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Abstract

The high quality COLSYS/COLNEW Gaussian collocation software
package has been widely used for the numerical solution of boundary value
ordinary differential equations (BVODESs) for approximately four decades
and, more recently, interfaces to the package have been developed for
several high level problem solving environments/scripting languages such
as Scilab, R, and Python. The collocation algorithm employs a mesh
that partitions the domain of the BVODE and it is well-known that the
computed continuous collocation solution has higher accuracy, i.e., is su-
perconvergent, at the meshpoints. For systems of BVODEs represented as
first order systems, it has been shown that an approach based on continu-
ous Runge-Kutta (CRK) methods can be employed to obtain an efficiently
implementable superconvergent interpolant (SCI) across the problem do-
main. Recent work has seen the development of a new version of COL-
NEW, called COLNEWSC, that computes and returns an error controlled
SCI, leading to substantial efficiency improvements.

However, it is common for BVODEs to include higher derivatives and a
feature of the COLSYS/COLNEW package is that it can directly handle
mixed order BVODE systems. In this report we show that it is possi-
ble to extend the approach based on the use of CRK methods to obtain
SCIs for collocation solutions of mixed first and second order BVODE
systems. In addition to identifying a general framework for the study of
these methods, based on continuous Runge-Kutta-Nystrom methods, we
derive specific methods that yield SCIs for mixed first and second order
BVODE systems having orders of accuracy equal to 2, 4, 6, and 8. We
also provide numerical results to verify the orders of convergence of the
SClIs that we derive.

1 Introduction

Boundary value ordinary differential equations (BVODES) arise in a wide variety
of applications; the text [4] gives a number of examples. It is common for
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software packages for the numerical solution of such problems to require that
the user first convert the problem to a standard first order system form,

y'(t) = [t y(t))- (1)

However many BVODESs do not arise naturally in this form; it is common for
higher derivatives to be present and in fact most of the problems in the BVODE
collection in [4] include equations in which higher derivatives (up to and includ-
ing order four) appear.

The widely used COLSYS [2, 3] and COLNEW [5] BVODE software pack-
ages are unusual in that they are able to directly treat mixed order systems. A
standard form assumed by these packages for a mixed order system consisting
of n differential equations of orders my, mas, ..., my,, respectively, is

where " (ma—1)
é(t) - [yl(t)a y(ll) (t)a R y(l ! 1 (t)a
y2(t>a Y2 (t>a ) y2m27 (t>a
| 3
yn (8, 95 (), ™ TV ),
where y§-e> (t) is the fth derivative of the jth solution component, y;(t),j =
1 n.

While it is straightforward to convert a BVODE system of the form (2)
to one of the form (1), there are advantages to treating the mixed order form
directly; these include user convenience and efficiency improvements, as well as
higher continuity for some of the approximate solution components; see, e.g.,
[4] and [20], for further discussion.

In this report we will focus on collocation methods for the numerical treat-
ment of BVODES; see, e.g., [4]. A collocation method for the numerical solution
of (2) assumes that the solution components, {y;(t)}7_;, will be approximated
by piecewise polynomials of degree k£ + m;, which are determined by impos-
ing continuity conditions (the approximation to y;(¢) will be required to have
C(mi=1)_continuity) and by requiring that the collocation solution satisfy the
BVODE at a set of k collocation points within each subinterval of a mesh
that partitions the problem interval. In this approach, the derivatives of the
{gj (t)}7—; solution components are approximated by the corresponding deriva-
tives of the piecewise polynomials that approximate {gj )1
For certain choices of the collocation points, it can be shown - see, e.g., [4]

- that the z(¢) values at the mesh points are substantially more accurate than
elsewhere [4]. Assume that on each subinterval the collocation points are the



images of the set of k Gauss points. Let h = qlaxN h;, where h; = t;11—t;, and
1=1,...

where {t;}X, are the mesh points that partition the problem interval. Then,
under appropriate assumptions [4], the global error associated with z;(t;) is
O(h2*), for all components of z(t;). On the other hand, at a non-meshpoint,
t, the global error associated with the component of z(t) equal to y§-e> t),5 =
L...,n, 0 =0,...,m; — 1, is O(hk*™i=%) provided that k + m; — ¢ < 2k.
When 2k > k + m; — £, the discrete meshpoint values are more accurate than
the approximations at non-mesh points and the meshpoint values are therefore
said to be superconvergent.

In order to attempt to address the issue of the continuous collocation solution
having lower accuracy than the mesh point collocation solution values, a key
idea has been is to investigate how one might develop interpolants to augment
the high accuracy collocation meshpoint values in order to obtain continuous
approximations to the components of z(¢) that have the same order of accuracy
over the whole problem interval that the collocation values have at the mesh
points. That is, the goal has been to improve upon the collocation polynomial
at non-meshpoints by developing interpolants for all components of z(t) that
have an error that is O(h?*) for any ¢ in the problem domain. Such interpolants
are thus referred to as superconvergent interpolants (SCIs).

There have been a number of papers in which the question of developing SCIs
for collocation solutions has been considered. To our knowledge, the first such
effort was [25], which considers the development of SCIs based on superconver-
gent mesh values from several adjacent subintervals; difficulties are reported for
highly non-uniform meshes. Subsequently, [26] and [17] consider SCIs based on
secondary collocation; this involves performing an additional collocation compu-
tation, similar to the original collocation computation, and efficiency is therefore
a concern.

The extension of the standard implicit Runge-Kutta (RK) methods, e.g., [7],
to continuous RK (CRK) methods - see, e.g., [22, 23, 27] - has been discussed
in the literature for several decades. The paper, [12], describes how to develop
efficiently computable SCIs for first order BVODE systems, (1), based on the
use of CRK methods. Since the approach we will employ in this report to
develop SCIs for mixed first and second order BVODE systems is based on a
generalization of the work reported in [12], we will discuss the main ideas from
this paper in further detail later in this report.

Also, included in [12] is a brief description of an alternative approach to
developing SCIs based on boot-strapping [9]. The paper [13] describes the ex-
tension of a boot-strapping approach to general mized order BVODE systems
(2). Hermite-Birkhoff interpolants - see, e.g., [18] - are employed to provide
SCIs for components of z(t) that approximate y;(t),7 = 1,...,n. Continuous
approximations for the derivatives of y;(t),j = 1,...,n, are obtained by differ-
entiating these SCIs; each differentiation leads to a decrease by one in the order
of accuracy and therefore the approximation for a component of z(t) of the form

y§-e) (t) will have a global error that is O(h?*~*); that is, only the approximations
to the y;(t) components will have the full superconvergence of the mesh point



values. As well, the boot-strapping approach is shown in [12] to require more
evaluations of the right hand side of (1) than does the approach based on the
use of CRK methods described in [12].

It is important to note that COLSYS/COLNEW employs an error control
algorithm when computing a collocation solution to a given BVODE; this means
that the code employs an adaptive framework in order to eventually obtain a
continuous solution approzimation with an associated error estimate that sat-
isfies a user-specified tolerance. Assuming that the BVODE being solved is of
the form (1), the CRK approach [12] is applied in a post-processing step to
augment the collocation solution returned by COLSYS/COLNEW in order to
obtain the more accurate SCI. This means that the SCI delivers more accuracy
than the user has requested. (This is because the collocation solution computed
by COLSYS/COLNEW has an error estimate that satisfies the tolerance; the
extra accuracy delivered by the SCI is beyond what the user actually asked for.)
In order to remedy this situation, recent work [1], has involved the development
of COLNEWSC, a modification of COLSYS/COLNEW that employs the SCI
as the primary numerical solution that is returned to the user. On a given mesh,
COLNEWSC first computes the collocation solution in the usual way, and then,
from this collocation solution, an SCI is constructed. An error estimate for this
SCI is also computed and used within an adaptive error control algorithm to
obtain an SCI for which an associated error estimate satisfies the user tolerance.
COLNEWSC is substantially more efficient than COLSYS/COLNEW since it
is able to obtain a sufficiently accurate numerical solution using much coarser
meshes than those employed by COLNEW due to the additional accuracy de-
livered by the SCI on a given mesh.

The original developers of COLSYS/COLNEW might have chosen to only
return an error controlled meshpoint collocation solution. This would allow the
code to complete its computation much more quickly on a coarser mesh but
it would also have meant sacrificing the return of the continuous approximate
solution that is naturally available from the collocation computation because
it would have much less accuracy than the user had requested. However, at
least for first order BVODE systems, it would then be possible to augment the
superconvergent discrete meshpoint collocation solution with an SCI, in a post-
processing step, as in [12], thus recovering the capability of returning a continu-
ous solution. In this case however, this modified version of COLSYS/COLNEW
would not actually be controlling the error of the SCI; error control would only
be applied to the meshpoint collocation solution. There would however be the
expectation that, because it is of the same order as the discrete solution, the SCI
would also have comparable accuracy. This is similar to the approach that is
typically used in codes that compute numerical solutions to initial value ODEs.
Error control is typically only applied to the discrete numerical solution at the
end of a given step, and then a continuous numerical solution (based on some
type of interpolant) of the same order of accuracy as the discrete numerical
solution is constructed.

The work we describe in this report involves generalizing the approach from
[12] to handle mized first and second order BVODE systems. These systems



have the form

v = £, (83,0,5,0,55)
THOES N (SRORRONAOIE (4)

where
y1: R—R™, ys: R—R™, fi1:RXR"xR"™xR"—-R",

and
fo i RxR™M X R™xR"—R"2.

We will obtain SCIs for the approximation of y (¢),y,(t), and y,(t) across
the entire problem domain that have an errors that are O(h?*). That is, the
continuous solution approximations that we obtain will have the same super-
convergent accuracy as the meshpoint collocation values. When the number
of collocation points, k, is 1 or 2, we will show that corresponding SCIs can
be obtained from standard Hermite interpolants. For larger k values, the SCIs
will be based on a subclass of the continuous Runge-Kutta-Nystrom (CRKN)
methods - see, e.g., [19],[15].

This report is organized as follows. We begin, in Section 2, with a review
of the application of collocation to (4); we also show how to write collocation
methods in a form that will allow us to view these methods as a subclass of
the Runge-Kutta-Nystrom (RKN) methods - see, e.g., [15]. This is followed,
in Section 3, by a review of RKN and CRKN methods, Hermite interpolants,
and parameterized CRKN methods. In Section 4, we derive specific Hermite
interpolants and CRKN methods that can provide the basis for the SCIs for
(4), for k = 1,2,3, and 4. In Section 5, we briefly describe the software we
have developed that implements a CRKN-type SCI based on a given collocation
solution for (4). In Section 6, numerical results are provided to demonstrate
the improved accuracy and the order of convergence of the SCIs for the k = 3
and k = 4 cases. Our summary, conclusions, and suggestions for future work
are provide in the final section.

2 Collocation methods for mixed first and sec-
ond order systems

In this section we review collocation methods applied to (4) and derive expres-
sions which will later be used to demonstrate the connection between collocation
methods applied to (4) and the well-known RKN methods.

For the numerical solution of (4), and for the mesh, {t;}Y,, assume piecewise
polynomials, i.e., collocation polynomials, @, () and @, (t), of degrees k + 1 and
k+2, respectively, which approximate y, (t)and y ) (t), respectively. Because they
are collocation solutions, @, (t) and @, (t) must satisfy collocation conditions; on
the ith subinterval, [t;, ¢;+1], these conditions have the form,

@ (tir) = [, (Firs @y (Bir), Do (Fir), @ (Eir)) 5



@/2/(517“) = i2 (tAir; @1 (fir); @2 (fir); @/2 (tAW)) ) (5)

where r=1,...,k, tir = t; + prhi, and where p, is the image of the rth Gauss
point on [0,1]. (A collocation method can employ other sets of points on each
subinterval but the use of the Gauss points leads to the collocation solution
having the superconvergence properties that are central to approach discussed
in this report.) It is usually required that @,(¢) have C° continuity and that
15 (t) have C! continuity, leading to continuity conditions which must also be
applied to the collocation polynomials. The collocation and continuity condi-
tions, together with the boundary conditions, form a nonlinear system in which
the unknowns are the coefficients of the piecewise polynomial basis functions
in terms of which @, (t) and @,(t) are represented. In COLSYS/COLNEW, a
collocation solution with an estimated global error satisfying a user-provided
tolerance is computed in an iterative fashion, involving the solution of several
nonlinear systems associated with a sequence of meshes which are chosen adap-
tively to approximately equidistribute the estimated error over the problem
domain.
From [4], we have the meshpoint superconvergence results,

= O(h?"), = O(n*"),

(6)

v, (t) =, )

= O(h?"), ’EQ(M — Gy (t:)

Yy (ti) — d5(t:)

and the non-mesh point convergence results,

[y, (6 + Oi) = i (¢ + OR) — O(h*+2),

= O(h*), ’gz(ti + 0h;) — Gy (t; + Ohy)

[ (6 + Ohs) — (ki + 0hy) | = O, (7)

for 0 € (0,1). These results imply that, for k& > 1, the @, (¢) and @5(t) approxi-
mations at the mesh points will have a higher order of accuracy than elsewhere,
and that, for &k > 2, the @,(¢) approximations at the mesh points will have a
higher order of accuracy than elsewhere.

We now discuss how to rewrite the collocation method for (4) so that a
connection to RKN methods can be made apparent. See [28] where the corre-
sponding connection between collocation methods for first order systems and
RK methods is discussed; see also [4].

Once 1, (t) and 14 (t) are obtained, the collocation conditions (5) imply that,

~ 11

on the ith subinterval, 4@} () and @ (t) will satisfy,
@) (t+ 0hs) = b1 (0)f,, + -+ be(O)] .

aly (ti + Ohi) = by(0)f,, + -+ be(0)f,,, (8)
where, fort € [ti, ti+1], t=1t; + 9h1, with 0 € [0, 1],

A, ~ ~ ~ N ~ ~ ~ N

ilr = il (tir; @1 (tir); QQ(tir); QQ(tir)) ) z2r = iQ (tir; @1 (tir); QQ(tir); QQ(tir)) )



r=1,....k and {b.()}*_, are the standard Lagrange interpolating polyno-
mials for the abscissa set {p,}*_,. Integrating the equations that appear in (8)
gives

dy(ti + 0hi) =y, , + Dy ((/ 61(9)d9> fo 4t (/ Bk(o)de)) Lk> . (10)

@y (ts + 0hi) =y, + ha ((/ 61(9)d9> fo +ot (/ Bk(o)de)) i2k> . (11)

where y Li is the meshpoint collocation approximation for y, (t;) and Q/Zi is the

meshpoint collocation approximation for Q/z (t;). Integrating (11) gives

ty(ti + Ohy) = Yo, T ohlﬂ/z,f’_

h2 ((//61(9)d29> Fo +ot (//Bk(o)d%a) i%), (12)

where y, . is the meshpoint collocation approximation for g2(ti). From (10),
(11), let
p’!‘ A~ ~
>i11+~~~+ (/bk(@)dﬁ
0

pr
) for+ooot (/bk(ﬁ)dﬁ

0

@2r = @2(£1T) = QQJ' + p’”hig;,i—i_

hf((//z}l(o)d?o Zr>i21+~~~+(//l3k(9)d29 Z) Lk). (15)

As well, due to the continuity conditions, evaluation of (10), (11), and (12),

with 8 = 1 gives,
1\ A 1\
>111+~~~+</bk(9)d9 >i1k>’
0 0

(16)

1
>121+"'+ (/bk(o)do )i%),
0 0
(17)
Yo i1 = Uotivn) =y, + higf -+

h2 ((//51(9)d29 :) Pt (//Bk(o)d2o :) Lk). (18)

Wy, = () =y, +ha ((/ by (0)do

and from (12), let

Yiiyn = U (tivr) = Yy ithi ((/ br(0)df

Q;yiﬂ = Uy(tip1) = Q;,f"hi ((/ by (6)d6

and




We can then rewrite (13), (14), (15), as,

Uy, = Yy, + h; (&l,rlill 4+ 4 &17’”ki1k) , (19)
@/27“ = Q;J + h"L (&;,Tli21 + et a’/Q,TkLQk) ’ (20)
and . A
iy, = g, + pohity, + 12 (i o k], ) (21)
where
R Pr R Pr
CALLTJ' = CAL/QWJ- = /bJ(H)dH and &2777_ = //bj(t?)dQH
0 0
Similarly, we can rewrite (16), (17), (18), as
Yyipr =Yy, T hi (bnill + -4 blkilk) ) (22)
g/271'+1 = Q;J + h"L (béli21 +oeeet b/QkIQk) ) (23)
and o o
Yo i1 = Yo, T hig/z,z‘ +hj (b21i21 to Tt kaiQk) g (24)
where

1 1
blj :b/QJ :/bj(ﬁ)dt? and ij ://bj(ﬁ)dQH
0 0
We note that the collocation method used for the approzimation of y, (t) is the
same method that is used for the approzimation of y,(t).
In the next section, we will relate the above form of the above collocation

methods, (19) - (24), to the more general RK and RKN methods.

3 Runge-Kutta methods for
mixed first and second order systems

3.1 Discrete and continuous Runge-Kutta and Runge-Kutta-
Nystrom methods

Assuming a first order ODE system, (1), and given a solution approximation,
y., at a point t;, an s-stage RK method relates the solution approximation,
QH ,» at the point ¢;41 = t; + h;, to the solution approximation, Y, through the
formula,

Yoy =Y+ (bli(fl’ g) 4+ bSi(tAS’ Qs)) ’ (25)

where £, = t; + ¢,.h; and

g, =y, +hi (o flE3) + o+ arf(3,) - (26)



The f(ts, 9)- s f(s, g,) values are called the stages of the RK method. The
coefficients of the RK method are usually presented in the form of a tableau,

C1 | a1 e A1g

Co | 21 e ags
(27)

Cs | g1 ... Qss

o b,

For the second order ODE system, y”(t) = f(t,y(t),y'(t)), an s-stage RKN
method relates solution and derivative approximations, Yy and _;Jr 1ab i,
to solution and derivative approximations, Y, and g;, at t;, through the formulas,

y_/i+1 =y +hi (b/li(fl’ Yy g/l) + o (s Y, Q;)) ’ (28)
and
Y1 =Y T hlﬂi +hy (bli(tl’ Yy g/l) o+ bs f (s 7 Q;)) ’ (29)
where
RN GOV (G R ARSSE RN (S RA) (30)
and
Y, =Y+ C’“higg +hi (a”i(fl’ Y Q/l) toee Tt a“i(fs’ Yy Q/S)) ' (31)

The f(t1,9,,9)), - f(£s,§,,9") values are called the stages of the RKN method.

The coefficients of the RKN method are often presented in a tableau of the form,

/ /
C1 | a11 . als | A1q . Ay
/ /
Co | 21 e az2s | Agq e Aog
: (32)
/ /
Cs | g1 ... Ags | Qg1 -+ Qg
by ... by | B, ... U

An RK or RKN method of a desired order of accuracy is obtained by applying
corresponding order conditions in order determine the coefficients of the method;
see, e.g., [7].

A comparison of the expressions for the collocation approximations given in
Section 2 with the general forms for the RK and RKN methods given above shows
that the collocation methods are special cases of the RK and RKN methods. In
particular, we note that the collocation formula, (22), (19), is a special case of
the RK formula, (25), (26), and that the collocation formulas, (23),(20), (24),
(21), are special cases of the RKN formulas, (28), (30), (29), (31).

As mentioned earlier in this report, it is possible, by using a CRK method,
to extend the standard (discrete) RK method to provide a solution approxi-
mation at any point within the current subinterval. An s-stage CRK method



approximates the solution, y(t), on the ith subinterval, [t;,t;11], by u(t) where,

u(t) = u(ti + 0hi) = y, + b (0 O)f (1, 3,) + -+ bo(0)£(E0r5)) . (33)

where £, and g are defined as in (26) and b,(0) is a (weight) polynomial in 6.

Similarly, CRKN methods, extend discrete RKN methods to provide a solu-
tion and a derivative approximation at any point within the current subinterval.
An s-stage CRKN method approximates the solution, y(t), on the ith step by
u(t), where, in this case, -

u(t) = ulti+0h:) = y,+0hiy +h2 (0O f(Fr, 5,8 ) + -+ b (O)f (5,5 ) )
(34)
and approximates the derivative, y'(t), by u(t), where,

a(t) = alti+0h:) = )+ (O L1, 5, ) + -+ 5O (s5,08))  (35)

with #, defined in (26), g and g defined as in (31) and (30), and where b, (6)
and b,.(f) are (weight) polynomials in 6. (The number of stages, s, employed
within a CRK or CRKN scheme is typically greater than the number of stages
employed in the corresponding discrete scheme.)

The CRK and CRKN methods, respectively, are usually represented by the
following tableaus which contain their coeflicients and weight polynomials,

C1 a1 e A1s
(6] a1 e ags
: (36)
Cs as1 . Qss
[0:0) ... b.(0)
and
C1 a1 e A1g CL/ll e a’ls
(6] a1 e ags CL/21 e CL/QS
(37)
Cs | as1 ... ass | @'s1 ... s
[ 01(0) ... bs(0) | b1(0) ... Dbs(0)

CRK and CRKN methods of a desired order of accuracy are obtained by re-
quiring that the coefficients and weight polynomials satisfy corresponding con-
tinuous versions of the order conditions; see, e.g., [7].

In this report, as mentioned earlier, we will employ the framework of CRK
and CRKN methods in order to obtain SCIs for the collocation solutions of
mixed first and second order systems (4). We will use a CRK method to handle
the first order part of the system and a CRKN method to handle the second or-
der part of the system. In order to simplify the derivation of these methods, we
will require that the CRK method and the CRKN method share some coefficients

10



and weight polynomials. To be more specific, both methods will have the same
abscissa, {c,};_;, the {a,;}; ;_; coefficients of the CRK method will equal the
{a’rj}} =1 coefficients of the CRKN method, and the {b.(6)}7_, weight polyno-
mials of the CRK methods will be equal to the {b,.(9)}5_, weight polynomials
of the CRKN method. Thus, we will have y (t) ~ 21( ), Y,(t) ~ ua(t), and
Y, (t) ~ uy(t), where, on the ith subinterval,

Ql(ti =+ th) = gl,i =+ hl (61(9)111 + o+ BS(Q)J"IS) ,

Uy (ti + 0hi) = Yo, T ohig/z,z‘ + b} (bl(o)im Tt bs(ﬁ)i25) ’

where

flT = fl ( T’ylr’y2r’y2r) ’ fQT = f2 ( T’ylr’y2r’y2r) )

and where

glr = gl,i + hl (a;“lfll + o+ a;sfls) 5
g2r = g ;T Crhqg;l‘i‘ h’12 (aTlf21 + arsf2s),

Uy, =Yy, + hi(aryfor + -+ ap fas)

Note: Since the coefficients and weight polynomials used in the Y, (t) approz-
imations are the same as those used in the Yy ' (t) approximations, there is no
need to list the tableau of coefficients for the Y, (t) approximations separately;
rather we can simply present the tableau of the C’RKN method (87). A hybrid
CRK/CRKN scheme for the treatment of a mized first/second order system (4)
will be given in terms of the CRKN formula with the understanding that the
part of the CRKN formula that is used for the y.(t) approzimation will also be
used for the y (t) approzimation.

Since COLSYS /COLNEW allows the user convenient access to the (already
computed) collocation function evaluations, (9), it improves efficiency to embed
these function evaluations within the CRK / CRKN methods we derive; i.e., the
collocation function evaluations will be employed as stages of the CRK/CRKN
methods. This will mean that some of the coefficients of our CRK/CRKN
methods will be specified by the coefficients of the embedded collocation method.
The specific way in which this is done will be described in more detail in the
next section, when we derive specific CRK/CRKN methods of this type.

3.2 Hermite interpolants leading to SCIs

For the lower order cases, k = 1 and 2, it is possible to use standard Hermite
interpolating polynomials on each subinterval in order to obtain a suitable SCI.
We will now briefly review the details.

11



Once a collocation solution for (4) is obtained, we will have, for the ith
subinterval, [t;, t;11], the six superconvergent data values,

!/ /
Yy Yy Yo 0 Yy iv1 Yo g1 Yo i (38)

We can then compute the corresponding endpoint stages,

hi=h (ti’gl,i’gz,i’g/z,i) Ml =h (t”l’gl,zatl’Qz,z'ﬂ’g/z,z'ﬂ) , (39)

and then construct a standard Hermite interpolant, u,(¢) ~ y, (t), having the
form

w, (t; + 0hi) = dio(0)y, , +du(O)y, , , +hi (du(e)fl,i + dl3(9)£1,z‘+1)  (40)

where, dio(0), d11(0), d12(0), and d13(0), are the standard Hermite basis polyno-
mials obtained by requiring that u,(¢;) =y, ., u;(tit1) =y, o ui(ti) = f,

and u}(tit1) = From standard theory for this type of interpolant it

L
<1,2+1
follows that (40) has an interpolation error that is O(h%).

Similarly, we can compute the endpoint stages,

foi = fo (ti’gl,i’gz,i’g/z,i) i =1 (t”l’gl,zatl’Qz,z'ﬂ’g/z,z'ﬂ) , (41)
and form a Hermite interpolant, u,y(t) ~ y,(t), having the form,

Uy (t; + Ohi) = d20(0)y, , + d21(0) +

Y9it1

hi (dzz(ﬁ)g’m n d23(9)g’2ﬂ_+1) 4R (d24(9) fyi+das(0) [MI) L (42)

where, dag(0), .. ., dss(0), are the standard Hermite basis polynomials obtained
by requiring that w,(t:) = y, ,» Us(tis1) = Y, > us(ts) = ¥, . wp(tipr) =

g;,Hl’ uy(t;) = 5271" and uf (tit1) = £27i+1' We can also form a Hermite
interpolant, @y (t) ~ y,(t), of the form,

Uy (ti + Ohy) = J20(9)E/2,z‘ + JQl(e)Q/z,Hl + hi (J22(9)Z2,i + J23(9)Z2,i+1)  (43)

where, dao(0), da1(0), d22(6), and da3(6), are the standard Hermite basis poly-
nomials that arise from requiring that @y(t;) =y, ,, Uy(tiv1) =y, o ah(t;) =

5271" and @h(tiy1) = £27i+1' (We note that this implies that dio(0) = dao(6),
d11(0) = da1(0), d12(0) = daa(0), and dyi3(0) = daz(h).) Standard theory for
these types of interpolants states that (42) has an interpolation error of O(hY),
and that (43) has an interpolation error that is O(h}).

We note that the interpolation conditions will imply that u,(t) and @,(t)
will have C'-continuity over the problem interval, while wu,(¢) will have C?-
continuity.

12



When k =1 or 2, the superconvergent collocation meshpoint approximations
have errors that are O(h?) and O(h%}), respectively, and therefore the Hermite
interpolants, (40), (42), (43), can be used to provide SCIs. For k = 3, the su-
perconvergent collocation meshpoint approximations have errors that are O(h?),
and thus (42) can be used to provide an SCI for the y, (t) approximation but
(40) is not accurate enough to provide an SCI for y (¢) nor is (43) accurate
enough to provide one for y’ (¢t). For k = 4, none of the Hermite interpolants
are accurate enough to provide SCIs. (In these two latter cases, we will need to
use the more general framework of CRK/CRKN methods, which we will discuss

later in this section.)

3.3 Parameterized CRK and CRKN methods

For first order systems, (1), within the BVODE context, we have solution infor-
mation associated with both endpoints of the ith subinterval, i.e., y vt Yy
It is therefore useful to rewrite an RK method so that the stages have explicit
dependence on the solution information from both endpoints. This leads to the
methods known as parameterized implicit RK (PIRK) methods [10]; with the
additional restriction that the rth stage depend only on the previously computed
stages, one gets the mono-implicit RK (MIRK) methods [8, 6]. By introduc-
ing weight polynomials, one can obtain continuous PIRK (CPIRK) methods; a
subclass of these, the continuous MIRK methods, have been considered in [21].
The general form of a CPIRK method is the same as that of a CRK method,
(33), and the definition of £, is the same as in (26), but the §_, .. ., g, values are
defined differently. Instead of the expression for y given in_%26), we have

g = (1 - UT)Ql- + ’UTgiJrl =+ h"L (lei(£15g1) + o+ xTSi(tAS;gS)) ’

=T

and the corresponding tableau for a CPIRK method is

C1 | V1 T11 Z12 e T1s

C2 | V2 | X21 Z22 s T2s
(44)

Cs | Us Ts1 Ls2 R Lss

1 50) 52(0) ... 5.(0)

A CPIRK scheme can be converted to a standard CRK scheme; the A matrix
appearing in (36) is given by A = X + v(b(1))?, where A and X are s by s
matrices whose r, jth elements are a,; and z,;, respectively, v = [v1, ..., vs]T
and b(1) = [by(1),...,bs(1)]7.

For second order BVODE systems, y”(t) = f(t,y(t),y'(t)), we have solu-
tion and some derivative information associated with the endpoints of the ith
subinterval, i.e., Yy 0 Y 0 y_’u, Yy i10 Yo g y—/27i+1' It is possible to rewrite
the well-known RKN methods so that the stages have explicit dependence on
solution and derivative information at both endpoints of each subinterval; this

13



gives the parameterized implicit RKN (PIRKN) methods. With the further re-
striction that each stage must be computable in terms of previously computed
stages, we get the mono-implicit RKN (MIRKN) methods; see, e.g., [20] and
references within.

By introducing weight polynomials, one can obtain what are known as
continuous PIRKN (CPIRKN) methods; a subclass of these, the continuous
MIRKN methods, have been considered in [20]. The general form of a CPIRKN
method is the same as that of a CRKN method, (34), and the definition of ,
is the same as in (26), but the 9,---,9, values and the g/l, .. ,g; values are
defined differently. Instead of the expressions for j —and g; given in (31) and
(30), we have B B
g, =1 —v)y, + Ul T hi (er —vr —wr) y; + wrg;+1+

T

h”L2 (xrli(fl’gl’g/l) + -+ xrsi(fs;gsag;)) )

and

~/

B = (U =)y, + oy + b (P f gy )+ o+ 2 8,08))

Zr

We represent the CPIRKN methods using a tableau of the form,

c1 v |w | z11 T1a ... X1s |V | 2y P

co | Vo | wa | w1 ZTog ... Tas | Vh | xh T

Ccs | Vs | Ws | w1 Tsa  o..  Tss | UL _3:’51 _3:’52 . _x’ss

L T0a@) ba(0) . b(0) ] [bu(6) ba(6) ... ba(6)
(45)

A CPIRKN scheme can be converted to a standard CRKN scheme; the A’ matrix
appearing in (37) is given by A’ = X’ + v/(b(1))”, where A’ and X' are s by s
matrices whose r, jth elements are a,; and ), respectively, v’ = [vf, ..., v}]"
and b(1) = [b1(1),. .., bs(1)]”, while the A matrix appearing in (37) is given by
A= X +(0(1))" +wb(1)”, where w = [wy, ..., w,]".

It is possible to rewrite the Hermite interpolants, (40), (42), and (43), in
terms of CPIRK/CPIRKN schemes, as follows. Because they are obtained from
a collocation method, as explained in the previous section, the quantities,

/ !
Y10Y 0% 0 Y1 i410 Y2401 Y2441

satisfy (22), (23), and (24). We can therefore use these expressions to substitute
for Yy a1 Yoipn g;7i+1 in (40), (42), and (43). These equations can then be
rewritten, respectively, as

wy (ti+0hs) =y, +hi (da(0)f, + dis(60)f

Jiim T 6211(‘9)J€11 +- Czlk(o)flk) 5

(46)

14



where cflj(t?) = Bljd11(9>a

Uy (ti+0hi) =y, +hi (szz(@)fu + J23(9)i27i+1 +dan(0)for + -+ Cz2k(9>f2k) :

) (47)
where dQJ(G) = b/QjCZ21(9), and
Uy (t; + 0hi) =y, . +0hiy, +
hi (d24(9)i~27i +das(0) ], + do1 (0) for + -+ + szk(@fzk) : (48)

where &Qj(o) = ngdgl(t?) + i)éjd23(0). These new forms for the Hermite inter-
polants, i.e., (46), (47), (48), now fit into the standard forms for CPIRK and
CPIRKN schemes discussed earlier in this subsection.

3.4 CPIRK/CPIRKN methods leading to SCIs

As mentioned earlier, Hermite interpolants cannot be used to derive methods
that can form the basis for SCIs when k£ > 3. In this subsection, therefore,
we will explain how to use CPIRK/CPIRKN methods in order to provide a
framework for the development of SCIs for mixed first and second order systems
when k& > 3. As mentioned earlier, these methods will have embedded within
them the collocation stages that were computed during the computation of the
collocation solution.

On each subinterval, these CPIRK/CPIRKN methods will employ three
kinds of stages:
(1) the first two stages will be the endpoint stages, (39), (41), which are easily
computed from the discrete collocation solution and derivative values,
(ii) the next k stages will be the collocation stages, (9), which are already
available from the collocation computation, and,
(iii) the rest of the stages will be MIRK/MIRKN stages; each such stage can
depend on previously available stages from (i) and (ii), as well as previously
computed MIRK/MIRKN stages.

These new MIRK/MIRKN stages will have the form,

r—1

le = (1 - U/T)QM + U/Tg17i+1 + hl Z x/Tjilj’

j=1

r—1

Yor = (1- UT)Qz,z' oYyt hi((er —vr — wT)y_/u +w’“y_/2,¢+1> +hi Z iji2j’
=1

and
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where the first two stages, f, ,l,7 = 1,2, are the endpoint stages, (39), (41),
the next k stages, f ,l=1,2,r=3,...,k+ 2, are the collocation stages, (9),

and the new MIRI(_/MIRKN stages are given by
Iy = i (b By Bh,) - 1= 127 = k4B,

where ¢, = t; + cr-hi, and g”, QQT, and Q;T are as defined above.

4 Derivation of CPIRK/CPIRKN methods lead-
ing to SCls

In this section we derive specific CPIRK/CPIRKN methods, for k = 1,2, 3 and
4, that can provide the basis for a corresponding set of SCIs for each k& value.

4.1 Collocation with £ =1

When k = 1, the discrete collocation solutions and derivative meshpoint values
have an error that is O(h?). Based on the theory discussed earlier in this report,
the collocation polynomial approximating y, (t) will have an error that is O(h})
where p = min(k + 2, 2k), which equals 2 for this value of k. The collocation
polynomials approximating y, (t) and y.(t) have errors that are O(h}) where
p = min(k+1, 2k), which again equals 2 for this value of k. Thus the collocation
polynomials across the entire domain and the meshpoint values have the same
order of accuracy.

We can improve upon the collocation polynomials only in terms of achieving
higher continuity, which we can do by employing the Hermite interpolants (40),
(42), (43).

Expressing these Hermite interpolants in the form of a CPIRKN method (as
explained in the previous section), we get a CPIRKN method with the coefficient
tableau:

olojo] o o o |0o] O 0 0
t{1{of o o o |1l 0 0 o0
Liofol o o X ol o o 1 (49
| ] [ 010) ba(6) bs(6) | | ba(6) ba(6) bs(6)
where N
r| br(9) | b(9)
1] —1/202(0 -1 | 60 —1)? (50)
2| 1/20300-1)% | 62(0—1)

w

—1/260%(0 —2) | —6%(260 - 3)

This scheme, in addition to having the same order as the discrete collocation
approximations at the meshpoints, provides approximations for y, (t) and Q/Q (t)
that are C''-continuous, and an approximation for y,(t) that is C?-continuous
(whereas the corresponding collocation polynomials have one order of continuity
less in each case).
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4.2 Collocation with £ =2

In this case, the discrete collocation values have errors that are O(h$). The
collocation polynomial approximating y,(t) will have an error that is O(h})
where p = min(k + 2, 2k), which equals 4 for this value of k. The collocation
polynomials approximating y, (¢) and y/ (t) have errors that are O(hy) where p =
min(k+1, 2k), which equals 3 for this value of k. Thus the collocation polynomial
approximating y_(t) has the same order of accuracy across the entire domain as
the discrete collocation values while the collocation polynomials approximating
y, (t) and y.(t) have errors that are one order of accuracy lower.

The use of (42) again allows us to improve the continuity of the y,(¢) ap-
proximation and we can use (40) and (43) to increase the order of accuracy and
the continuity of the approximations to y () and y.(t).

Expressing the Hermite interpolants in CPIRKN form gives a method with
the tableau:

0 |o]o] o 0 0 0
1 1{0] 0 0 0 0
%—ﬁ 0olo| o 0 531_6@ ??—6—1{—25 (51)
5+ 6 010 0 0 36 T 1o 36
| ] 101(8) 0200)  03(6) ba(6)
0] 0 0 0 0
1] 0 0 0 0
o o o 4 t-v (52)
Lol o 0 lg¥s ol
T ba(6)  Bs(6)  Da(6)
where
r | b.(6) | b9
1 ~1/26%(0 —1)° 96 —1)2
2 1/20% (0 —1)° 620 —1) . (53)
3] 1/12v3 (662 — 1560 —0v/3+10+2v/3) 6% | —1/26% (20 —3)
4| -1/12/3 (66> — 150+ 60/3+10 —2/3) 63 | —1/26% (20 — 3)

This scheme provides an approximation for y, (t) that is C?-continuous, and

approximations for y (¢) and y,(t) that are C' L_continuous (whereas the corre-
sponding collocation polynomials again have one order of continuity less in each
case). As well, all approximations have the same order of accuracy across the
entire domain as the discrete collocation approximations at the meshpoints.

4.3 Collocation with £ =3

In this case, the discrete collocation solution and derivative values have errors
that are O(h?), while the collocation polynomial approximating y,(t) has an
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error that is only O(h?) and the errors for the collocation polynomials approx-
imating y () and y,(t) are only O(h?). While the use of (42) can provide an
SCI of the appropriate order for y,(¢), the use of (40) and (43) to obtain ap-
proximations for y (¢) and y/(¢) will lead to interpolants that have errors that
are only O(h}), and thus, in this case, the interpolants, (40) and (43), are not
useful. We therefore now consider the direct derivation of a CPIRKN scheme
which will provide SCIs for y (t) and y,(t), with C'-continuity, whose errors
are O(h?%).

The derivation of a CPIRKN scheme is similar to the derivation of a CMIRKN
scheme and we refer the reader to [20] for related detailed examples. We need
this scheme to have a local error that is O(h%), consistent with the global error
of the discrete solution; that is, using the terminology associated with Runge-
Kutta methods, the CPIRKN must be of fifth order. (The definition of order for
Runge-Kutta methods says that a pth order Runge-Kutta method has a local
error that is O(hPt1).)

We now discuss the derivation of this scheme. As indicated earlier in this
report, the CPIRKN scheme will employ the two endpoint stages and the three
available collocation stages. Considering just these first five stages, we observe
that, for ¢ = 3, the coefficients satisfy

. v citt
X’gﬂ+j;1:j‘+1 for j=0,1,...,q, (54)
and i1
. v w c .
Xg]il_kjﬁ_k?:j(}i—kl) for j=1,2,...,q, (55)
where ¢ is an s vector of 1's and ¢ = [¢/,...,c¢d]T, for j > 0. The above
1 s J

conditions, (54), (55), are called the stage order conditions up to order q - see
[20].

A fifth order CPIRKN scheme satisfying these stage order conditions will
then have to satisfy the following order conditions involving the () polynomi-

als: .
Qi+l

B(O)c —
b(0)c )

and the single condition,

, for j=0,1,2,3,4,

Since there are six independent conditions involving the b(6) polynomials, this
implies that this CPIRKN scheme will require a total of six stages. Since the
scheme will already use the two endpoint stages and the three collocation stages,
one extra stage will be required. It will be a mono-implicit stage whose coeffi-
cients will satisfy the stage order conditions given above (so that no additional
order conditions are introduced).
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We will actually require the new sixth stage to have the maximum possible
stage order, which turns out to be stage order six - that is, (54), (55), with ¢ = 6.

This forces cg = & 5* \{0_, with vg, we, and vf left free. We choose ¢ = l - \{—1_00,
vg = Cg, Wg = 06, and vg’ = cg. We then solve the above order condmons
to obtain the b(f) weight polynomials. As mentioned earlier, the b(f) weight
polynomials for the approximation of y, (t) can be determined using Hermite
interpolation, and then the Hermite interpolant can be converted to CPIRKN
form, using the approach described in the previous section.

The resultant scheme has the tableau:

0 0] 0 0 0 0 0 0 0
1 110 0 0 0 0 0 0
%_1\{_1_05 0 0 0 0 51_50\/E 11_2_14_155 11_5?6_\/1_1_55 0
s olo] o o il L Bm L7
3t T 0101 0 0 pt+t% nts 0 U
% - 1—100 Ve | We | Te1l T62 Te3 T4 Tes 0
bi(0) b2(0) b3(0) b4(0) b5 (0) 0
0 0 0 0 0 0 0
1 0 0 0 0 0 0
V15 V15
’ ’ 5 %x/_ % _2T 3:_6 ~ \79)_?_5 0 0
0 0 +% 5 36 21 0 0, (56)
0 0 S +M5 2,48 5 0 0
% - \/1—1_00 61 62 63 2’64 65 0
bi1(0)  ba(6) bs(0) bs(0)  b5(6) bs(6)
where vg = l — \/1—1_00, We = + \/10_, the values for xg, and 2'g, forr =1,...,5,
are given by,
r 'rﬁT x/ﬁr
27 e 3 3 /10
7
2 5900 — 5060 Y 10 —160 T 500 V10
3 | — 800 V2V3 + 1ifnp — 1/36 V2V5 | 155 V2V + 155 VBV . (B7)
407
4 goms — 7= V10 —=5 V10
5 4800 \/_\/_ 3+ 114740090 - 1/36 \/i\/g 1_é0 \/5\/5 - 1_20 \/g\/g
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bs(0) = 0, the expressions for b,.(0), for r =1,...,5, are given by,

r b-(6)
1 ~1/26% (0 —1)°
2 1/26% (0 —1)°

: 58
3| — 155 V15 (1862 + 4560 + 6 /15 — 30 — 2V15) 6° 58)

4 —2/963 (8 — 2)

5| —165 V15 (1862 — 4560 4 6/15+ 30 —2/15) 6°

and the expressions for b,.(0), for r =1,...,6, are given by,

r b,(0)

1 —1/18 (V10— 1) (2462 =70+ 50/10— 2 —2/10) 0 (9 — 1)
2 1/18 (1+/10) (246% — 416+ 56/10 — 310 + 15) (6 — 1) 6

311/18 (V6+1) (242604 3v6 — 63— 36%V/15 — 20v6 + 6015 — 186/10
+9+/10 — 30062 4 120 6% + 96%\/10 — 3 /15)6?

4 4/96% (—9+ 466 — 60 6% + 24 6%)

5| —1/18 (V6 —1) (24260 — 36+ 36>V/15+ 206 — 6015 — 180/10
+9/10 — 30002 + 12063 + 9621/10 + 3 /15 — 63)6?

6 ~40¢2(20-1)(0-1)

(59)

4.4 Collocation with k£ =4

When k = 4, the discrete mesh point collocation solution and derivative val-
ues have errors that are O(h%). On the other hand, the collocation polynomial
approximating y,(t) has an error that is only O(hY) and the errors for the col-
location polynomials approximating y (¢) and y(t) are only O(h?). In this
subsection, we will derive a CPIRKN scheme that will provide an SCI approxi-
mating y, (t), with C*-continuity, whose error is O(hf), and SCIs approximating
y, (t) and y/(t), with C"-continuity, whose errors are O(hf).
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Since we want this CPIRKN scheme to have a local error that is O(hS), the
CPIRKN must be of seventh order. This CPIRKN scheme will employ the two
endpoint stages and the four collocation stages associated with the collocation
computation. These first six stages have coefficients that satisfy the stage order
conditions, (54) and (55), for ¢ = 4. The additional MIRK/MIRKN stages will
also be required to satisfy these stage order conditions. In fact, it will be useful
to impose the stage order conditions with ¢ = 6 on the MIRK/MIRKN stages.

A CPIRKN scheme satisfying the above stage order conditions will have to
satisfy the following order conditions in order to achieve seventh order:

o = 2
- i=0,1,...,6
—( )Q ]+15 or j ] A g]
) git2
b)) = ———— for j=0,1,...,5,

(G+DG+2)

the three conditions involving b(f),

1S
—
=
/~
~
/~
<
I
o
+
ol
|
oy,
~_
~_
Il
o

The above conditions include a total of ten order conditions involving the b(6)
polynomials and a total of seven order conditions involving the b(#) polynomials.
It would appear then that this CPIRKN scheme will require a total of ten stages,
corresponding to the ten order conditions associated with the b(f) polynomials.
However, it turns out that we can satisfy the order condition,

5(0) (X’ (X’g4 L ;)) 0, (60)

through a careful choice of the available free coeflicients. This allows us to
reduce the number of order conditions from ten to nine which will then imply
that the scheme will require only nine stages.

The details regarding how to choose the free coefficients to satisfy (60) are
as follows. Letting

IS4
10

~
o

C51=X'c'+ = - T

ot
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we observe that (60) can be rewritten as,
B(6) (X'C51) = 0.

An examination of the vector C51 shows that, due to the fact that the first
two stages and all the MIRK/MIRKN stages satisfy the stage order conditions
up to ¢ = 6, all components of C51 are zero except for the 3rd through 6th
components (corresponding to the collocation stages). The next step is to then
chose the available free coefficients that appear in X’ and in C51 in order to
force X’C51 = 0. The solution of the conditions X’C51 = 0 together with the
imposition of the requirement that the additional MIRK/MIRKN stages satisfy

the stage order conditions (54) up to ¢ = 6, forces ¢7 = %:I: %, with v'7 left free;
we choose ¢7 = £ + g and v'7 = ¢7. Also left free are cg, v's, cg, v'g, and xg;
we choose cg = &, v'g = cg, cg = %, v'g = cg, and 2’9 = 0. With these choices
of coeflicients, X’C51 = 0, and then the order condition, b(f) (X'C51) = 0, is
satisfied.

As mentioned above, this leaves nine order conditions involving the b(6)
polynomials. Since this scheme will include the two endpoint stages and the
four collocation stages, this means that three extra MIRK/MIRKN stages will
be required. Applying the stage order conditions, (54), (55), leads to the spec-
ification of most of the remaining free coeflicients but there are several free
coefficients that remain; we set v7; = c7, vg = cg, V9 = cg, W7 = wg = wg = 0,
T76 = Tgg = Tg7 = Tog = Tgr = xgg = 0. The final step is to solve the nine
remaining order conditions involving the b(f) polynomials and the seven or-
der conditions involving the b(f) polynomials in order to obtain the b(#) and
b(0) polynomials. Since there are only seven order conditions involving the b(#)
polynomials, we can set bg(6) = bg(f) = 0 and use the seven order conditions
involving the b(#) polynomials to determine by (0), ..., bz(6).

The resultant scheme has the tableau:

0010 0 0 0 0 0 0 0 0 0
11110 0 0 0 0 0 0 0 0 0
C3 0 0 0 0 33 T34 I35 I36 0 0 0
Cy 0 0 0 0 T43 L44 T45 T 46 0 0 0
Cs 0 0 0 0 I53 T'54 I55 I56 0 0 0
Cg 0 0 0 0 Te3 T4 Tes T66 0 0 0
Cr | Uy 0 71 o) 73 T74 i iards 0 0 0 0
% % 0 g1 g g3 g4 g5 0 0 0 0
% % 0 To1 92 93 T4 Tos5 0 0 0 0

bi(0) b2(60) bs(0) ba(f) b5(6) be(0) bz(6) 0 O
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0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0
0 0 x/gg $/34 $/35 $/36 0 0 0 0
O O x’43 $/44 $/45 $/46 O O O O
0 0 x’53 $/54 $/55 $/56 0 0 0 0
0 0 x/gg $/64 $/65 x/66 0 0 0 0 )
Vel 2’ xlee 2z 2t 2lvs 2'v 0 0 0
Ll as1 a's2 alss a'sa @lss alse a7 0 0
2 21 o o3 o o5 @gs o7 0 0
0(0) 52(0) 53(0) Bal0) 5s(0) Bol0) B(0) De(8) Bo(0)
(61)

where ¢3 = § — & /525+70V30, ¢y = 3 — & V525- 7030, ¢5 = 5 +
V525 — 7030, cs = & + %5 /525 + 7030, and ¢7 = v7 = § + 1/14 V7.

Since the expressions for the components of X and X’ matrices and the
coefficients of the b(f) and b(#) polynomials are too complicated to present
in exact form, we provide approximations to these values in terms of 20 digit
decimal numbers.

The nine rows of the matrix X are

[0,0,0,0,0,0,0,0,0],
[0,0,0,0,0,0,0,0,0],

(0,0, .32305531606773849038 x 10~ 2, —.1250197895719510011 x 102,
1599119902841667647 x 10~, —.16908467308653538 x 1073, 0,0, 0],
(0,0, .44654739516219931749 x 10, .11055161125036900810 x 10~
—.1576343913175770142 x 102, .3195711253358632771 x 10~°,0,0, 0],
[0,0,.10477319401975273714, .10928215124631229915,
.11055161125036900810 x 10, —.666856745256879005 x 1073, 0, 0, 0],
(0,0, .14960613448280714923, .19642483580315200379,
:83717022845102756843 x 10, .32305531606773849038 x 102, 0,0, 0],
[.56407299162219992243 x 102, — 56407299162219991643 x 102,
—.12818262090389426184 x 10~*, —.27667766089641676157 x 10",
— 66656828962826040579 x 10", 0,0,0, 0],
[.46987308407158757980 x 102, —.14560641740492091960 x 102,
—.18777651201651205208 x 10~*, —.41033995097025767855 x 10",
—.23431020367989693539 x 10, 0,0, 0, 0],
[.99888010024382092459 x 102, — 67461343357715427659 x 102,
—.18777651201651205061 x 10~*, —.95324451125056381245 x 102,
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—.54932570352509823295 x 1071, 0,0, 0, 0].

The nine rows of the matrix X’ are
[O, O, O, O, O, O, O, O, O],

[0,0,0,0,0,0,0,0,0],
[0,0,.86963711284363464343 x 10~", —.26604180084998793304 x 10~ ",
12627462689404724524 x 1071, —.355514968579568315 x 10~2, 0,0, 0],

[0,0,.18811811749986807165, .16303628871563653566,
—.27880428602470895218 x 10~*,.6735500594538155512 x 10~ 2,
0,0,0],

[0,0,.16719192197418877317, .35395300603374396654,
.16303628871563653566, —.14190694931141142966 x 10~*, 0, 0, 0],
[0,0,.17748257225452261183, .31344511474186834680,
.35267675751627186462, .86963711284363464343 x 10™*, 0,0, 0],
[.12595035543861662683 x 10~1,.27901157992841254519 x 10~ 1,
.31424458236000028921 x 101, .12784556454961043482,
—.24867668578255783089 x 101, —.17489854774405759784, 0,0, 0],
[—.41944590273292959284 x 10~2, —.16060145828848513267 x 102,
.14012820352866098544, —.26472409697747613300 x 101,
—.15474899161669444823, —.33179698061006715161 x 10+,
.80073369457001938508 x 10~*, 0, 0],
[.73255409726707038846 x 10™2,.99139854171151489343 x 102,
.21610386356930788521 x 101, .80525407473982583723 x 10,
—.47751174444964251771 x 10™1, —.15169751523273691284,
.80073369457001939545 x 10~*, 0, 0].

The polynomials, b1 (), ..., b7(0), are

—1.4838054098817121549 746.3599856012526592100 #°—10.67712434446 7704701 %+

8.7095135247042803904 #*—3.4085693716075227451 #3+0.50000000000000000000 62,

2.0717501456738433973 07 —6.0844588431917852229 #°+6.3228756555322952849 65—
2.6793753641846084896 * + 0.36920840617025503042 63,

2.4008645956962080391 #"—10.051375502307884471 §5+16.198264590214086232 65—
12.157487596307555198 6 + 3.7715852335674557048 63,
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—1.5977758278295572808 67 +6.0738981481079401498 §°—8.3024639918680125568 6°+
4.4450128192755651476 6* — 0.40020561139055488968 63,

—6.0321156342090800130 674-21.594087470436269686 6°—28.922144091532793184 6%+
17.193739762616692926 6* — 3.7259604661751969129 63,

—3.5901441705395393389 67410.917155179517231353 #°—11.659926172782139077 %+
5.0666626066202185145 §* — 0.72167134110935482879 63,

8.2312263010898373512 #7—28.809292053814430705 §°+37.040518354904268003 6°—
20.578065752724593291 #* + 4.1156131505449186412 6°,

and the polynomials, b1(6), ..., by(), are

118.21553917666580224 7 —450.21272045166368619 §°+677.90745020470247929 6°—

506.63265771593045627 8*+190.31615074107904624 63—30.593761954853199618 6246,
—60.923872509999145945 7+249.69188711833036825 #°—401.42828353803587618 6°+
316.73682438259717901 8*—122.33698407441238897 63418.260428621519868725 62,
—312.89027249245509522 67 +1182.4848315645309359 8°—1760.0136798995063288 6°+
1290.0528958373880041 #*—465.90057061724230909 6°+66.440723029853561290 62,
—305.59222210601679616 7+1134.2402328807602768 §°—1652.2852242034705354 6°+
1181.2977566097015877 #*—415.391806 75681081626 °+58.057336153267600487 62,
61.037789032562035884 A"—278.29971712366852415 §°+497.01008236447030656 6°—
432.96119140493011893 61 +182.24991389345060854 6> —28.710804184453033999 62,
182.44470556590992181 67 —725.92534732162277999 #°+1143.7888217385069610 6°—
890.88946104215982562 *+341.54246348060257557 63 —50.787254998668143015 62,
214.91228070175434723 07 —752.19298245614029494 #°+1032.4385964912278336 0°—
700.61403508771909033 *+238.12280701754382498 6°—32.666666666666657629 62,
429.13801384671252243 67—1603.2561966116421409 54-2349.7734629640512849 6°—
1685.4482584736159590 4 4-588.91084526808341633 #°—79.117866993589184628 62,
—326.34196121513359226 7+1243.4700124011158454 #°—1887.1912261219461249 07+
1428.4581268946686793 #*—537.51281895229395736 6°+79.117866993589188390 6°.
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5 Overview of the SCI Software

In this subsection we briefly describe the software which implements the CPTIRKN
methods presented in the previous section in order to obtain the corresponding
SCIs. There are two subroutines: (i) an SCI setup routine, and (ii) an SCI
evaluation routine.

(i) The SCI setup routine, SCISETUP(ISPACE,FSPACE), assumes that COL-
SYS/COLNEW has already been called to compute an approximate solution.
SCISETUP is called once before any evaluations of the SCI are required. This
routine employs a routine adapted from one in the MIRKDC package [11], and
is called to set up the Runge-Kutta stages required by the CPIRKN scheme.
The ISPACE and FSPACE arrays which this routine takes as input come from
COLSYS/COLNEW. Extra information computed by the SCISETUP routine
is stored at the end of the FSPACE array, for future use by the SCI evaluation
routine.

The principle steps implemented in the SCISETUP setup routine are as
follows:

1. Extract from the FSPACE vector, the discrete meshpoint solution and
derivative information for each point of the mesh, i.e., Yy Yo i Q/Q o=
0,...,N. 7 7 7

2. For each meshpoint, call the user-defined subroutine which evaluates the
right-hand side of the ODE system, to get stage values at the mesh points
corresponding to the discrete collocation solution and derivative values.

3. Extract from the FSPACE vector, the collocation stage information for
each subinterval, i.e., (9),i=0,...,N — 1.

4. For each subinterval, compute extra MIRK/MIRKN stages as needed us-
ing the solution and derivative endpoint information and endpoint and

collocation stage information obtained in the previous steps, as well as
previously computed MIRK/MIRKN stages.

(ii) The SCI evaluation routine, SCISLN(T,Z,ISPACE,FSPACE), assumes that
an initial call to the SCISETUP routine has already taken place. The SCI eval-
uation routine is used instead of the APPSLN routine of COLSYS/COLNEW
and is called once each time an evaluation of an SCI approximation to z(t) is
required. This routine takes as input the evaluation point, T, and the ISPACE
and FSPACE arrays, and returns the SCI approximation to the z(t) vector in
the array Z.

6 Numerical Results

6.1 Test Problems

We have chosen three test problems from the literature: (a) a uniformly loaded
beam problem from [3], (b) the swirling flow I problem from [4], and (c) the
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swirling flow III problem from [4].

(a) The uniformly loaded beam problem consists of a single linear fourth order
equation,

23" (x) + 622 (2) + 62u () = 1, with (1) =u"(1) =u(2) = u”(2) =0,
(62)
which has an exact solution given by

u(x) = i(l()ln@) -3)(1—2)+ % (é + (B34 z)In(x) — 3:) ) (63)

We will rewrite this problem as two first order ODEs and one second order ODE
as follows, letting z1(x) = u(z), 2z2(z) = u/(z), z3(z) = v’ (x):

2/ (x) = 20(2), 2'(x) =23(x), 2z3"(x)=(1- 63:2Z4(3:) - 63:Z3(3:))/3:3,
with the boundary conditions,

(b) The swirling flow I problem consists of two nonlinear equations, one of third
order, the other of second order; it has the form,

F'(@) =7 = 2f" (@) f(@) + (f (2))* = g*(2),  ¢"(x) = 29(2) f'(x) - 2f (x)g’((gi),
with boundary conditions

fl0)=0, g(0)=1, f(0)=0, g(10)=7~, f(10)=0. (65)

We choose v = 3.0. This system has no known closed form exact solution;
in order to estimate the errors in our approximate solutions, we computed a
high-precision numerical solution to this problem using COLSYS/COLNEW.
We will rewrite this problem as one first order ODE and two second order
ODEs as follows, letting z1(z) = f(x),22(z) = f(x), z3(x) = f"(x), za(x) =
g(x), 25(z) = g'(x):

2'(z) = 22(x), 2"(z) =" —2z3(x)21(2) + 22(x)? — 24(x)?,

24" (1) = 224(w) 22(x) — 225() 21 (),

with the boundary conditions,
22(0) = 0, 24(0) = 1, 21(0) = 0, 24(10) =, 22(10) = 0.

(c) The swirling flow III problem consists of one fourth order ODE and one
second order ODE;,

ef"(x) = —f(x) [ (x) — g(x)g'(x),  eg"(x) = f'(x)g(x) — f(z)d (), (66)
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with boundary conditions

fO)=F0)=f1)=f1)=0 g0)=-1, g(1)=1L (67)

We choose ¢ = 0.075. As is the case for problem (b), since this system has no
known closed form exact solution, we computed a high-precision numerical solu-
tion using COLSYS/COLNEW. We will convert this system to one consisting of
two first order ODEs and two second order ODEs, letting z1(x) = f(z), z2(x) =

f(x), 23(2) = f'(2), 24(2) = f" (%), 25() = g(x), 26(2) = g'():
21 () = 22(x), 2'(2) = 23(x), 23"(2) = —21(x)2a(2) — 25(2) 26 (2),

25" (x) = 20(1)25(x) — 21(x)26(2),

with the boundary conditions,

21(0) = 22(0) = 21(1) = 22(1) = 0, 25(0) = —1, 25(1) =1.

For each test problem and for each solution component, the initial solution
approximation provided to COLSYS/COLNEW is a straight line through the
boundary conditions, for components with associated boundary conditions, and
zero otherwise.

6.2 Convergence Rates and Maximum Errors on Fixed
Uniform Meshes

In order to numerically investigate the orders of convergence for the discrete
collocation solutions, the collocation polynomials, and the superconvergent in-
terpolants, we need to obtain solutions from COLSYS/COLNEW on fixed uni-
form meshes. To do this, COLSYS/COLNEW was run with communication
parameters IPAR(8)=2 and IPAR(10)=2. This forces COLSYS/COLNEW to
compute a solution on the given initial mesh, generate a new mesh by splitting
each subinterval of the initial mesh in half, compute a second solution on the
new mesh, generate an error estimate by comparing the two solutions, and then
terminate. This allows us to control the meshes used by COLSYS/COLNEW so
that comparisons of solutions obtained on uniform meshes of N and 2N subin-
tervals, for experimental analysis of convergence rates, is possible. We consider
meshes for which, N, the number of subintervals, is equal to 2, 4, 8, 16, 32, 64,
and 128.

Recall that m; is the order of the ith differential equation of the ODE system.
Since COLSYS/COLNEW requires k > max; m;, when we consider a system
of BVODEs that includes at least one second order ODE (which implies that
there exists an ¢ such that m; = 2), it follows that we must choose k > 2.

In this subsection we consider numerical results for the cases where k = 3
and 4, which are the ones where CPIRK/CPIRKN schemes must be employed
to obtain an SCI. We compute collocation solutions using COLSYS/COLNEW
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and then augment these with SCIs, using the algorithm described in the previous
section.

We consider numerical experiments in which we compute the maximum error
over all solution components for a given evaluation point. The Discrete Solu-
tion error is the maximum error of the collocation solution over all meshpoints.
The errors for the Collocation Polynomial and for the Superconvergent Inter-
polant are the maximum errors of these continuous approximations over 10000
uniformly distributed sample points.

Tables 1, 2, and 3 give results for Problems (a), (b), and (c) for the k = 3
case. For this case, the theory indicates that we should expect error ratios
that approach 26 = 64 for the discrete collocation and SCI approximations
(since the corresponding errors for these approximations are O(h%)) and an error
ratio that approaches of 24 = 16 for the collocation polynomial approximations
(since the largest of the errors for these approximations is O(h*)). Tables 4, 5,
and 6 give results for Problems (a), (b), and (c) for the k = 4 case. For this
case, the error ratios for the discrete collocation and SCI approximations should
approach 2% = 256 (since the corresponding errors for these approximations
are O(h®)) while the error ratios for the collocation polynomial approximations
should approach 2° = 32 (since the largest of the errors for these approximations
is O(h?)) .

Discrete Collocation Superconvergent
N Solution Polynomial Interpolant
2 - (21x107%) - (8.5x1079) - (1.6x1073)
4 45.7(4.6x107%)  7.3(1.2x1073) 26.1(6.2x107°)
8 47.2(9.8x107%)  10.2(1.1x10~%)  37.8(1.6x107F)
16 63.1(1.5x107%)  12.5(9.2x1076)  48.0(3.4x107%)
32 62.9(2.5x1071)  14.1(6.5x10~7)  55.0(6.2x10710)
64 63.9(3.8x10713)  15.0(4.4x107%)  59.2(1.0x10~11)
128 61.6(6.2x1071%)  15.5(2.8x1079)  61.4(1.7x10713)

Theoretical 64 16 64

Table 1: Error ratios (maximum errors), k = 3, Problem (a)

The main point of presenting these order of convergence results is to demon-
strate that the derived schemes are achieving experimentally observable rates
of convergence that are reasonably consist with those predicted by the theory.
(As the errors approach values around 10713 we start to see some degradation
in the results due to the interference of round-off error.)

We also note that the error of the SCIs is typically two to three orders of
magnitude smaller than that of the collocation polynomials. As well, we see
that the error of the SCIs is typically an order of magnitude larger than that
of the discrete collocation solution. Regarding this last observation, there are
several ways to improve the accuracy of the SCIs. The free coefficients that arise
during the derivation of the underlying CPIRKN schemes can be determined to
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Discrete Collocation Superconvergent
N Solution Polynomial Interpolant
2 - (4.0x107Y) - (7.9x107Y) - (3.6x109)
4 2.0(2.0x1071) 2.7(3.0x1071) 7.4(4.8x1071)
8 7.9(2.5x1072) 7.4(4.0x1072) 15.1(3.2x1072)
16 52.0(4.8x107%)  13.1(3.1x107%)  51.8(6.2x10~%)
32 94.4(5.1x107%)  12.0(2.6x10~%)  63.8(9.7x1076)
64 59.0(8.6x107%)  12.8(2.0x107°)  62.5(1.6x1077)
128 64.8(1.3x107%)  14.0(1.4x1075)  64.1(2.4x107Y)
256 64.1(2.1x10711)  15.1(9.5x1078)  64.4(3.8x10~11)
Theoretical 64 16 64

Table 2: Error ratios (maximum errors), k = 3, Problem (b)

Discrete Collocation Superconvergent
N Solution Polynomial Interpolant
2 - (3.3x107%) - (3.6x1072) - (8.4x1072)
4 68.1(4.8x10%) 4.2(8.5}(10*3) 19.0(4.4x1073)
8 39.2(1.2x107%)  8.5(1.0x10~ ) 35.9(1.2x107%)
16 54.6(2.2x1077)  11.4(8.8x107°)  47.6(2.6x1075)
32 61.3(3.6x107%)  13.5(6.5x1076)  55.1(4.7x107%)
64 63.3(5.8x10711)  14.7(4.4x1077)  59.4(7.9x10710)
128 64.0(9.0x10713)  15.3(2.9x107%)  61.4(1.3x10~11)

Theoretical 64 16 64

Table 3: Error ratios (maximum errors), k = 3, Problem (c)

Discrete Collocation Superconvergent
N Solution Polynomial Interpolant
2 - (3.6x1077) - (1.4x1073) - (1.0x107%)
4 171.6(2.1x1079)  13.4(1.1x107%) 74.3(1.4x107°)
8 224.1(9.3x1071%)  19.4(5.5x107%)  125.7(1.1x107%)
16 245.9(3.8x10~)  24.4(2.3x1077)  174.2(6.2x10~1)
32 48.8(7.8x10716)  27.8(8.2x107%)  208.4(3.0x10713)
64 0.8(1.0x1071%)  29.8(2.7x10719)  4.2(7.0x1071%)
128 1.3(7.8x10716)  30.9(8.9x10712)  2.3(3.1x10~ %)
256 1.4(5.6x10716)  31.4(2.8x10713)  1.6(1.9x10~ %)

Theoretical 256 32 256

Table 4: Error ratios (maximum errors), k = 4, Problem (a)

attempt to minimize the leading order terms in the error expansions for these
schemes. As well, one could derive CPIRKN schemes of orders 6 and 8, rather
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Discrete Collocation Superconvergent
N Solution Polynomial Interpolant
2 - (4.0x107%) - (4.4x107h) - (3.8x109)
4 5.6(7.1x1072) 5.4(8.2x1072) 13.4(2.8x107Y)
8 90.0(7.9x10~%) 13.4(6.1x1073) 50.5(5.6x1073)
16 124.8(6.4x1076)  15.2(4.0x107%)  191.2(2.9x1075)
32 383.1(1.7x1078)  24.6(1.6x107°)  295.5(9.9x107%)
64 277.5(6.0x10~1)  30.2(5.4x1077)  219.3(4.5x10719)
128 246.4(2.4x10713)  32.1(1.7x107%)  260.4(1.7x10712)
256 9.2(2.6x1071%)  31.9(5.3x10710)  4.6(3.7x1071?)

Theoretical 256 32 256

Table 5: Error ratios (maximum errors), k = 4, Problem (b)

Discrete Collocation Superconvergent
N Solution Polynomial Interpolant
2 - (1.4x107%) - (1.5x1079) - (L1x107%)
4 1.0(1.4x107?) 1.0(1.5x1079) 1.0(1.1x107%)
8 132.8(1.1x1077)  18.6(8.1x107°)  89.3(1.3x107°)
16 212.1(5.0x1071%)  24.9(3.3x107%)  150.6(8.3x107Y)
32 242.6(2.1x10712)  28.6(1.1x1077)  197.2(4.2x10~ 1)
64 29.9(6.9x10714)  30.4(3.8x107%)  57.3(7.4x1071?)
128 1.4(5.1x107™)  31.2(1.2x10710)  1.4(4.0x10713)
256 1.2(4.4x1071)  31.4(3.8x107'%)  2.1(1.9x10713)

Theoretical 256 32 256

Table 6: Error ratios (maximum errors), k = 4, Problem (c)

than the schemes presented here, which are of orders 5 and 7, in order to further
reduce the error of the SCIs. We document these tasks, in the next section, as

items for future work.

7 Summary, Conclusions, and Future Work

In this report we have described how to extend the work on the development
of SCIs for Gaussian collocation solutions, reported in [12] from the first order
BVODE system case, to the mixed first and second order BVODE system case.
The approach involves augmenting the superconvergent collocation meshpoint
values with interpolants that have the same superconvergent order.

For the low order cases (k = 1,2), standard Hermite interpolants can be
employed on each subinterval to obtain SCIs. For the £ = 3 and 4 cases, a
more general approach for the development of SCIs based on the use of CRKN
methods is employed. Our numerical results show that it is possible to obtain
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SCIs that are substantially more accurate than the corresponding continuous
collocation solutions across the entire problem domain. These results also show
that the SCIs have experimentally observable orders of accuracy that are res-
onably consistent with the expected orders, based on the theoretical framework
that was used to derive them.

This report includes the development of CPIRKN methods that lead to
SCIs of orders 2, 4, 6, and 8, and the approach considered in this report could
be extended to derive higher order schemes. However, one could argue that
it is sufficient to provide a range of SCIs of orders consistent with what is
provided by COLSYS/COLNEW. For the COLSYS/COLNEW package, and
for the mixed first and second order BVODE system case, the range of available
k values is 2 to 7. For a given choice of k, the collocation solution at non-mesh
points has an error that is O(h**2) for the solution components associated with
the second order differential equations and an error that is O(h**1) for the
solution components associated with the first order differential equations and
the derivatives of the second order differential equations. This implies that
the errors associated with the collocation solutions that can be obtained by
applying COLSYS/COLNEW to a mixed first and second order BVODE system
will be O(h*) through O(h?) for the solution components associated with the
second order differential equations and O(h3) through O(h®) for the solution
components associated with the first order differential equations. Thus the range
of orders of SCIs provided in this report is comparable to what is provided by
COLSYS/COLNEW. (Furthermore, there is little evidence to support the use of
higher k values when one considers the accuracy attained compared to the work
involved; for example, it is shown in [24], where Gaussian collocation is used for
the spatial discretization of 1D PDEs, that even for very sharp tolerances the
use of high order collocation methods is generally only justified up to methods
having errors that are around O(h®).)

As mentioned earlier, additional work could be done in order to improve
the accuracy of the CPIRKN methods upon which the SCIs are based. Future
work could include further investigation of the SCIs developed here in order
to optimize the choice of the free coeflicients that arise during the derivations
to attempt to minimize the magnitude of the leading order term in the error.
Another possibility for future work in this direction could involve investigating
the use of CPIRKN methods that are one order of accuracy higher than those
presented in this report. A third possibility for attempting to improve the
accuracy of the SCIs could involve looking at expressing the polynomial weights
in a barycentric form rather than in terms of a monomial basis. The paper [16]
shows that the use of a barycentric representation can lead to less interference
from round-off error.

A major direction for future work is to investigate the extension of the work
reported in [1] in order to incorporate the schemes described in this report
to allow COLNEWSC to directly treat mixed first and second order BVODE
systems. (In the current version of COLNEWSC, higher order systems are
converted to first order so that the approach developed in [12] can be employed.)

Another possible direction for future work is to explore the idea discussed
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in the Introduction which would involve modifying COLSYS/COLNEW so that
error control is applied only to the discrete superconvergent collocation values
at the mesh points. Since these values are much more accurate, this would
allow the code to converge much more quickly to a numerical solution that
satisfies the user tolerance, and then an SCI could be employed at the end of
the computation to extend the discrete solution to a continuous solution of the
same order of accuracy across the domain. As mentioned earlier however, this
would mean that the error of the returned SCI would not be controlled.

Finally, as mentioned earlier, the collection of BVODESs given in [4] involves
differential equations with solution derivatives in the range from 1 to 4, and
COLSYS/COLNEW is able to treat mixed order systems across this range. This
suggests extending the approach considered in this report to derive methods
leading to SCIs for mixed order systems having derivatives over this range.
In order to be able to obtain SCIs for BVODE systems that include solution
derivatives of orders 3 and 4, the primary challenge will be to extend the classes
of CRK and CRKN methods to develop methods for differential equations in
which derivatives of orders 3 and 4 appear. With this goal in mind, we have
developed extensions of the continuous MIRK (CMIRK) methods for the direct
treatment of systems of differential equations involving derivatives of orders 3
and 4. See the Appendix for a description of these methods.
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8 Appendix
8.1 Generalized CMIRK schemes for third order systems

In this subsection we give the general form for a generalized CMIRK method
that can be applied directly to ODE systems of the form

v () = f (6 y®),y (1), y" (1))

Such methods are extensions of the continuous MIRKN methods mentioned
earlier in this report. It is straightforward to extend these methods to CPIRKN
methods of the same type which could then be used to provide SCIs for this
problem class.

The general form for these methods is,

02h2 >
vt WS b0k,
r=1

Yiy1 = yi + Ohiy; +
y;+1 = y; + Ohiy; + h? Z by (0)kr,
r=1
Y=yl +h> b0k,
r=1

where

ky = f(tATa gh g;a ?J;«/), tr = ti—1+ crhy,
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gr = (1 — ve)yi +oryit1 + b ((er — v — wr)y) + w,yl) +
2 Cg Ur 1" /" 3 —
h 5 T g WU Yi Furyiy | R me-kj,
j=1

U = (1 —v.)y; + o9+

ks
B ((er = v )yl -+ wafln) + B2tk
5= (=)l 4 ol + hzx" k.

8.2 Generalized CMIRK schemes for fourth order systems

The methods presented in this subsection are generalizations of the methods pre-
sented in the previous subsection to allow for the direct treatment of BVODESs

of the form,
y"(t) = fty(t), y (1), y"(8). v (t)).
The general form of these methods is,

. — . / 92h2 " 4
y1+1—y1+9hyi+ 2 yz 6 y’L +h Zb

9
Yier = i+ Ohy + ——y" + b} Z b (
Yl = yi + Oy + 1? Z br(O)k

vl =y +hy be(O)k
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where
kT = f( T’yT’yraglag;ﬁ)a tAT :t’ifl +CTh"U

Or = (1 —vr)yi + veyigr +h ((er —vp — w0 )Y + wryl ) +

2 Cg Ur 1" 1"
h; 5 g WU Yi TUYiyq |+

3 r—1
3 c Ur W 1" " 4
hi ((_T_____ur_zr Yi +Zryl+1 +hizxrjkj;
Jj=1

6 6 2

U = (1= v)y;_1 + vpyir1 + h((er — v —wp)y; + w£y£’+1)+

’f’
2 02 vy / / 1 11 3 /
T T
hi ((5 - 3 - W, — ur) Y; +ury1+l> + h”L Zxrjkja
j=1
Gr = (=g + 0y +
hi ((Cr _ ’U;/ /)y;// + w”y{’il + h2 Zx// k

g;// _ (1 ///)y;// ”’y{ll + h Z {E/Nk
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