0)s
subject to the restrictions t; <7, | < - <7 ;<?;,,. The identity expansion
I, with coefficients § is

J
Lf(t,) = j;l Beifei i =F@c)-

For a given f, U is the solution of M, [U, f] = M, U —I,f = 0 subject to appropriate
boundary conditions.

The coefficients a,  of the operators M,, and /I, are determined so that the ap-
proximation is exact on an (L + 1)-dimensional linear space S of functions. A basis
So> 81> - - - » 8, for S is chosen, and the coefficients are made to satisfy the HODIE
equations M, [s;, Ms;] =0,1=0,...,L;thatis,

m J
(22) (/RE) 32 o sty ) — Zx Bi Msy(r,) =0, 1=0,...,L.
i=0 i=

The system (2-2) is homogeneous in the coefficients a, §; hence, in addition to (2-2),
we take some convenient normalization equation such as

(2-3) @ B,=1 () Zlﬁk.il =1; or(c) ZBM: 1.
i i

The first is used in actual computation since it simplifies the calculation. The second
and third are useful at various places in the theoretical treatment. It is a consequence
of the analysis in Sections 4 and 5 that the third normalization can be used. Remarks
about bases and efficient methods of solving the HODIE equations (2-2) are given in
Section 9.

Boundary conditions for U are obtained in a similar way; they are treated in
Sections 7 and 8.

The truncation error is defined with respect to a space of functions X in terms
of the truncation operator

(24) T,[o] = M, [0, Mo] — M[o, Mo] = M,0 - I,(Mo), oEZ.

For ¢ € Z, the truncation error is the value of the max-norm of T, [o], namely,

IT, [0] | = max, IT, [0],]. In Section 3, we obtain a bound on the truncation error
for the case that S is a space of polynomials and Z is a space of sufficiently smooth
functions.

The truncation error is related to the discretization error, defined as the max-
norm of the error e = u — U at mesh points. This is because if u € Z, then M,;e =
M,u — M, U = M,u — I, (Mu) = T,u; that is, e satisfies the equation M,e = T,u. In
Sections 7 and 8 we show with natural hypotheses and appropriate boundary condition
approximation, a bound on the truncation error yields a similar bound on the discreti-
zation error.
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Examples. We consider a few examples for equal-spaced: mesh points with spac-
ing h and the operator Mu = D*u + a,Du + aqu. 1t is sufficient to consider #, =
=h, t,,, =0, t;,, =h For brevity, we use a single subscripted notation for the
coefficients «, § and the auxiliary points 7. For approximation which is exact on the
space S = P, of polynomials of degree at most L, we use the Lagrange basis for qua-
dratic interpolation together with elements which are zero at the three stencil points,
specifically:

so(0) = 1t = W)[(2h?), s,(6) = (W = *)[H?, sy(8) = 1(t + B)/(2h*),
() =222 -n})H, 1=3,4,... L.
For normalization, we take the sum of the f§’s to be equal to unity. After division

by appropriate powers of h, the HODIE equations (2-2) and the normalization equa-
tion become

J
1=0 0=0y-2 B{1+a,(r)lr—h/2] +ay(r)lr} - 1h/2},
j=1

J
I=1 0=qa; -2 B{-2+a;(r)[-2r;] +ao(r)[W* ~7}]},
=1

J
1=2 0=0,- 2 B{1+a,(r)lr; + k2] +ay(r)r? + 7;h]/2}
=1

7
normalization 1 = 3_ 8;,
j=1

J
1=3 0=3 Bf6r; +a,(r)[3r7 — 1] +ay(r)[r} — 4?1},
j=1

J
I=4 0=3 B{127} = 20* +a,(r)[47] - 214%] + ay(r)[r} — 77R?]},
=1

J
1=5 0=2 B{207) - 61h* +a,(r)[57] — 3rh?] +ao(r)lr} — 77H?1},
j=1

and so on.

Note that the first three equations give the o’s in terms of the §’s. Also note that in
all the equations above, the terms which involve the coefficients a, and a,, are order
h and h2, respectively, compared with the leading term in each of the curly brackets.

For specific examples, we consider M = D? in which a, = a, = 0. One obtains
immediately that oy = @, = 1, @; = =2, so that the difference operator M, is the
usual divided difference approximation for the second-derivative operator

MUt = (U = 2Up oy + U )Ih? = Ulty, t, + h, t, + 2h].
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However, the operator /,, changes when J or the locations of the auxiliary points
change. Below O(kP) denotes the truncation error with respect to the space of func-
tions = = C(P*2) of functions with continuous (p + 2)nd derivative. Below, we also
abbreviate 1, f(t,) with just I f.

Example 2-1. ForJ =1and —h =t, <71, <t;,, =h, 7, #0, the equation
for I = 3 is not satisfied [¢, = a, = 0] and with I, f = f(7,) we obtain an O(h)
scheme which is exact on P,.

Example 2-2. ForJ =1and 7, = t, ., = 0, the equation for / = 3 is satisfied,
but the one for I = 4 is not satisfied, and with I, f = f{r,) we obtain an O(h?) scheme
which is exact on P;.

Example 2-3. ForJ =2 and =7, = 7, = h(1/6)!/? we obtain an O(h*) scheme
which is exact on Py with I, f = [f{r,) + f(1,)] /2.

Example 24. J = 3, exact on Py, 0(h4) Stérmer-Numerov approximation /,.f
= [fi=h) + 10(0) + f(W)]/12.

Example 2-5. J = 3, exact on P, O(h®) approximation of Osborne [1967] I,.f
= [5f(r,) + 14R0) + 5f(r;)1/24, -1, = 7, = h(2/5)"/%.

Example 2-6. J = 5, exact on P, ,, a new h'%) approximation /,,f = B flry) +
A Bsf(Ts)’

B, = Bs = 0.0516582578, B, = B4 = 0.2394732407, B; = 0.4177370031,
-7, = 75 = 0.8214405997h, -1, =71, = 04499203525k, 74 =0.

Example 2-7. J = 3, exact on the space of cubic splines with joints at the equal
spaced mesh points (see, for example, Birkhoff and de Boor [1965, p. 189]), O(h?)
approximation I, f = [f(—h) + 40) + flh)] /6.

To use these schemes for the Dirichlet problem, one solves the system

(2-52) Uy =u(4), U,(B) = u(B),
(2-5b) WUy — 20, + U DM =g, k=1,...,n-1,
with.

J
h=@B-A)n, t,=A+kh and g, =1,f(t,_)) =Y Bf(A+kh+1),
j=1

where g differs from example to example.

For the initial value problem, the value of Du(4) = du(A)/dt is given. One can
approximate this with the forward divided difference and by equating its value to a
linear combination of values of f, one can obtain higher accuracy (see Section 7). Use
of polynomial spaces S and simplification leads to the pair of initial values for the so-
lution of the second-order difference equation (2-5b)

(2:52) Uy = u(d), Uy = u(A) + hDu(4) + h¢°[2,

and the following gives the value of g° for accuracy comparable to that for the
schemes given above:

Example 2-1'. O(h), g° = f(4).

Example 22'. O(h?), g° = (4 + h/3).
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Example 24'. O(h*), g° = [9f(4) + 25f(4 + 2h/5) + 2RA4 + h)]/36.
Example 2-5'. O(h®), g% = B,{A + 1,) + B, {4 + 1,) + B:f(4 + 73),

B, = 0.4018638275, B, = 0.4584822127, B, = 0.1396539598,
7, = 0.0885879595h, 7, = 0.4094668644h, 7, = 0.7876594618h.
Example 2-6'. O(h'®), g% = B, (A + 1) + - - + Bfl4 + 15),

B, =0.1935631805, B, = 0.3343492762, f; = 0.2927739742,
B, = 0.1478177401, B, = 0.0314958290,

7, =0.0398098571h, 7, = 0.198013417%, 75 = 0.4379748102h,
74 = 0.6954642734h, 7, = 0.9014649142h.

3. Truncation Error for Polynomial Approximation. We only consider approxi-
mation away from boundaries and approximation which is exact on a polynomial
space P, for some L > m. Results for approximation of boundary conditions are ob-
tained by an easy modification. Results for other spaces, such as those appropriate
for approximation near singular points of differential equations, will be presented else-
where.

We use &, .,j =0, 1, ..., to denote distinct points such that £, < & ; <ty
and set Ek.i = (00> Sk,i); we also set

(3-1) AE,M. = min 1 i = £ q)-
0,q=0,...J,i¥q

We use the polynomials
_ i
(3'23) W(Ek’i; t) = H (t - gk,q),/o. + 1)!’ j= 0’ 1’ .. ;

q=0
and, to simplify notation below, we set

(3-2b) W _ ;=1

We also use the Lagrange polynomial interpolation basis with respect to the points in

gk;i
G3) LGy D) = w s DI = B WG )L T=0,.. ]

For all ¢ between t, and ¢, ,, it follows from (3-2a) that |wl is bounded above by a
constant times W1, and W (&, ;; & )| is bounded below by a constant times
(Ag’k,il" . Then from (3-3) it follows that |7,| is bounded by a constant times

(hk/AEk, i)_’. Similarly, there is a constant K which depends on j but does not depend
on A, or gk,,., such that forall ¢, 1, <<t .,

ID'W(E, ;s Ol <KRPY,  i=0,...,j+]1,
\DLGE, s O <KWYAEL . ir=0,...,J

(34)
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Because T,u = M,u — I,[Mu] involves derivatives of u only up to order
m < L, it follows (see, for example, Theorem 2.1 of de Boor and Lynch [1966]) that
for

35) €EFE* [ty t o m] = {vIDlv is absolutely continuous,

DY+ 1y s square integrable on 1, <t <t}

we have
L _
Tnu(tk) = Z T, [lz(zk,lj 3] ku(Ek,.-)
(3-62) i=0
I Ty laE, 13 4 91D ux) d,
where

— L -
(3-6b) ‘I(Ek,L; t,x)= [(t -x)ﬁ - Z 1,-(‘<’k,L; t)(gk,,' - x)ﬁ] /L!,
i=0

@t-xt fort—-x>0,
(3-6) ¢ x){’,_ 0 fort-x <0,
and where the subscript (), as in T, (¢)> denotes that the operator is applied to a
function of ¢.

Suppose that the HODIE approximation is exact on the space P; of polynomials
of degree at most L so that the coefficients a, 8 satisfy (2-2) for a set of basis ele-
ments for P, . Then because zi@,, 15 ) €Pp, the sum in (3-6b) is equal to zero. The
sum in the definition (3-6b) of g is that element of P, which interpolates to (¢t — x)f;
at the points ¢ = Ek'i,j =0,...,L. By taking m + 1 of the points in Ek'L to be
the stencil points 7, one has ¢ = 0 on the stencil points and hence Mn(r)q =0;
(3-6a) then reduces to

tk+m

J
(3'73.) Tnu(tk) == Z Bk,i 1%
=1

M(t)q(gk,L; L x)lt=‘rk,iD_L+lu(x)dx’

where

M(t)Q(gk,L; t, x)
(3-b)

m L o=
-> ai(t); (¢ - X)L - i) - 3 s - XLDUE, i OIL T
= l=

In (3-7a), points Ty, jp %> and those in Ek' L are between ¢, and ¢, , .. Therefore,

by (34) we can bound the quantity in curly brackets in (3-7b) by

h,%‘"‘(K  HK, [hk/Agk’ L]L), where K|, K, are constants which do not depend on
hy or Ek, - Consequently, if D** 1y and the coefficients a; are continuous, then

- J
IT,ue) < Ky(1 + [y /8E, 1] 5 ""w"f IDE*
j=1
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where |I-Il, denotes the max-norm. The constant K depends on max,lg;ll.,, on
but not on A, or Ek L-

We have introduced the restriction that m + 1 of the points in Ek L, are the
stencil points in tk, the other L — m points in 5k L are arbitrary, and we can choose
them to maximize Ag‘k - Clearly, this maximum depends only on the stencil points
and L. For L = m, set

R, (t;) = hy /max Agkv 1 Where the maximization is over

G9) all points & ; such that 1, <%, , <#;,,.,1=0,...,L,

and m + 1 of the points £, ; are equal to #; . ;,j =0, ..., m.

Furthermore, set
(39) Hy= max (G, —4)m,
j=0,..,n—m

and we have the following

THEOREM 3-1. Suppose the coefficients a; of M are continuous. Let A = t, <
t, <-:-<t, =B,n>m, be a set of mesh pointsand?k,k=0, ...,n—m, sets
of auxiliary points. Suppose that for k =0, . . ., n — m, there are coefficients o ;s
By, i which satisfy (2-2) and (2-3b) for s, . . ., s;, L > m, a basis for P, . Then there
is a constant K which depends only on B — A, the order m of M, L, and the coeffi-
cients a; such that for any u with continuous (L + 1)st derivative

ITnu(tk)|<K[l+ max RL(E)L]IIDL“uIINH’,;‘”'“, k=0,...,n—m.
j=0

=0,...,n—m

Note that R L(tk) in (3-8) is related to a localized mesh ratio. This is because
the stencil points ¢, are included in Ek 1 and thus R, (t,) exceeds hy/(t ;= teyio )
it also exceeds L/m, obtained for the case that the points in Ek' L are equally spaced.
Consequently,

(3-10) RL(?,.) > max;L, max [ max (44, — 6 (tyi — t,H_,-_l)]s /m
k=

=0,..,n—m Li=1,...m

4. Analysis of the Special Case M = D™. The main results about the special
case M = D' carry over to the general case of the variable coefficient operator M
in (2-1b). In this section, we consider in detail the special case. To distinguish be-

tween the two cases, we use the superscript O for quantities which apply to the special
case, in particular, we use a°, 0, Mg, and If’, for the coefficients and the operators
when M = D™,

In (2-2) set M = D™, replace a, 8 with a®, §°, and use the following basis for
P, (see (3-2) and (3-3)):

I(t,; ), i=0,...,m,
(4-1a) s =1 x
w3, i=m+1,... L,
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where

Ek,i__l = (§k,00 - - - » Ek,i—1)> the points &, ; are distinct,

(@1b) b Sk <tppmand§ =t,,,7=0,...,m

In this section we use the normalization (2-3c), and it is a consequence of the
analysis below that this is allowed, i.e. Z; f; # 0. Note that D'"w(sk' m—13 ) =
D™(t—t,) - (t = tyym—q)/m! =1 so that (2-3c) can be written as

J
2 Bz,r'DmW(Ek,m—l; T, ) = 1.
=1

Since the Lagrange basis element I,.(;k; -)is in P, , its mth derivative is a constant.
The HODIE equations for the special case then become

7
(4-2a) ap Jhg - [m! W' @ 14 D] 22 ﬁg'l- =0, i=0,...,m,
j=1

J
@) X B D" WE T )= =1, L-m+1,
=1

where §; ; denotes the Kronecker delta function.
Since the sum of the s is unity, (4-2a) shows that the operator M,? is m!
times the usual divided-difference approximation to M = D™

m m ) -
Mou(t) =Y ag,ﬂl(tkﬂ-)/h;c" =ml 3 u(ty Jw(ty: ts)
4-3) i=0 i=0
=mlulty,tysrs s teemls
that is, MOu(,) is the mth derivative of the unique polynomial in P, which inter-

polates to the values u(t; ;) at ¢, ;,i=0,...,m.
By Taylor’s Theorem, any u in F” can be represented as

m_l s .
ut)y=Y Du(t Xt -t )i + j:k (¢ = XY™ D™ u(x)dx/(m - 1)\.
i=0
Because the mth divided difference of an element of P,,_, is zero, we have
T+ —
44 M?,u(tk) =mlulty,...,txeml = Lk " B, (t;; x)D™ u(x)dx,
where Bm(?k; x) is the mth divided difference g, [t,, . . . , t; ;s X] With respect to
t of
C=-x)y""Ym-1) ift>x,
gut;x)=(—-x)77 ! = {
0 if t <x,
so that B,, ('t-k; +) is the (m — 1)st degree polynomial B-spline with joints at the sten-
cil points in #,. This B-spline satisfies (Curry and Schoenberg [1966])

_ >0, t,<x<tryim
(4.52) B, (t;; x) =

=0, xSt ort,,, <X,
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" tk+ —
(4-5b) ftk ™ B, (T,; x)dx = 1.
Therefore, we have
TOu(t,) = MO(t,) — I2 [D™ul

kim p o (T XID™ u(x) dx — Z ﬁk’D’”u(Tk]

EE,?[D"'“],C;

and in this we have defined the operator EQ. Clearly, EJu(t,) is the quadrature error
in using Igv(tk) as an approximation to the integral of B, (?k; x)u(x). This quadrature
error is zero for any v in P;_, if and only if

(4-6) 52,,.=L"+”'B (s XNy T ¥)dx,  j=1,...,J

Since the sum over j of 1._1(1 k> X) is unity, it follows from (4-5b) and (4-6) that the
sum of §%’s is unity. But then with the §’s in (4-6), forany uinP, ., |, T u=
E%[D™u] = 0.

Consequently, for any stencil points t_k and any J auxiliary points 7, there is a
unique HODIE scheme with normalization (2-3c) which is exact on P, , ;_,. One
obtains a family of HODIE schemes which are exact on P; for any L such that 0 <
L <m+J-1. We now show that there exist special sets of auxiliary points which
make the approximation exact on P, for L up tom + 2/ — 1.

Since Bm(?k; +) is positive on the range of integration, we can define the follow-
ing inner product

u, v) = f::“" Bm(Tk; X)u(x)u(x)dx.

For fixed m, k, and Bm(Tk; *), let by, by, . . . with b; in P; denote the normalized
orthogonal polynomials with respect to this inner product; we call these the B-spline
orthogonal polynomials. Based on the well-known theory of orthogonal polynomials,
b; has i distinct real zeros in t, <t <t, ., , and, for fixed i, we call these the B-
spline Gauss points.

When the J auxiliary points in 7, are the B-spline Gauss points for b, then the
unique HODIE approximation which is exact on P, . _, is also exacton P,;, . _,.
In this case, the §°’s are the coefficients of the J-point Gauss quadrature formula with
weight functions B,, (t,; ) and each §7 ;,j = 1, ..., J, is positive. Since (b, b;) is
positive and I [53], = 0, this HODIE approximation is not exact on P, ..

The B-spline Gauss points and the quadrature coefficients have been tabulated
by Phillips and Hanson [1974] for a number of degrees and for a normalized interval
and equally spaced joints.

The preceding results are summarized below.

THEOREM 4-1. Let M = D™, and let the normalization for HODIE approxima-
tion be (2-3c). For any set of m + 1 stencil and J > Q auxiliary points ?k, ?k, there
is a HODIE approximation with coefficients o, i= ag' i B = Bg,i’ which is exact on
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P, for any L with 0 <L —m <J — 1. The operator M, = Mg is unique; it is m!
times the divided difference operator with respect to the stencil points. There are sets
of J auxiliary points for which a HODIE approximation is exact for L withJ <L —m
<2 —-1. IfL-m>J -1, then the coefficients ° of 13 are unique and are given
by (4-6). The J auxiliary points which give exactness on P,;, . | are the zeros of
the Jth degree B-spline orthogonal polynomial b associated with the B-spline

Bm(?k; - ) with joints at the stencil points.

The examples for M = D? in Section 2 illustrate various special cases of the re-
sults stated in Theorem 4-1. Examples 2-2, 2-3, 2-5, and 2-6 use J B-spline Gauss
points for J = 1, 2, 3, and 5, respectively.

Examples 24 (Stgrmer-Numerov) and 2-7 (exact on cubic splines) bpth use the
same set of three auxiliary points. Both are exact on P4 and for this L —m =3 -2
=1 <J -1 = 2; their different sets of fs illustrate the nonuniqueness for L — m <
J = 1. Since the St¢rmer-Numerov scheme is also exact on P, and since L —m =J —
1 for this case, the scheme is the unique HODIE scheme with those three auxiliary
points which is exact on P,. One of the auxiliary points, 7, , = #; ,, is a B-spline
Gauss point for all odd degree B-spline orthogonal polynomials associated with B,
with equally spaced joints; because of this (or, alternatively, symmetry), the scheme is
exact on P.. Another set of three auxiliary points (Example 2-5) yields an approxima-
tion exact on P,.

We now derive bounds on the elements of the inverse of the coefficient matrix
of the system in (4-2b) with L —m + 1 = J; these are used in the next section. For

fixedi =1, ..., orJ consider the systems
J —
(4-7a) 2 X D" WE i T ) =8 1=1,..., 0

=1

For fixed r = 1, . . ., or J, multiply the /th equation by the number Tyt m+1-2 (de-
termined below) and sum with respect to / to obtain

J J -
(4-7b) '21 xi',.D'" IZl T tm+1-2WCh,m+1-25 T, ) = Ty y mti2-
l= =
Define the polynomial p,_, €P,, | by
J

p_,(t) = IZ Tt m+1—2WChm+1-25 )
=1

J
= IZ Tr—1,m Y (e 51:,0) R (e Ek,m +1=2)/(m +1-1).
=1

Then the 7’s can be expressed in terms of divided differences of Py

Ttmit—2 =MD oo Egmera], I=1,..0 0

Choose these constants so that D™p, ,(¢) = 1,_,(7;; t), where I,_, is the (r — 1)st
element of the Lagrange basis (3-3) associated with 7,. The J-by-J matrix Il with
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elements m,_, . ., , is the nonsingular matrix associated with change in basis for P,
from D" w(k, ,, . j—15 *) to the Lagrange basis.
Since (4-7b) is the product of II with the system (4-7a), the x;’s also satisfy

(4-7a). That is, the left side of (4-7b) can be written as
J j—
Zl Xj il (s 7 )
I:

Consequently, existence and uniqueness of polynomial interpolation shows that the so-

lution of (4-7b) is given by x; ; = m;_; ,..4; 5,7 =1,...,J. The points & , are dis-
tinct, are between ¢, and #; , . and Sk', =typ 1 =0,...,m. Hence it follows
from (4-4) that
= [*t+m 7 ) +i-1
*ri = )y By yic1Crom im0 TP, (x)dx
_ [k+m

% Bm+i—l(£k,m+i—l;x)Di_ll—1(;k;x)dx’ ’

where B,, . ;_ I(Em +i-15 ") denotes the polynomial B-spline of degree m + i — 2 with
joints at £k,,, 1=0,...,m+i-1. For the case i = 1, this reduces to X = Bk,i
with B, ; given in (4-6). By (4-5) and (34), we have, therefore, the following result:

LEMMA 4-1. Let Ek = (k00 - - - » £k, m +J—2)> Where the points &, , are distinct
and between t, and t, ., and & =t 1=0,...,m. Let B® denote the matrix
with elements

(Bo)“ = D" Wy 4 1-2> ) Li=1,...,J,

where w is as in (3-2a) and T, = (Tk,15 - - - » Tk, s) Is a set of auxiliary points between
ty and ty . ... There exist constants K, ; which are independent of h, and T, (see
(3-1)) such that

I(B°17Y),,| S Ky, AT Y HEE.

5. Analysis of the Variable-Coefficient Case. Let A\ and y denote the functions
obtained by applying M to the basis elements / and w in (4-1a)

(5-12) N = Msf(t) = MI(t,;1);  i=0,...,m,

(5-15) Yy (t) = Ms,p, o (O (i) = MW vy DI, 1=1,...,L-m,
and set

(5-1¢) Yo = 1.

We use A), Y/ to denote these functions in the special case M = D™.
The HODIE equations are then

J
(5-2a) o iy = 2 B Mr ) =0, i=0,...,m,
j=1

J
(5-2b) > B )=8,,, I1=1,...,L-m+1.
=1
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To see that A, ¥ differ from A%, Y° by O(h, ), express the variables in terms of
nondimensional parameters v, Yk, j» Pk,j

t=1t, +h; Ek’i=tk+7k,,hk, i=0,...,L; ‘rk’]-=tk+pk'lhk,
i=1,...,J,

Yi,1 = (7k,0’ ceey 7k,1)’ Bk = (Pk,p ceey pk’J);

and then v, ; and p, ; are between 0 and m. From (3-2a) we have

W(gk,,; = h;¢+lw(;k,1; 7), D’w(gk’,; = h;¢+l-rDrW6k,1; 7).

Since
>\?(7'1‘;,') = m!/Wl(t.k; tey)) =mlf [h;cnwl(;k,m; 7k,i)] ,

fori=0,...,mwe have

> Pk,j ~ Vi, q)

m
0,g#i

N ) = )‘?(Tk,j)[l + ;hkam—x(‘fk,j)

(5-3a) =

o4 h;cnao(’"k,i) ImI ' (pk'j - 'yk,q)} /m!].

q=0,q#i

Forl=1,...,L —m we have

m—1 _
(5-3b) htw) = Vi) + pgo @y (Tie JDPWE b 1-15 T j)

m—1
= D"W(¥i, 11 Pi,j) t Zo h;cn_pap(Tk,j)l)ow(7k,m +1-15 Pi,j)-
p=
The following establishes existence and uniqueness of HODIE schemes for L —
m =J — 1 and h,_ sufficiently small:

THEOREM 5-1. Let the normalization of the HODIE approximation be (2-3c).
Suppose that the coefficients a; of M are continuous. There is a positive H such that
if the stencil points 7k satisfy 0 < hy, = (ty 4, — ty)/m < H, then for any set of J
auxiliary points T, there is a unique HODIE approximation which is exact on
Py m_1. Its coefficients a, § are the solution of (52) with L —m =J — 1.

Proof. For details, see the end of this section; the main line of the argument is
as follows: By hypothesis, the coefficients a; are bounded; hence, so are the functions
N ¥y in (5-1). By (5-3) the values of these functions differ by O(h, ) at the auxiliary
points from )\?, nlz,o for the special case M = D™. Because of the uniqueness of the
coefficients a ;, B, ;, there is positive H so that the coefficient matrix of the system
in (5-2) is a nonsingular matrix (which is essentially independent of 4,) plus O(h,)
and, thus, is itself nonsingular for h, <H. O

To show that HODIE approximations exist for L — m = 2J — 1 with special
auxiliary points, we need some preliminary results. After changing to nondimensional
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parameters, the functions ¥, in (5-1) have the same form as the functions in the next
theorem. This theorem shows that the set of functions ¢;,,1=0,...,L —m,isa
Chebyshev set.

THEOREM 5-2. Let K and m denote positive integers. Let v,,k=0,...,K +
m — 1, denote distinct points in the unit interval. Let the functions ®; have the form

m+l!
P =1, SN =D" ] O-1)+et:, 1=1,...,K-1,
k=0

where ¢, is continuous and O(h) on 0 <y < 1. Let o= ®y, ..., pg) have distinct
components such that 0 < p, < 1. There is a positive H such that for any h,0 <h
<H,

K—1
> q®hip)=0, k=1,...,K,impliesc,=0,1=0,...,K-1.
=0

The result in Theorem 5-2 is easy to prove for fixed p. But, in addition, we
must show that H can be chosen independent of p.

Proof. First, let p be fixed and consider the K-by-K matrix V(h) with elements
V(h), ; = ¥4, (h; py)- The product of V(0) and a diagonal matrix is equal to a
Vandermonde matrix; therefore, V(0) is nonsingular. By continuity of the elements
of V(h), there is an H(p) such that V(h) is nonsingular for all &, 0 < k < H(p).

Second, suppose that there is no positive H,, independent of p such that V(h) is
nonsingular for all 4, 0 <h < H,,. Then there are sequences with indexi = 1,2,...,

> oo,

H V0, c(H), 1=0,...,K~1,with max lc(H)l =1,
!

_ K-1
PH) = (p(H), - . ..oxH)), Pp)= 3. cH)DH;; p),
=0
where P; has zeros at p = pj(H,.), j=1,...,K. There exist, therefore, convergent

subsequences (whose elements we also denote as above) such that
o) — cf, pH)— pf, and P, — P*.

By continuity and the form of the functions ®,, the limiting function P* is a polyno-
mial of degree at most K — 1. Again by continuity, P*(p}) = 0,j = 1,..., K. Since
max,lc*| = 1, P* is not identically equal to zero; consequently, the K points p} are
not distinct. Suppose that there are exactly N > 1 zeros of P* which are equal to

Py and p¥ = pg,, ="' =pfin—1- Then we can write

N-1
P(p) = p(H;; p) Ho [0 = Pics g EHD1 — P(O; p)[o = o217,
s

which shows that the (K — 1)st degree polynomial P* has K zeros counting multiplici-
ties. This contradiction establishes the theorem. O
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The application of Theorem 5-2 to HODIE approximation follows from
representations of moments of a Chebyshev set. Such moments are discussed in detail
in Chapter 2 of Karlin and Studden [1966]; see, especially, pages 38-46. We sum-
marize the pertinent information in the next paragraph.

Let u denote any nondecreasing right continuous function of bounded variation
ont, <t<t.,,. Lety,l1=0,...,L,denote functions of a Chebyshev set on
this interval. The /th moment g, of the set with respect to the measure du is

tk+
="y, =0, L

For each measure, one gets a set of moments ¢ = (g, - . . ,q;) and the set of all
such g is a subset Q of Euclidean (L + 1)-space which is called the moment space of
the Chebyshev set. This moment space is the smallest cone with vertex at the origin
which contains the curve ¥(¢) = (Y4(2), - . ., ¥ (2)), t; <t <ty ,,; this curve is not
in Euclidean L-space. If L =2J—1,J> 1, and q € Q is an interior point of Q, then
there is a unique principal representation of g which involves J points T < "<
Ty,s in the open interval 7, <t <1, ; that is, there are positive values f, ; such
that

J
q1=z ﬁk,j‘pl(fk,i)’ l=0,-..,L=2c,—l.
=1

Clearly, the principal representation gives an abstract setting for Gauss quadrature.

Let Q, denote the moment space for the Chebyshev set 1, D™s, ., I1=1,...,
L, where s,, , ; are the basis elements in (4-1). The results in Section 4 for the case
M = D™ show that with du(x) = B,,,(t,; X)dx, then g4 = (@g,0, 401> - - - »d0.L)»
40,41 =8;,;,1s in Qy. Thus, the principal representation is given with 7, ;, the zeros
of the Jth degree B-spline orthogonal polynomial and with g, ; equal to ﬁg jin (4-6).
By uniqueness, g, is an interior point of the moment space Q, and so there is a closed
sphere S, with center g, in the interior of Q.

It follows from Theorem 5-2 that if the coefficients a; of M are continuous, then
the functions Y, in (5-1b) form a Chebyshev set for all 4, sufficiently small. Let Q
denote the moment space for this Chebyshev set. The curve ¥(¢) = (¥, . . ., ¥)
converges uniformly to the curve ¥o(f) = (1, D™s,, . (), ..., D"s,, (D) ont, <
t <ty 4 s hence, for sufficiently small A, , the sphere S, is in the interior of the
moment space Q. This establishes the next theorem.

THEOREM 5-3. Suppose the coefficients a; of M are continuous. For a HODIE
approximation with J auxiliary points, there is a positive H such that for any set of
m + 1 stencil points t, with 0 <hy = (ty,,, — t;)/m < H, there is a set of Br,;’s
and a unique set of J auxiliary points 7, with t;, <7, | <-- <7, <t . such
that the HODIE approximation is exact on Py, .._,. The B, ’s are nonzero, all
have the same sign and are unique for a given normalization.

We call the special set of J auxiliary points which makes the HODIE approxima-
tion exact on P,;, .., the generalized B-spline Gauss points.
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We now obtain a specific uniform bound on the fs for the variable coefficient
case.
The system (5-2b) with L — m + 1 = J can be written in matrix form as
(B +BY)=¢, ¢ =(,0,...,0),

where B is the unperturbed matrix in Lemma 4-1. Note that its elements are, essen-
tially, independent of k. With 8 = ° + 88, where §° has components §} ; from the
special case M = D', we have

(« + [B°17'B")58 = - [B°1'BE"-

From (5-3b) it follows that elements of B! are given by

m—1
(Bl)l,j =0, (Bl)i,i = ZO h;cn_pap(Tk,j)DpW('Yk,m.g.]_l; Pk,,'), i=2,...,J.
p:

Thus, there are constants k; i which depend only on max-norm bounds on 4, a,, . . .
a,,_, but not on h; such that for all sufficiently small ,,

|B"); ;| < hyk,

ij’

Lj=1,...,J.
Hence, from Lemma 4-1 we obtain bounds on the elements of the product [B®]~!B!

I([BO]—lBl)r,jI < (b /AT "y, 2 K, ik ;.
i

Consequently, for all sufficiently small 1, , I + [B°]'B! is invertible; and we have
the bound

1881, < I [B°]~'BYI_UB°N_/(1 - I [B°]~'B'I.),

where the norms are the vector max-norm and the matrix row-sum-norm. For all suf-
ficiently small h, there is, therefore, a constant K, such that

(54) 186l < by (/AT Y 1Ko max |6 ;1.

i
Lemma 4-1 with i = 1 gives a bound on 62’ j Which yields

max 18, ;| < (/AT Y ™! max(K, 1 + hy(h, /AT Y 71K, ]
j r

This gives the following result:

LEMMA 5-1. Under the same hypotheses as Theorem 5-3, there is a constant K
which is independent of hk/A?k such that for all sufficiently small h,,

max |, ;| < K(h, /AT Y "
)

Equations (5-2a), (5-3a), and (5-4) yield the following result:

COROLLARY 5-1. Under the same hypotheses as Theorem 5-3,
O, = ag,i + O(hy [y /AT, 1Y), Br,j = ﬁg,j + O(hy [hy /AT )TY).

For R = h,|At, bounded, |a, ,, | converges to a positive value as h,. goes to zero.
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6. Stability of the HODIE Difference Operator. In this section we show that
the initial value problem for the HODIE difference equation is stable.

We first obtain bounds on the coefficients of M, ¥ when this is expressed in
terms of divided differences of V. Let V denote a function defined at mesh points,
and let M, denote a difference operator obtained from a HODIE approximation exact
on P, with L > m. For fixed k, let p denote that unique element in P, which in-
terpolates to V(ti), j=k,...,k+ m. Writing p in the Newton form of the interpo-
lation polynomial, we have

p(®) = VIt s, o) + Vi, ty gy Isi () + - -+ VI, oo ot I8k m (s

where

sk’o(t) = l, Sk'l_'_l(t) = Sk’l(t)(t - tk+l)’ l = O, [ (e 1.

Hence

6-1) M V(t) =Mpt,)=VIt]lCio+ +VItis - st m]Crt,m>

where the C’s are independent of V and are given, for/ =0, 1,...,m,by
J m—1 .
Cit = My (8 = 1, [Msy 1 (8,) = 3 By ; Zo ay(Tie PD'sy (T 1)
j=1 =

the last equality holds because the HODIE approximation is exact on P, , L = m.
Using the normalization (2-3)(c), D™s,, ,,,(t) = m!, and a,,(¢) = 1, we have

J m—1 .
Com =m! + Zl By j ;) a7y WD'sp (T j)-
j= i=

Set H, = max,{h;}. Because the auxiliary points are between ¢, and 7, ., , there
are constants K; which depend on max; llgll., but not on the mesh points nor on
the auxiliary points nor on H,, such that for H, <1

m—1
G, ) < max 1By, ;! % la; N, ID;sy oy DI < K max By ;1
j i= ]

|Cy,y —m! <H,K,, max|B, ..
j
By Lemma 5.1, max; |8, ;| <KR’"',R = h,|Ar,. Consequently, if the ratio
R is uniformly bounded as H, } 0, then the coefficients C, ; are uniformly bounded
(as H, | 0) independent of k and H,. Furthermore, for all sufficiently small H,,

Ci.m = m!, so that C; ,, is uniformly bounded above zero

(6-2) Com >8>0.

Next we show that, for sufficiently small mesh spacing, there is a unique so-
lution of the initial value problem

(6-32) MV(t) = Ft,), k=0,1,...,

(6-3b) Vite, Vitg, 141, . . ., Vlto, - - - » £, ] are given.
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Because of (6-2), we can divide the difference equation (6-3a) by C; ,,. By us-
ing (6-1), Vlty, . . ., ty 4+, ] can be expressed explicitly in terms of V[, ], .. .,
VIty, .. . sty m—1]; and so, there is a unique solution of (6-3).

We now obtain a bound on the solution of (6-3) for the homogeneous case F
= (0. Using the definition of the mth divided difference and the difference equation,
we obtain an expression for the (m — 1)st divided difference at ¢, , ;

(643) Vitksrs -« s tiam] = A =mCy 1 [C iV [tes - - -5ty m—y]
4a
=M Co 2 [Coe WV tks - - 5ty m—2]

== (M Gy o/Cr V1]
We also have

(6-4b)V[t"“’ et =V - i)
+(tk+i_tk)V[tk,...,tk+i], i=l,...,k+m_l.

Let I V(¢ )l,,_, be defined by

Ve, _, = V]l + 1V, t, 1!
(6-5)
SRR 1 1 4 [ AR S | B

From (64) we obtain
Wt My <A +H KWV, _,,

where

K =max {1 +mC, ,,_)/C, ., + (t4; — t)IH,};
k,i

and, with the assumption introduced above, K can be taken independent of H, for
all sufficiently small H,. Consequently, we have (for H,K <1 and for M, V' = 0)

W ,—, <Q +H KNV,
< v, _, exp(H,Kk), k=0,...,n—m.

From this inequality we can obtain a bound on the Green’s function for the initial
value difference equation problem.

Foreach/=1,...,n—m,let G, denote the solution of
(6-6a) G(t,)=0, k=0,1,...,1+m~-2,
(6-6b) M,G(t_) = 1,
(6-6¢) M, G(t,)=0, k=L1+1,...,n-m
Because G,[t,_,1 = G,[t,_,, 4,1 = =G[t,_y, - .., iy m—s] =0, we have

MGt ) = CymGilty, - - s iy /mhy_ = 1
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Hence, it follows from (6-6¢) that fork =1, 1+ 1,...,n—m,

Gty < WG, exp(H, K[k —1])
=Gty . . . s tyym—r ] exp(H K[k - 1])
= mh,_, exp(H K[k - 11)/C,,,
<H, exp(H,K[k - 1])/5,

where § is as in (6-2).
The solution V of the initial value problem
M V(t,) =F(t,), k=0,1,...,n-m,
Vitg] = Vitg, t)1 = =Vltg, ..., t,, 4] =
is, therefore,

k—m

Vit = X GtFt), k=m,...,n,
=0
and is bounded by
IV, -, <K, max|At)| exp(H,Kk),
1
where Ky < (H, + 1/K)/6. Thus, we have the following:

THEOREM 6-1. Suppose the coefficients of M in (2.1b) are continuous. For
the partition and set of auxiliary points

A=ty<-<t,=B, t,<m,;< " <7 ;<leims

let hy = (tyym — t)/m and H, = max,h,. Let H, be sufficiently small so that
there are HODIE coefficients o, 8 such that

m J
U/n)™ Zo a Stess) = Z: B Ms(r ), 1=0,...,L>2J+m~-1,
= l=

where s, . . ., Sy is a basis for Py . If H, is sufficiently small, then for given values
F(t,),k=0,1,...,n—m,and € 4= 0, ..., m— 1, the unique solution of

(1/hy" f: o Mt ) =F), k=0,...,n-m,
i=0

Vitg, ..., t,] =¢

a7 @ q=0,...,m—1,

is bounded by
Wal,—y < <|| Vit ,,—, + K, max IF(ti)l> exp(H,Kk),
j

where the constants K, and K depend only on

H,/min[t, —t,_,] and H,/min [m.i.n(fk'i—fk']-_l)],
Kk k L

and bounds on the coefficients a; of M.
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7. Discretization Error for the Initial Value Problem. In this section we show
that the first m — 1 divided differences of the HODIE approximation U, subject to
appropriate initial conditions, converge as O(Hﬁ’"’ *1) to the first m — 1 divided dif-
ferences of the solution u of the differential equation

(7-1a) Mu=f, A<t<B,
subject to the initial conditions at t = A4 = ¢,
(7-1b) Du(4) = Du(ty) =c,, q=0,...,m-1

The initial conditions for the HODIE difference equation

(7-2) MUt = LAt), k=01,...,
are taken as
(7-3a) U, = u(t,y).

m—1 J

(7-3b) U, = Zo 'yp,quu(to)(tp —t)?q! + n™ 'Zn Bpif(rp), pP=1,...,m—1,
q= i=

where h = (t,,_; — to)/(m — 1) and the auxiliary points satisfy

(7-3¢) A=ty <7, <71, < - <71,<t,_,.

The coefficients v, ;, B, ; are chosen to make the boundary conditions (7-3b) exact
on P; and we now use the basis

(74) s =@-t )W, 1=0,... L

The B’s are determined first by using the basis elements (74) with/ = m, m +
1, ..., L. The coefficients of the 4’s in (7-3b) are then zero, and this gives the
m-—1systemsforp=1,...,m—1

7 r IR
; |_ my  pm

j
(7-5) n (1, -t o)l
Mm@

(t, to)’

hl—m +1

to)
C 4 hMay(r )—L-—°— I=m,...,L.

For J = L —m + 1, this system consists of J equations in J unknowns. There is no
normalization equation for the f’s because of the inherent normalization imposed by
the left side of (7-5).

For the special case that M = D™, the functions a,,,_,, . . . , ag, are identically
equal to zero, and the coefficient matrix of the §’s in (7-5) has elements

(7-5a) It (r; = )"~ m)! K],

This matrix is equal to the product of a Vandermonde matrix and a nonsingular
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diagonal matrix. Hence, in this case (M = D™ and J = L — m + 1) there are unique
sets Bp,l’ ces By = 1,...,m— 1, which solve the systems. Moreover, the
quantities

(¢, - to)’/h’ and (7, - to)’_'”/h""”
are order 1, hence so are the §s; in fact, for fixed spacings
t, =ty + Bph, T =1l + eih, with 8p, €; constants,

the (’s are independent of 4. For the case that the relative spacings change as ¢,,_,
— t,, one obtains bounded f’s provided there is a positive constant R, , such that

(7‘63) max {(tm—l - to)/(tp+l - tp)} < Rmax
p=0,...m—2

and

(7-6b) max  {(ty—y = 2)/(Tj+1 ~ )} < Ry
=1, J-1

We call this the relative spacing condition and throughout we assume it holds with a
fixed value of R . .

If the a’s in (7-5) are bounded, then the facts above remain true for a general
operator M # D™, provided # is sufficiently small, because the terms in (7-5) involv-
ing a,,_,, . .., a, merely perturb the coefficients (7-5a) of the f’s by at most O(h).

After computing the §’s, one computes the v’s in (7-3b) by using basis elements
(74)withl1=0,1,...,m—1. Foreachp=1,...,m—1, one solves

(t, = to) /1 = 7, (2, = to) /W

J
+ 30 By [T () + -+ K ag (1) — 1) ],
=

l=0,1,...,m—1.
For the special case that M = D™ all the a’s are zero; hence, all the ¥’s are
equal to unity. For general M # D™, the coefficients of the f’s might be as small as
O(h™) or as large as O(h™ "), so if the relative spacing conditions hold as 4 { 0, then

Yoy =1+0@™", 1=0,1,....m-1,p=1,...,m-1.
Consequently, for any u € C**! we have by construction

m—1 J
(72) u(t,) = 3 1y DUtoNt, ~ to)/al +H™ 3 g Mlu(r)] + T, ,[u],
q=0 j=1

where the truncation error of the boundary conditions approximation is

(7-75) T, ]l = 0" *1)

provided the relative spacing condition holds. (We omit a formal proof of (7-7b); one
can be obtained easily by modifying the discussion in Section 3.) When one writes a
specific bound, such as

T, ]l <K, h**',  h sufficiently small,
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the constant Kn'p depends on u, the coefficients a,, . . . , a and R of the

**m—1> max

relative spacing condition.

With the relative spacing condition (7-6) and the conditions in Theorem 6-1,
then for sufficiently small H,,, as in Theorem 6-1, there is one and only one solution
of (7-2)—(7-3).

To prove convergence, we consider a solution v of the differential equation Mv
= f which takes on the same initial values as U. Thus, v satisfies

(7-8) Mv=f ut,)=U,, p=0,1,...,m-1

The function v depends on 4 and the locations of the mesh points ¢y, . . . , ¢, _;.
Since u and v satisfy the same differential equation, we can write v as « plus an
element of the null space of M. We choose the basis uP 1=0,...,m-1,o0f the

null space which satisfies

(79) Ml =0, DPuNt)=5,,, Lp=0,....,m-1

where & ol is the Kronecker delta function. Thus, for some coefficients b, , we can
write (since u(ty) = wW(t,) = Up)

(7-10) v=u+bu® +- - +b,_umh,

The b’s depend on k; we obtain bounds on them below.

We assume that u € Ct*! and u® € L1, 1=0, ..., m— I; these assump-
tions hold, for example, if the coefficients of the differential operator and the right
side of the differential equation are in CL~m+1 1t then follows forp =0, ..., m
=1, that u(t,) — u(1,) = O(hL*1); this is because by (7-7), (7-3), and (7-8), we have

m—1 J
u(tp) = Z 7p,quu(t0)(tp - to)q/q! + hm Z ﬁp,/Mu(Ti) + o(hL+l)
q=0 j=1
(7-11)
=U, + oYy = uz,) + OW**Y), p=1,...,m

Consequently, because of this and (7-10), we have
(7-12)  buMD(@) + -+ b, um Iy =0R" Y, p=1,...,m-1L

The functions u") are fixed elements in the null space of M which satisfy (7-9).
From Taylor’s Theorem we obtain

u®(t,) = (t, = to) /Il + O(H™).

Therefore, since (7-12) holds, hib,./i! satisfies a linear system whose right side is
O(ht~') and whose matrix is an O(h) perturbation of a Vandermonde matrix involv-
ing points in [0, 1] which are well separated. Hence

Wb, = OML*Y) or b;=O0MRE*'TH, i=1,...,m-1

We now obtain bounds on the differences between divided differences of u and v.
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We have

u[tk, e sy tk+p] - U[tk, o e ey tk+p]

m—1 ®
= l;l b,u [tk’ “ ey tk+p]

m—1 o
=Y b DPu(t, + & ;s — B 1DIPY,
=1
where the Sk, L p’s are some values between 0 and 1. Hence
7] [ SO ] P A |

< 1DPud(p)ll,, max { 15,1} = O(RE"™+2),
1

(7-13)

where II-ll, denotes the max norm on [4, B].

From (7-10) it follows that all derivatives of v are uniformly bounded in terms
of derivatives of u, u(l), e, u™=1)_ From Theorem 3-1, the truncation error for
v satisfies

IT, [v] | = OHE=™+1),

Since v(t,) = U,, p =0, ..., m — 1, and since we are assuming that the mesh points
satisfy the restrictions of Theorem 6-1, we can apply this theorem with ¢, =0and
F =T, [v] to obtain

llty, . oy typl = Ultys - - oty ]| S K HE™™ 4 lexp(K \nH,),

where K; denote constants. Thus, from (7-13) we obtain
lulty, .. tigp] = Ulty, o oo 13, 1 S K HE™™+lexp(K nH,).

The preceding analysis applies to HODIE solutions on each of a sequence of
mesh points:

(7-14a) A=ty <t ,<---<t,,=B,

n,n
and sets of auxiliary points:
(7-14b) tp ,<Tp 1, < < Tedn Slesmns k=0,...,n—m,
and sets of boundary auxiliary points:
(7-14¢) Lo STa1n < " "<Tyyn Stu_1n

Set

hk,n = (tk-l-m,n - tk,n)/(m + 1)’ hA,n = (tm—l,n - tO,n)/m’
(7-14d)

H,= max {hk,”}
k=0,...,n—m
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and
R, = max[ max (g lltyay = b
p=0,...,m—2
max  {hy /Ty js1,n = Tajn)b
j= 1 d—1
(7-14¢)
max  {H,/(tx sy~ t )}
k=0,...,n—1

k=0,....m—n

max {Hn/(Tk,i+q,n - Tk,i,n)}] .
j=1,..J

The HODIE initial value difference equations for one of the sets of mesh points are
then

m J

(7-152)  Qfhe )™ 30 o Ui =Y B jnf(Thjn)s ,k=0,...,m-1,
i=0 =1

(7-15b) U, = u(4),

m—1 J
. Up = Zo 7p,q'ncp(tp _A)Q/q! + (hA,n)m j;l BA,p,i,nf(TA,i,n)a

i

(7-15¢)
p=1,...,m-1
Then, we have the following result:
THEOREM 7-1. Suppose ag, . . ., a,,_,,f € CE"™* 1 Let u denote the solu-

tion of (7-1). For mesh points, auxiliary points, and parameters in (7-14), assume
that

R, <R

n and nH, < const asn— o,

max

Then for sufficiently small H,, there are coefficients o, B, v such that the HODIE ap-
proximation (7-15) is exact on P; and, for each n, defines a unique solution U =
U™, I1s first (m — 1)st divided differences are O(H’,;""' + 1y approximations to the
divided differences of u

U [ty s s tispn] S8ltyps oot p ] + OEE™HY),
fork=0,...,n—-p,p=0,...,m-1.
CorOLLARY 7-1. Letu®®, 1=0, ..., m, denote the solutions of the problems
M =0, 1=0,...,m-1, Mu™ =f A<t<B,

D,u(l)(to)='6p,1’ I’ P=0, 1, o .. ,m_ l,
DPu™(t) =0, p=0,1,...,m-1.

Let U(""), 1=0,...,m, denote corresponding HODIE approximations. Under the
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same hypotheses of Theorem -1, for all sufficiently small H,,
UmDIte, oty ,] =u@, o, ] + OEE™™HD,
k=0,...,.n-pp=0,...,m—-1,1=0,...,m.

8. Discretization Error for the Separated Two-Point Boundary Value Problem.
We now treat the separated two-point boundary value problem:

8-1) Mu(t) =f(r), A<t<B,

m—1
(8-2a) My u=Y3 a,,DPud)=cyq, a=0,...,q,,
p=0

m—1
(8-2b)  Mpau= Zo apgpDPuB) =cpy, q=4q4+1,...,m-1
p=

We assume that this problem is well-posed. We also assume that 0 <q, <m —2
and then neither (8-2a) nor (8-2b) is vacuous, otherwise this reduces to the initial
value problem treated in Section 7.
The general solution of (8-1) can be written in terms of a set of constants by,
., b,,_, and the functions u®,1=0,...,m, given in Corollary 7.1

(8-32) u=bou® +- - +p _ ulm=D 4 y(m)

The solution of (8-1)—(8-2) is then (8-3a) where the b’s satisfy the algebraic system

m—1
Zo Baapbp =Caqs 4=0,...,4q,,
p=

m—1

m—1
(8-3b) Zo 8gqp 2. bDP u(B)
p= 1=0

m-—1
=Cpg= Y g ,D°ul™®B), q=q,+1,...,m-1.
p=0

The assumption that the boundary value problem (8-1)—(8-2) is well-posed implies
that the coefficients a , q* 9Bq are such that this system is satisfied by one and only
one set of b’s.

In the following, we assume that the mesh points are as in Section 7 and as n
— oo the conditions on the mesh points given in Theorem 7.1 are satisfied. We set

hy =(tym—y —t)(m=1), hg=(@, =ty p_)(m-1),
suppressing the dependence on n for brevity, and take H,, as in Section 7.

For the HODIE estimate, we obtain approximations to the boundary conditions
at t = A = t, in (8-2a) from the initial conditions (7-3). The system (7-3) can be
solved for u(4), Du(A), . . ., D™ 'u(4)/(m — 1)!. This is because they, ,’s are
1 + O(h ) and thus the matrix multiplying the vector of these derivatives, after multi-
plication by a diagonal matrix with elements d;; = h},™, is an O(h) perturbation of a
Vandermonde matrix with well separated points on the interval [0, 1]. We can write
the result as
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m-—1 J
(84a) Z €4piU; = DPu(A) + Z ¢Apjf(rAi), p=0,...,m—1,
i=0 =1
where 7, pl=1. . J, denote the auxiliary points in (7-3c). By construction,

(84a) is exact foru €P;,L =J + m — 1,if f=Mu. Furthermore, the §’s in (7-3)
are uniformly bounded; hence, we conclude that the resulting ¢’s in (8-4a) are
O(K™P). Finally, if the values of u € C'*! and Mu at the stencil and auxiliary points
are substituted in (7-3) and if the resulting system (7-7) is similarly solved for the de-
rivatives, we find

m—1 J
(8-4b) Zl €aptilt) = DPu(d) + 3 0, Mulr,,) + O(WL+1P),
= i=l

p=09~--,m-1.
Multiplication of (8-4) by a, ap and summation with respect to p gives

m—1 7]

m—1 m—1 J
6y S [z eapli= T DPUA)~ % b4y FCra) | =0,
p=0 i=0 p=0 j=1 n

-

m—1 m=1 m—1 J
(8-5b) Zo "qu[,zo €qpitit) — Zo DPu(A) - 3 b,,Mu(r,)]| = O™+,
pP= = p= ]=l i

where, as above, u € CE*1,
Similar equations in terms of values at the right end of the interval are obtained

for distinct auxiliary points 75; such that ¢

n-m+1 S Tpj S 1, = B. The analogues of

(8-5) are

m—1 m—1 m—1 J
(8-6a) tgap| X €BpilUn—i— 2 DPuB)= 3 ¢p,;f(rg))| =0,

p=0 i=0 p=0 j=1

m—1 m—1 m-—1 J

Y pgp| 2 empit(tad) = Y DPuB) = X ¢p,Mu(ry))
(8-6b) p=0 i=0 p=0 =1
= O(hé—m+ l).
HODIE boundary conditions are obtained from (8-5a) and (8-6a)
m—1 m—1 m—1 J
Z aqueApiUi = Cyq + Z Z aqu¢API'f(TAi)’

(8-7a) p=0 i=0 p=0 j=1

q=0"“’qA’

-1 J
8gap€BpiUn—i = CBq T > X 284p%8pif(78})>
(8-Tb) p=0 i=0 p=0 j=1

q=q,*t1,...,m—1.

The HODIE approximation U of the solution u of (8-1)—(8-2) is obtained by solving
M,U; = I, f; subject to (8-7). 1t is a consequence of the proof of convergence below
that this system has a unique solution for all sufficiently small » = max{h,, hg, H,}.
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The sums over i above can be expressed in terms of divided differences, for ex-
ample, for any function g,

m—1

m—1
Z GAPig(ti)= i_zo VApig[to,. . "ti]’

We now exhibit the structure of these v’s; (84b) becomes

m—1 J
Y vapitltes -5 1] =DPu(A) + Y 6,,Mu(r,)) + O5+17P).
i=0 j=1

By construction, the O(hﬁ+ 1=P) term vanishes if u € P, and for u(?) = s,(t) =
(t — AY/I!, we have

oW, i=o0,...,1-1,
sltg, - -, 4] =41/, i=1

0, i>1l

Thus, for each fixed p=0,1,...,m—1,
J
Vapo = DPsy(4) + ) b 4pMso(74):
=1
J
VapilP! = DPsA) + 3 ¢API'MSI(TA]')
j=1

-1
=2 0w, %), 1=1,...,m-1;
k=0

and
1, p=l
DPsfA) =
0, p#lL
Therefore, since ¢, ,; is O(h’{~P), we have
O(h’}™P), i=0,...,p—1,
(8-8) Vapi = (P! HOL™P), i=p,
O(h,), i=p+1,..., m-1.

Subtract (8-5b) from (8-5a) and express the sums over i in terms of divided dif-
ferences to obtain

m—1 m—1

m
Z aAQPVApiu[to, ceey ti] + O(hf;‘"'ﬂ).
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The general solution of M, U; = I, f; can be written in terms of constants B; and func-
tions U(™D given in Corollary 7-1 as

(8-9) U=B,Um® +-..+p _ ylnm=1 4 ylnm)
Substitute from (8-3) and (8-9) for u and U to obtain

m—1 m—1 m—1
Z aquVApi[U(""")[to, AR D) B,U(”") ltg, - t,-]]
p=0 i=0 1=0
m—1 m—1 (m) m—1 o)
= > aquvAp,[u [to, - ... 5] + X bu [to,...,t,.]]
p=0 i=0 1=0
+ O(hL—m+l)

We assume u® € CL*1 1=0,...,m,and thus by Corollary 7-1;
(8-10) uOltg, ..., 1] =U™D[eg, ..., 1] + OEH; ™).
Therefore, because of (8-8),
m—1 m—1 m—1 .
N 5 s A
=OHL ™y + o™+, q=0,...,4,.
The left side can be expressed in terms of the vectors
a£q=(aAq0a-~-,aAq,m_1), q=0,...,q,,
T =By —bg--sBpt =)
and the matrices (v,), (AU ) with elements
W a)pi = Vapis pi=0,...,m—1,
(AU )y =UP[1g, ..., 8], i 1=0,...,m—1,
as al (v, XAU,)D, q=0,...,q,. The elements of (AU,,) satisfy
(AU )y =uPty, ..., 1] + OHE™+Y)
= Du®(4) + o(h,) + OHE™™ ).

Thus, because of (8-8), the elements of the product (v, )(AU,) differ by at most
O(h,) from elements of the Wronskian matrix (Du, ),

(DuA)”=D"u(’)(A)’ il=0,...,m—1,

of the functions uP,1=0, ..., m — 1, evaluated at A (which, in this instance,
makes Du, the m-by-m identity matrix).

Hence the (g, + 1)-by-m matrix aZ; a4 XAU,) is an O(H,) perturbation of
the first g, + 1 rows of the linear system (8-3b).
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Similarly, we obtain
m—1 m—1 m—1
2 2 agu ey & B =b)UMD[,, . .., 1]
(8-12) p=o0 i=0 Bap"Bpi =5 !
= O, ) + 0™ ), q=q,-1,...,m~1,
and the left sides can be written as
ag (pXAURD, q=q,+1,...,m—1,

where (v5Y(AUp) is an O(H,,) perturbation of the Wronskian of the functions u(®,
I=0,...,m—1,evaluated at B. Hence, for all sufficiently small 4 4> hg, H, the
matrix

(8-13) ap pXAUg), q=q,+1,...,m~1,

consists of an O(H,,) perturbation of the last m —q, — 1 rows of the linear system
(8-3b).
It then follows from (8-3b), (8-11), and (8-12), that

B —b,=OMK"™*Y),  h=max{h,, hg, H,};
and thus, because of (8-10)

Ulty, - - sty ] =ulty, ..., ] +ORE™%Yy, 1=0,... , m-1.

We augment (7-14) with boundary auxiliary points:

(8-14a) biems1n STB1n < " <Tpyn<typ

and set

(8-14b) hgn = Cpn = tnems1 a)(m—1),

(8-14c) R, = max [R,,, _max (g o/ - TB,,-,,,)}].
=1,

We have then proved the following

THEOREM 8-1. Assume that the problem (8-1)—(8-2) is well-posed. In addition
to the hypotheses and notation of Theorem 7-1, include boundary auxiliary points
and parameters of (8-14). Suppose that

R, <R,  and nH, <const asn—> o,

Then for all sufficiently small h = max{h 4> hg, H, }, there are coefficients , B, €, ¢
such that the HODIE approximation given by M, U =1, fand (8-7) is exact on P,.
The system has a unique solution U = U™ whose first (m — 1)st divided differences
are O(h~™* 1 approximations to the corresponding divided differences of u.

9. Computation Analysis. In this section, we consider the computational as-
pects of the HODIE method. We discuss specific features of our implementation,
and we compare the amount of work with other available methods. The discussion
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is restricted to the case of second-order equations subject to Dirichlet boundary con-

ditions for four reasons: it is simple, it is the most important case, it is readily gen-

eralized, and there are detailed analyses of other methods available for comparison.
The differential equation problem is

Mu(r) = ay(Fu" () + a, (D' (t) + ag(Du() = A1), A<t<B,
u(A) and u(B) given,

where, for generality, we have taken the coefficient of #” in M to be a positive function
a, rather than unity. Estimates U, = U(t,) of u(t,) at mesh points 4 = ¢, < ¢, <

- -+ <t, = B are obtained by solving the HODIE difference equation problem for
k=0,...,n-2

J
MUy = [y Uy + & Uy + 03Uy 1R = zl Be.ifTe.) = Infres
,=

Uy =u(4), U, =u(B), h, = (tyiy )2,

where the coefficients o, g satisfy M, [s,], = I, [Ms)], fors,, 1=0,...,L,abasis
for P, . We consider two choices of the auxiliary points Tepl =1 ...,

Regular auxiliary points: 7 ; = t; +(j — Dh, /],

Gauss-type auxiliary points: the generalized B-spline Gauss points.

There are two distinct parts in an implementation of a specific HODIE approxi-
mation. The first part consists in the determination of the values of the coefficients
o, 1=0,1,2,and ﬁk’i,j =1,...,J,foreachk =0,...,n—2,and then the
determination of the values /,,f;, k =0, ...,n—2. The second part is the deter-
mination of the values U, , k =1, ..., n — 1, of the solution of the resulting
(n = 1)by-(n — 1) tridiagonal system of difference equations.

In the first part, the system of algebraic equations for the a’s and fs is reduc-
ible: one solves a J-by+/ system for the §’s and then a 3-by-3 system for the o’s; this
is done for each k =0, ..., n — 2. This reducibility results in significant savings of
work for the special second-order case, m = 2, as well as in the general case. Although
the Lagrange basis is convenient for theoretical analysis, we have found that it is com-
putationally more efficient to use a different basis:

soM =1, s;(O=t—t,,, ;@O =0C—t; Xt —t;,5),
S340(0) = (E = (N~ B N~ 142250,

where

Po(®) =1, py(t) = (t —tr1y), Po(1) = (¢ — tyiy)?
P3() = (t = )0y (1), Pa(® = (t = 1,)° P, (D),
Ps(t) = (t ~ 1 )P3(1), Pg(t) = (t — 1;45)’P5(t), and s0 on.

With &, =, .| =, 85 = ;45 — t 4, this choice leads to the following system
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2 _
for oy, ;/hic = My i

Mo T M1 T M2 = Z B 0Tk, )
i

8 1Mo t 83k 2 = Z Br,ilay(rie, ) + (i, ; — iy Do )]
j

81821 = 20 Bij[282(nic )+ 2(7 ;= iy DAy (7 )
j

(T j ~ 6 Thj ~ tea 2 )o(Ti DI

Use of the normalization B, , = 1 eliminates one of the / HODIE equations.
The final equations for the §’s are

J

2 V,'jﬁk'j=—v,’l, l=1,...,J-1,
=2

!
hj=*s ;+1(Tk, (T ) 5, +1T, Ay (T ) + 55 44(7, j)"o("'k,j)-

The choice of the basis elements makes the evaluation of the coefficients simple and
it also gives a structure to the system which allows it to be solved easily. Specifically,
for the regular case, three of the auxiliary points are at mesh points. Arranging the
system so that its first three columns correspond to #, , |, t;, ;. , ,, one finds that
these columns have the special form

=8,8,ay(t 1) —68,a5(2y) +258,8,a,(ty)  60,a5(tk ;) T 28,854 (2ky2)
266,85 (t4 4 1) X X
0

© ©o o o
© O O X ¥
© X X X X

0 0 0

where the X’s indicate nonzero elements. This, of course, is very advantageous for
solving for the §’s in the regular case.

We consider the computational effort required first for a uniform partition:
t, =kh, k=0,...,n We measure the effort in terms of the number F of func-
tion evaluations (a,, 4,, a4, or f) and the number M of multiplications required. In
regard to the nonfunction evaluation work, we assume: the total computational ef-
fort is proportional to the number of multiplications. Table 9-1 lists the effort re-
quired for various parts of an implementation of the HODIE scheme.
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TABLE 9-1

Number of multiplications and function evaluations required for each
interior mesh point for HODIE approximations of orders 4, 6, 8, 10
for the Regular and the Gauss-type Cases for auxiliary points.

Computation step Regular Case Gauss-type Case
J=3 5 7 9 2 3 4 5
Compute the f-matrix elements (multiplies) 8 39 89 137 6 14 36 50
Solve for the f’s 3 17 47 111 1 7 38 47
Evaluate right sides of the a-equations 13 21 33 43 12 18 24 30
Solve for the o’s 3 3 3 3 3 3 3 3
Solve the tridiagonal system for the U’s 7 9 11 13 6 7 8 9
Total number of multiplications 34M  89M 183M  307M |[28M 49M  109M 139M
Total number of function evaluations 4F 12F 20F 28F 8F 12F 16F 20F

The B-matrix elements are found from a simple examination and assuming that
the values of s”, s’, and s have been previously computed and stored (these values are
independent of k since a uniform partition is assumed). The special structure of this
matrix for the Regular Case is assumed for estimating the work to solve this matrix
equation. For the Gauss-type Case, we have a general (J — 1)-by-(J — 1) system to
solve. Note that we assume that the Gauss-type auxiliary points have been previously
computed or are otherwise known. The right sides of the a-equations are of a special
form and the computation is carried out by forming By, la,(rk' i) and then combining
these appropriately. The solution of the a-equations is trivial and the final multiplica-
tions occur in solving the large tridiagonal system plus the evaluation of its right side.
In the Regular Case the function values at the mesh points, and the auxiliary points
are used more than once without recomputation.

We now use these work estimates to compare, roughly, the work of the HODIE
method with other methods. The comparison is presented in Table 9-2 for seven
methods, three different orders of accuracy (4, 6,and 8), and for both uniform and non-
uniform partitions. The data for collocation by C! piecewise polynomials at Gauss
points, least squares by splines, and discrete-Ritz are derived from Russell and Varah
[1975], where they are described in detail. We have had to modify the multiplication
counts in order to account for the slightly different differential equations used here
and to rationalize the effect of the £, term used by Russell and Varah. Note that
the discrete-Ritz method is limited to selfadjoint problems and is, therefore, not strict-
ly comparable to the other methods included in Table 9-2. Collocation by splines and
extrapolation of the trapezoid rule are analyzed in detail by Russell [1977], and we
have adapted his results for our particular equation. Russell also considers collocation
with Hermite cubics and quintics in detail.
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TABLE 9-2

Summary of number of multiplications (M) and function evaluations (F)
for seven different methods. The counts are given per interior mesh point
or interval, and one would hope that methods with the same order give
comparable accuracy.

Order of the method and mesh tvpe
Fourth Sixth Eighth
Method Uniform General Uniform General Uniform General
HODIE, Regular Case 1 3aM + aF 40M + 4F 89M + 12F 113M + 12F 183M + 20F 241M + 20F

HODIE, Gauss-type Case | 28M + 8F 32M + 8F 49M + 12F  57M + 12F 109M + 16F 140M + 16F

Collocation, c! 38M + 8F 42M + 8F 62M + 12F  72M + 12F 145M + 16R 159M + 16F
piecewise polynomials

Collocation, splines 24M + 4F  56M + 4F 37M + 4F 99M + 4F 52M + 4F 152M + 4F

Extrapolation of the 32M + 8F 32M + 8F 70M + 16F 70M + 16F 165M + 32F 165M + 32F
trapezoid rule

Least squares, splines 66M + 8F 90M + 8F 198M + 16F 270M + 16F 440M + 24F  580M + 24F

Discrete Ritz, splines 133M + 9F 157M + 9F 465M + IS5F 525M + 1SF  1200M + 21F 1300M + 21F

or piecewise Hermite

We emphasize that the exact values of these operation counts depend on small
details of the implementation of a particular algorithm and one can trade multiplica-

tions for additions, and so on, in some instances.
The changes for collocation, least squares, and discrete-Ritz from the equal to

nonequal spaced meshes come from the need to evaluate the basis functions at each
point. The changes for the HODIE method come from the need to evaluate the de-
rivatives of the basis functions in each interval, and we have assumed that two more
multiplications are needed for each element of the f-matrix. A minor increase also
occurs in the computation of the right side of the a-matrix equation. There are only
insignificant changes in the extrapolation method’s work, but it is not clear how ef-
fective extrapolation is for nonuniform spacing (consider extrapolation, even for uni-
form spacing, for a problem for which the error behavior is as in Figure 10-3).

Considerable caution should be taken in attaching importance to the specific
numbers in Table 9-2. These give only rough comparisons and various other consider-
ations can completely override the difference between, say, 28 and 35 multiplications
per point. We can only conclude that the first five methods are generally comparable
in work and the last two seem unlikely to be competitive. Collocation with splines
seems to gain a work advantage as the order increases, but it is simultaneously
increasingly complicated near the boundaries, which may well negate this advantage
somewhat.

To obtain a realistic evaluation of these methods, one needs not only actual ex-
ecution times for the different methods for a range of problems and accuracies, but
one also needs to consider other factors such as numerical reliability and stability,
ease of programming, and memory requirements.

The operation counts for the HODIE method for ordinary differential equations
given here indicate that the work is close to the work involved in a number of other
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available methods. But, the comparisons for partial differential equations indicate
that the work for the HODIE method is significantly less than for other available
methods; see Lynch and Rice [1975, 1978a, 1978b].

10. Experimental Results. For two-point, second-order problems we present
support for the following points: (1) The HODIE method converges as predicted by
theory; there are no unforeseen numerical complications. (2) There are no unforeseen
difficulties or complexities in implementation. (3) There is a definite pattern in the
relationship among the accuracy actually achieved, the actual computation time, and
the order of the method. Specifically, the higher the desired accuracy, the higher
should the order of the method be to minimize computation time. (4) The use of
the Gauss-type auxiliary points associated with a particular operator M gives the rate
of convergence predicted by theory. (5) The use of Gauss-type auxiliary points for
the operator D? for a general second-order operator M improves the rate of con-
vergence over that expected for a general set of auxiliary points.

The first two points must be verified for any new method; the third point ap-
plies to collections of methods with varying orders; and the last two points apply to
the HODIE method and to certain other schemes, such as collocation and Galerkin
which have “‘superconvergence” characteristics.

We note that most of the content of these five points is supported by the theory
presented explicitly or implicitly in the preceding sections, or is part of the general
folklore about numerical computations. Nevertheless, experience shows that points
such as these must be verified experimentally for a new method and, for the rates of
convergence, they must be verified in the sense of establishing that asymptotic results
are valid in the range of ordinary application.

Accordingly, we have run hundreds of cases for numerous second-order ordinary
differential Dirichlet boundary value problems. The results of these experiments sup-
port the points listed above, and we have acquired confidence in the reliability of the
HODIE method.

The Fortran program we wrote seemed to be as easy to write and to debug as
a program for any other method of solving this class of problems. However, we
found that in order to verify the rates of convergence for very high-order HODIE
schemes, we had to use a very high precision because the accuracies obtained were so
high. In the remainder of this section, we discuss only a small subset of the experi-
ments which we performed.

All computation was done on the Purdue University CDC 6500 with double-
precision arithmetic, which uses values with about 28 decimal digits. In each experi-
ment, the domain of the problem was partitioned by an equal spaced mesh with NV sub-
intervals, so the mesh spacing # was proportional to 1/N.

Example 10-1.

u"(f) - 4u(f) = 2 cosh(l), 0<r<1,
u(0) = u(1) = 0,

solution: u(t) = cosh(2¢ — 1) — cosh(1).
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FiGURE 10-1

Behavior of the error as a function of number N of subintervals
for eleven different 5 t-point HODIE schemes for Example 10-1.

This problem has been used by Russell and Shampine [1972], de Boor and Swartz
[1973], and others.

Figure 10-1 summarizes one set of experimental results. The logarithm of the
maximum error is plotted versus the logarithm of the number of subintervals for
eleven different sets of J = 5 auxiliary points. We describe the various curves in this
figure and give our interpretation of the results.

(a) The topmost curve gives the results when five regular (equal-spaced) auxiliary
points were used. One expects at least O(h°) rate of convergence with a set of five
auxiliary points because the approximation is locally exact on at least P,. The curve
shows a very consistent O(h®) rate of convergence. The central auxiliary point is the
central mesh point of the three-point difference operator My, and it is clear from the
symmetry of the differential operator that this auxiliary point is a zero of every odd-
degree generalized B-spline orthogonal polynomial. This (or symmetry) shows that one
expects O(h) rather than O(h®) convergence.

(b) There is a set of nine curves in Figure 10-1 which have sharp downward spikes
at N =4, 8,16, 25,32, 50, 64, 100, and 200, respectively. The set of five auxiliary
points used for each one of these curves is the set of five Gauss-type points for that
value of N at which the spike occurs. One has nine different sets of these Gauss-type




A DIFFERENCE METHOD FOR DIFFERENTIAL EQUATIONS 369

points because their locations depend on & = 1/N. The curve with spike at N = 8 is
typical, and we describe some of its features. First, the spike is very abrupt, for the
curve also shows the error for the cases of N =7 and N = 9. Second, for NV different
from 8, the auxiliary points are not the Gauss-type points, hence one expects only
O(h®)—one of the points is the central mesh point of the operator M v—and this behav-
ior can be seen for large values of N, say NV greater than about 16 for the curve with
spike at N = 8.

(c) Consider the tips of the spikes from the collection of nine curves discussed
in (b). If one joins the tips, one sees a very consistent O(h!°) rate of convergence
for N up to 64. This is what one expects, since this new curve gives the behavior of
the error when five Gauss-type points are used for each N. The maximum error at N =
64 is about 10725 and the O(h!°) rate of convergence breaks down beyond N = 64
because of roundoff error; the values of the Gauss-type points were accurate only to
about one part in 10!3 (single precision on the CDC 6500).

(d) The last curve (with vertical ties above the spikes) is the one for five Gauss-
type points for the operator M = D?. Except for the central auxiliary point, these
are not the Gauss-type points for the operator D* — 4. One expects at least O(h®)
rate of convergence; however, a very consistent O(h®) rate of convergence is observed.
As h tends to zero, the Gauss-type auxiliary points tend to those of the operator D?,
hence one expects improvement over an arbitrary set of auxiliary points, even a set
which contains the central mesh point of the operator M.

Example 10-2. Typical of a fairly difficult problem is one taken from Rachford
and Wheeler [1974]:

t, = 0.36388,

%[(.01 +100( - 1) < u(t)]

=—2{1 + 100(t - t,)(tan™ ' [100(¢ - t,)] — tan™![1002,])},
u(0) = u(1) =0,
solution: u(¢) = (1 — £){tan™! [100(z — ¢4)] + tan™![100¢,] }.

The solution has a very sharp rise near ¢ = 0.36; it increases from about 0.1 at ¢t =
0.3 to about 1.7 at ¢ = 0.4, and then it decreases nearly linearly to 0 at t = 1. See

Rachford and Wheeler for a graph of the solution.
Results for two sets of auxiliary points are shown in Figure 10-2, three Regular

auxiliary points—which is an extension of the O(h*) Stgrmer-Numerov scheme equiv-
alent to that obtained by Swartz [1974, pp. 304—304] —and the seven Gauss-type
auxiliary points for the operator D*. One sees that there is a considerable irregularity
for N up to about 100; and then, for large NV the error decreases smoothly at rates of
O(h*) and O(h'°), respectively. For a general set of seven auxiliary points, one ex-
pects O(h”) rate of convergence; the use of the Gauss-type points for the operator
D? apparently improves the rate of convergence to O(h'°).




370 ROBERT E. LYNCH AND JOHN R. RICE

2.004
.00
-2.00
-4.00
(14
[ =}
& _6.00
& 6.
>
[e
=
o -8.00 -
(4]
(=]
-
7 H = 0 GAUSS POINTS
-10.00 o—8-a
-12.001 Nax(-10)
sb—0—4
-m.ooJ
N= 2 s 100 20 S0 100 200 500
-16.00 L } S B 1 S )
.000 500 1.000 1,500 2.000 2.500 3.000
LOGG 10 ( N )
FIGURE 102

Behavior of the error as a function of the number N of subintervals
for two HODIE schemes, one the Stgrmer-Numerov scheme, and one
with seven Gauss-type T-points for the operator D? for Example 10-2.

To compare efficiency, we note that the Stérmer-Numerov scheme with N =
300 required almost exactly the same amount of computation time as the seven-point
scheme with 100 points. The Stgrmer-Numerov scheme achieved a maximum error of
00026, which is almost exactly 100 times greater than the error for the higher-order
scheme.

Finally, we note that the usefulness of extrapolation techniques is doubtful for
either of these schemes for &V less than about 100.

Example 10-3. The final example we discuss is:

u"(t) + sin(e)'(f) + 4t%u(r) = 2[1 + ¢ sin(?)] cos(r?), 0<r<35,
u(0) = u(5) =0,

solution: u(f) = sin(t?).
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The solution has several oscillations as ¢ ranges from 0 to S.

We solved this problem with a wide variety of HODIE schemes and Figure 10-3
summarizes the results for a selection of them. This figure shows the relationship be-
tween work, order, and accuracy. The logarithm of the execution time is plotted
versus the logarithm of the maximum error. Since the error is, asymptotically, pro-
portional to NP and the time is proportional to N, one expects straight-line graphs
for large NV; the slope gives p.

1.500 4
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FIGURE 103

llustration of the relationship between work (execution time),
accuracy achieved, and order of the HODIE method for Example 10-3

One sees the advantage that comes from using a higher-order method for higher
accuracy. All of the methods require a fairly large value of NV to achieve any signif-
icant accuracy. The low-order methods are competitive only for very low accuracy
requirements. The 5-point regular method and the 3-point D? Gauss-type method
both are O(h%) methods, but the maximum error of the regular method is about 10
times larger than the Gauss-type method for the same execution time.
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