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Abstract. In this paper we describe new B-spline Gaussian collocation software for
solving two-dimensional parabolic partial differential equations (PDEs) defined over
a rectangular region. The numerical solution is represented as a bi-variate piecewise
polynomial (using a tensor product B-spline basis) with time-dependent unknown co-
efficients. These coefficients are determined by imposing collocation conditions: the
numerical solution is required to satisfy the PDE and boundary conditions at images
of the Gauss points mapped onto certain subregions of the spatial domain. This leads
to a large system of time-dependent differential algebraic equations (DAEs) which is
solved using the DAE solver, DASPK. We provide numerical results in which we use
the new software, called BACOL2D, to solve three test problems.
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1 Introduction

In this paper, we discuss a numerical algorithm that uses high order methods in time and
space to solve a system of n parabolic partial differential equations (PDEs) in two space
dimensions. We assume a problem class having the form

ur(x,y,t) = f (09,80 (x,y,), 1 (,y,8) 1y (0,9, 1) e (XY, 8) 1y (X,9,8) 10y (x,,8)), - (1.1)

for (x,y,t)€ QX (to,tout), where Q={(x,y)|a <x<b, c<y<d} and u(x,y,t) is a vector
function with n components. The boundary conditions at x=a and x=>b are

Sa(y tu(a,y,t),ux(a,y,t),uy(ayt) =0, gy tu(byt)u(byt)u,(byt))=0,
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for te (to,tout|, while the boundary conditions at y=c and y=d are
Se(x tu(x,ct)ux(x,ct)uy(x,ct) =0, gu(x,tu(xdt)uc(x,dt)u,(xdt))=0,
for t € (to,tout]. The initial conditions at t =ty are given by
u(x,y,to) =uo(x,y), (x,y)€QUI.

In the above, f, g4, $b, §c, 4 and ug are given vector function with n components.

The numerical approach we employ uses two-dimensional (2D) B-spline Gaussian
collocation to simultaneously discretize the x and y directions. The approximate solu-
tion is represented as a bi-variate piecewise polynomial (of degree p in x and degree g
in ¥ where 3 < p,q <11) implemented in terms of a tensor product B-spline basis [3],
with time-dependent unknown coefficients. We require the approximate solution to sat-
isfy the PDE and boundary conditions at images of the Gauss points mapped onto certain
subregions of the spatial domain, and this leads to a system of differential algebraic equa-
tions (DAESs). Since this DAE system is usually somewhat large, we use the DAE solver,
DASPK [5], which is designed to efficiently solve large scale DAEs. DASPK uses a family
of Backward Differentiation Formulas (BDFs) of orders 1 to 5 for the time integration.
Our implementation of this approach is called BACOL2D. The BACOL2D software is a
generalization of the software package, BACOL [30-32], designed for the numerical so-
lution of systems of one-dimensional (1D) parabolic PDEs.

In Section 2, we provide a brief review of the related literature, focusing on work that
features the use of collocation methods for 2D PDEs. We also review, in detail, the BA-
COL package since the 1D B-spline Gaussian collocation algorithm it employs is the basis
for the 2D B-spline Gaussian collocation algorithm we consider in this paper. Section 3
discusses the BACOL2D implementation; this involves a description of the 2D B-spline
Gaussian collocation algorithm, a discussion of the use of the DASPK package to solve
the large DAE system arising from the collocation spatial discretization, and a descrip-
tion of a fast block LU algorithm for the treatment of certain structured matrices that
arise during the computation. In Section 4 we present numerical results obtained by us-
ing BACOL2D to solve several test problems; these results allow us to experimentally
demonstrate the order of convergence of the 2D collocation solutions. Section 5 provides
our summary and identifies some areas for future work.

2 Background

2.1 Collocation methods for 2D PDEs

There is of course a very large body of literature on the numerical solution of PDEs—see,
e.g., the recently published research texts [11,18-20,22] and references within. Here we
focus on literature that considers collocation methods for 2D PDEs.
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One of the papers most relevant to our work is [25] in which the authors considered
the use of Hermite cubic spline collocation combined with a tensor product spatial basis
to solve 2D elliptic PDEs. Another important paper in this area is [28] in which the au-
thor discussed the use of tensor product B-spline collocation for (non-time-dependent)
2D elasticity problems. The Ph.D. thesis [33] described the use of a parallel B-spline col-
location method for 2D linear parabolic, separable PDEs. The paper [34] described the
use of a 2D B-spline finite element method for the numerical solution of 2D PDEs.

The collocation methods mentioned above usually represent the numerical solution
in terms of a spline basis and apply collocation at the Gaussian points on each element
of the spatial domain; such methods are known as orthogonal spline collocation meth-
ods. A different class of collocation methods for 2D PDEs are the optimal spline collo-
cation methods; these include the Quadratic Spline Collocation (QSC) and Cubic Spline
Collocation (CSC) methods. These methods were used to solve 2D elliptic problems on
rectangular domains in the papers [8,12]. The advantage of these methods is that since
they use only one collocation point per subinterval, the linear systems that arise are the
smallest among all types of piecewise polynomial collocation methods for this problem
class. Other related work has involved the development of special collocation software
(GENCOL [13], HERMCOL/INTCOL [14]) for elliptic problems on rectangular domains.

For a 2D PDE whose solution exhibits rapid spatial variation, a useful approach for
determining an adaptive spatial mesh is the moving mesh method (MMM). A MMM
typically controls the mesh movement using a moving mesh PDE (MMPDE) [18]. The
papers [6,15-17] discussed the MMM for 2D problems. Other work in this area is the
Ph.D. thesis [23] in which the CSC method is used together with the MMM approach.

2.2 Overview of BACOL
BACOL is designed to handle a system of n 1D PDEs of the form

ue(x,£) = f(x, tu(x,t),uy(x, 1), uxe(x,1)), (2.1)

for x€(a,b), t€ (to,tout), where u(x,t) is a vector function with n components. The initial
conditions and separated boundary conditions are given by

u(x,to)=up(x), br(tu(at)uy(at))=0, br(t,u(b,t),ux(bt))=0,

where x €[a,b], t€ (tp,tout). The functions f, up, by and by are given vector functions with
n components.

In BACOL, it is assumed that [a,b] is partitioned by a spatial mesh, a = xp < x1 <
-+ <xny = b. The approximate solution is expressed in terms of piecewise polynomials,
of a given degree p (3<p<11), associated with this mesh, with C! —continuity imposed
at the internal mesh points. The dimension of this piecewise polynomial subspace is
NC=N(p—1)+2. To represent these piecewise polynomials, BACOL employs a B-spline
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basis which is implemented using a collection of Fortran subroutines called the B-spline
package [3]. The approximate vector solution, U(x,t), is expressed in the form

NC
U(xt) =Y w;(t)B;(x), 22)
j=1

where w(t) is the vector of time-dependent B-spline coefficients multiplying the j-th B-
spline basis function, B;(x). An important property of the B-spline basis is that on any

subinterval [x;_1,x;),i=1,---,N, at most p+1 basis functions, {Bm(x)}:fzi_(ilf)ir)z(pfl)ﬂ, are

non-zero. This implies that, for x € [x;_1,x;), the collocation solution can be expressed in

the form
i(p—1)+2

U(x,t)= ) Wy (1) By (x). (2.3)

m=(i—1)(p—1)+1

Let h; =x;—x;_1 and let {p]'}]’:ll be the images of the Gaussian points on [0,1] with
0<pg<p1<---<pp-1<1. Let the collocation points in the x direction be

G1=x0=a, ¢{=xi1t+hip;, EInc=xn=Db,

where | =14 (i—1)-(p—1)+j, fori=1,---,N, j=1,---,p—1. The spatial discretization
scheme employed by BACOL requires the approximate solution to satisfy the PDEs at the
collocation point sequence, {&}'S ™! (&1, Enc correspond to requiring U(x,t) to satisfy
the boundary conditions-see below). Substituting the approximate solution (2.3) and its
derivatives, evaluated at ¢;, |=1+(i—1)-(p—1)+j, i=1,---N, j=1,---,p—1, into (2.1)
gives the collocation conditions

i(p—1)+2 ,
Wy, (£) B (G1)
m=(i—1)(p—1)+1
i(p—1)+2 i(p—1)+2 / i(p—1)+2 .,
=f (Cl/t/ Z Wi (t)Bm (81), Z W (t) B, (S1) Z wm(f)Bm(érl))' (2.4)
m=(i—1)(p—1)+1 m=(i—1)(p—1)+1 m=(i—1)(p—1)+1

An important feature of the BACOL code is that the boundary conditions are treated in
their original form. Substituting the approximate solution (2.3) and its first derivative
into the boundary conditions gives the algebraic equations

p+1 p+1 ,

0=b1 (1, L w0n )8 (a), L wn(DB(@) ), (2.5)
m=1 m=1
N(p-1)+2 N(p-1)+2 ,

o=tn(l, X walBa®) Y wa(0B,0) (2.5b)
m=(N—-1)(p—1)+1 m=(N—-1)(p—1)+1

Considering the boundary conditions and collocation conditions together (in the order
(2.5a), (2.4), (2.5b)), gives a DAE system of the form

AW, (1) =E(t,W(t)). (2.6)
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The vector W(t) is

WNC (t)
and the right hand side vector F(t, W (t)) is

’ -

[ b (£, 20w (t)B < ), z:jfﬁwm t)B,,(a))

oyt 1)+2 B, p 1)+2 HE. (2,
E(t,w(t))z f(gl Zm (i-1)(p— 1)+}(p 1()22 (gl) (i— 1)(p 1)+1 () (Cl) /
Lo (1) (p— 1)+1 () ()

!

(TN B LSRR, L an()B,0))

where ¢; €[x;_1,%;). The top and bottom blocks of rows of A, correspond to the boundary
conditions and are zero. The other block rows of A, are associated with the left hand side
of (2.4) and involve the evaluation of the B-spline basis functions at the collocation points.
This matrix Ay, shown in Fig. 1, has a structure known as almost block diagonal (ABD)-
see, e.g., [10]. The ith subblock, S;, appearing in Fig. 1, is an n(p—1) xn(p+1) matrix
given by

Br(Gks1)ln  Bry1(8xe1)ln  Bryp(Gry1)In
S— Bk(‘axk:+2)ln Bt (C:k+2)1n Bk+p(§k+2)ln ) @2.7)
Br(Ckrp-1)In  Bry1(Crrp—1)In + Brrp(Crrp—1)In

where k=14 (i—1)(p—1) and I, is the n xn identity matrix. The block rows of S; cor-
respond to the p—1 collocation points contained in [x;_1,%;). The block columns of S;
correspond to the p+1 B-spline basis functions that can be non-zero when evaluated at
points contained in [x;_1,x;), as mentioned above.

BACOL employs a modification of DASSL [4], which uses a family of BDFs (of or-
ders 1 to 5) for the time integration of the DAE system. An estimate of the local temporal
error for each time step is controlled by DASSL so that it is less than a given user tol-
erance. Since the matrices that arise during the computation of the solution of the DAE
systems have an ABD structure, DASSL was modified to use the software package, COL-
ROW [10], which is appropriate for the efficient treatment of such matrices. Once the
B-spline coefficients are obtained from the solution of the DAE system, the collocation
solution is then computable from (2.2).

In addition to computing U(x,t), BACOL also computes a high order estimate of the
spatial error associated with U (x,t). BACOL obtains this high order spatial error estimate
by comparing U(x,t) with U(x,t), a second global collocation solution it also computes,
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o n(P.H )‘

8

nie-1) {

| S
nie-1) S;

Figure 1: The structure of the matrix Ay that appears in (2.6). The zeros appearing in the top and bottom
rows represent 1 X 1 blocks of zeros, where 7 is the number of PDEs. Each block, S; (2.7), is an n(p—1) by
n(p+1) matrix, where p is the degree of the piecewise polynomials representing the collocation solution. The
overlap between the S; blocks is 2n. N is the number of subintervals of the spatial mesh.

using degree p+1 piecewise polynomials on the same spatial mesh that was used to
obtain U(x,t). If the estimated error does not satisfy the user provided tolerance, BA-
COL will generate a new spatial mesh by approximately equidistributing the estimated
spatial error over each subinterval of the new mesh. The total number of mesh points
may also be changed during this mesh adaptation process in order to improve the accu-
racy/efficiency of the next collocation solution computed on the new mesh.

3 The BACOL2D implementation

In this section we discuss the main algorithms employed by BACOL2D. First we describe
the tensor product B-spline Gaussian collocation algorithm used to simultaneously dis-
cretize the x and y directions of (1.1). This collocation process yields a large system of
DAE:s for the B-spline coefficients. Next we describe how DASPK is used to solve this
DAE system. Then we describe a fast block LU algorithm for the treatment of certain
structured matrix systems that arise during the computation.

3.1 2D B-spline Gaussian collocation

We consider the case of a single PDE (n=1); however, the algorithm easily generalizes to
arbitrary n. We assume a rectangular grid based on a mesh of N+1 points in [4,b] and
a mesh of M+1 points in [¢,d] such thata=xp<x; <---<xy=bandc=yy<y; <--- <
yy = d. In the x direction, we employ C!-continuous piecewise polynomials of degree
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p (3<p<11), ie., we have a polynomial of degree p on the ith subinterval, [x;_1,x;],
i=1,---,N, with Cl—continuity imposed at the internal mesh points. The dimension of
this piecewise polynomial subspace is NC=N(p—1)+2. Similarly, in the y direction, we
use C!-continuous piecewise polynomials of degree g (3<g<11). The dimension of this
piecewise polynomial subspace is MC =M(q—1)+2.

To represent the piecewise polynomials, we employ B-spline bases. Let {B;(x)}N9
and {D;(y) }M¢ be the B-splines bases in the x and y directions. We then write the nu-
merical solution, U(x,y,t), as a linear combination of the tensor product of the B-spline
basis functions with time-dependent coefficients, w;;(t):

NCMC

U(x,y,t) ZZw,J (y) (3.1)

i=1j=1

As in the 1D case, the B-spline basis for the x direction has the property that on the

subinterval [x;_1,x;), at most p+1 basis functions, {Br(x)}i(:p(_i);)r (2p71)+1’

Similarly, the B-spline basis for the y direction has the property that on any subinterval

are non-zero.

[yj—1,y;), at most g+1 basis functions, { D;( )}] i ]1 1+ 2q 1)+1- are non-zero. This implies
that, for x€ [x;_1,x;) and y € [y]-,1,y]-), (3.1) can be rewrltten as
i(p—1)+2 jla=1)+2
U(x,y,t)= Z Z wys(£) By (x)Ds(y). (3.2)

r=({=1)(p—1)+1 s=(j-1)(g-1)+1

Let hj=x;—x;_1, ki=y;—y;_1 and {pz}p , and {171}L7 be the images of the Gaussian
points on [0,1], with 0<py <---<p,_1<1,and 0<#; <--- <1,_1 <1. The collocation points
in the x direction are defined to be & =xp=a, {; = xi,l-i—hip]-, I=14+(i—1)-(p—1)+j,
i=1,---,N,j=1,---,p—1, {nc = xn = b, and the collocation points in the y direction are
defined to be y1=yo=c, v1=yi-1+ki;, I=1+(i—-1)-(g—1)+j,i=1,---,M, j=1,--- q—1,
YmMc=Ym=4d.

The PDE is discretized in the x and y directions by collocating at the points {{;} .

in x and the points {v;} ]Aic Lin y. This gives the following ODEs in time:

ut(éi/’)/jlt) :f(gi/')/j/t/ U(Ci/’)/jrt)l ux (gi/’)’jlt)/uy(gi/’)/jrt)/
uxx(gir'Yj/t)ruxy(gi/'Yj/t)ruyy(gir'szt))r (3.3)

where i =2,--- NC—1, and j=2,---,MC—1. The collocation conditions involving ¢i,
¢NC, Y1, YMc are associated with applying collocation to the boundary conditions. These
conditions are

0=ga(7j,t, U(81,7j,t), Ux(81,7,1), Uy(G1,7j,t)), j=1---,MC, (3.4a)
0= gb(’y],t U(Gne,vjt), Ux(Ene,vjit), Uy (Ene,7jit)), j=1---,MC, (3.4b)

=gc(Ci,t, U(Girv1,t), Ux(Giy11,t) Uy (Giv1,t)), i=1,---,NC, (3.4¢)
0=g4(i,t,U(Gi, ymct), Ux(&ivyme t), Uy(Eiyymest)), i=1,--- NC. (3.4d)

NCl
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The above collocation conditions (3.3)-(3.4d) are collected together to form a DAE

system. They are shown, in the order they appear within the DAE system, in (3.5)

0=ga(71,t,U(&1,71,t), Ux(E1,71,t), Uy(E1,71,t))

0 =8a(7MCIfIU(§1/7Mc/f)/Ux(@1,7Mcrf)rUy(@ll’YMc/f))
0=gc(&2,t,U(C2,71,t), Ux(82,71,1), Uy(82,71,t))
Ut (&2, v2,t) = f (82,72, U (G2, v2,1), Ux (G2, v2,t) Uy (2, v2,t),
Unx (G2, 72,8), Uny(82,72,1), Uyy (52, 72,t))

Ut (&2, yme—1t) = f (82, vme—1,8, U (E2, v me—1,t), Ux(82, Yme—1,1),
Uy(szchfl,t),Uxx(éz,ch,l,t),
Usy(82, vmc—1,1), Uyy(E2, Ymc-1,t))
0=g84(82,t,U(E2,vmc,t), Ux(E2, vmeit), Uy(G2, ymeit))

0=gc(Enc—1,tL U(Enc—1,71,t), Ux(Enc—1,71t), Uy(Enc—1,71,t))
Ut (Enc-1,72t) = f(Enc—1, 72 U(ENnc—1,72), Ux(ENnc—1,72,1), Uy (Enc-1,72:1),
Unx(ENnc—1,72) Uxy(Enc—1,72,1), Uyy(Enc-1,72,t))

Uy(Enc—1,Ymc—18), Uxx(Enc—1,Ymc—1,1),
Uy (Enc-1,YMmc-14),Uyy(Enc—1,Ymc-1,1))
0=g4(Enc—1,t,U(ENnc—1,YMmcrt), Ux(Enc—1,Ymert), Uy(ENc—1,Yme t))

0=gp(71,t,U(Cnc,71,t), Ux(Ene,v1,t), Uy (Ene,110t))

L 0=gp(rmc,t, U(Enc, Ymet), Us(Ene, yme t), Uy(Enc, Ymet))

Ur(Enc—1,vme—1,1) =f (Enc—1, Ymc—1, L U(Enc—1,Ymc—1,1), Ux(ENnc—1,YMmc—1,1),

(3.5

The DAE system begins with MC algebraic equations (3.4a) involving collocation of the
boundary condition g, followed by NC—2 groups of equations. The /th group consists of
collocation conditions involving ¢; and includes MC equations: one algebraic equation
from the set of Egs. (3.4c) involving collocation of the boundary condition g, at x =,
MC—2 ODEs (3.3) associated with collocation of the PDE at x = ¢;, and one algebraic
equation from the set of Egs. (3.4d) involving collocation of the boundary condition g,
at x = ;. The last set of MC equations appearing in the DAE system are the algebraic

equations (3.4b) involving collocation of the boundary condition gy.

By substituting (3.2) into (3.5), we can rewrite the DAE system in the terms of the

unknowns w;;(t). The DAE system (3.5), in matrix form, becomes

AW, (1) =F(t,W(¢)).

(3.6)
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In (3.6), W(t) and E(t,WW(t)) are each of size NC-MC and have the form,

(1) wi(t) E(LW (1)
win=| P01 whee wi=| | Bewey=| |,
wye(t) wipc(t) Fne(t,W(t))

where each F;(t,W(t)),1=1,---,NC, has MC components. The vector F; (t, W(t)) has the

form

[ ga(m fZ“lZTllwrs( )Br(C1)Ds(71),
zrzlz"*l rs(t)B,(§1)Ds(m),

Y Y ws (8B (E1)Dy(m1))

r=1

ga(wzf s (B (&) Ds (1),

Y Z] q]l;rzq 1)+1wr5<t)B/r<§1)DS<7l)' ,

NS VAR 1)+lwrs<t>By<¢1>D;<m>>

go(Tmert zf*fz iy ”)fq 1 ()B (&) Ds(vvc),

Zf+1lz -y +2q 1)+1wr5 ) (Cl) s ,YMC)/

ZerllZ q 1+2 wrs(t)Br(31) D ('YMC))

)(g—1)+1

MC—1and 1, € [yj_1,y;) for some j. The vector Fxc(t,W(t)) has the form

where[=2,---,

[ 2 (b e T (8B (Ene) Ds(m),

p
(
y! (%o 1)% l)+12‘7+lwrs() B,(¢nc)Ds(m),
Sl U 12q+1wrs £)Br(Enc)Ds(m))

g (mt Iy ”f Hz”ffi, 1) +1@rs(8)Br (Enc) Ds(m1),

N(p—1)+ /
Z (FN )1 Y(p—-1 +1Z]q )) )(g— 1)+1w7‘5( )Br(gNC)Ds(7l)/ ’
—-1)+2

Z,(f 1)+2p 1 +1Z]q; 1)(g— 1)+1wr5(t)Br(§Nc)D;(7,))

g('YMC/tZ p 1+2 +1Z = 1+2q 1)+1wrs<t)Br<§NC)Ds('YMC)/
e ”?5 HZM s 2 1)1 0rs(B)Br(Enc) D (yc),
ST s )“,, Ha@rs(DBr (@)D Tme)) ]
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where [ =2,---,MC—1 and 1; € [y;_1,y;) for some j. For k=2,---,NC—1, and assuming
& € [xi,xi11), we have

(Ckrt Z p( U)(p 1 +1ZZ+1 wrs(t) By (8k) Ds(71),
Zr(f( 1)-;—(27) 1 +12q+1 wTS( )B;<Ck)DS(’Yl)/

DAL A Bk wilt )B-(&)Di(11))

FEmtn? Hz”’ ”i, 1%rs(8)Br (&) Ds (1),
2(p(11)1-;_(2p +1Z](q] 1)(q 1)+1wr5(t)B;<§k)DS(’Yl),
1)+2 /
Z(—p( )+(p 1+1Z]q ( 1)41@rs(£)Br(Zk) Ds(m1),
Ek(t/w(t)): (p 1)+2 ]q +2 " 7
Zr (i-1)(p—1) —i—lZ ( 1)+1 wr5<t)Br(Ck)Ds<')’l)/
S mzf 0 (DBLE)DL (),
DTN SALl ”i, 11 ®rs(D)B(E) DY (1))

(Ck/ 7 p 1)<;(2 _HZ q 1+2‘/] 1)+1wr5(t)Br(Ck)Ds(7MC)/
)

where [=2,---,MC—1,and v, € [yj,yjH) for some j. The matrix A appearing in (3.6) has
the form
A=A®A,, (3.7)

where ® is the Kronecker product, A, is a matrix, associated with B-spline collocation in
the x direction, similar to that given in Fig. 1, but with the following differences. Since we
are assuming n=1, the top and bottom rows of zeros of A, are simply rows of zeros rather
than block rows of zeros, and each matrix, S;, isa (p—1) x (p+1) matrix (thus in (2.7), I,
is replaced by 1). The matrix A, appearing in (3.7) is the corresponding matrix associated
with B-spline collocation in the y direction-see Fig. 2. In Fig. 2, the ith subblock, R;,
i=1,---,M,isa (q—1) x (g+1) matrix given by

Di(vk+1)  Dry1(k11) =+ Drrg(7r41)
Ro— Dk(').’k+2) Dk+1("7k+2) : Dk+q(.7k+2) ’ 38)
De(Vkg-1) Dis1(Vkig-1) =+ Dirg(Vkrg-1)

where k=1+(i—1)(q—1). The rows of R; correspond to the 4—1 collocation points con-
tained in [y;_1,y;) and the columns of R; correspond to the +1 B-spline basis functions
that can be non-zero when evaluated at collocation points contained in [y;_1,¥;).



538 Z.Liand P. Muir / Adv. Appl. Math. Mech., 5 (2013), pp. 528-547
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Figure 2: The structure of the matrix Ay associated with B-spine collocation in the y direction. Here we assume
the case n=1 (where n is the number of PDEs). The matrix has a row of zeros along the top and the bottom.
Each block, R; (3.8), is of size (9—1)x (q+1), where g is the degree of the piecewise polynomials used in the
y direction. The overlap between the R; blocks is 2. M is the number of subintervals in the y direction.

0 e 0
. .
MC . .
. .
0 MC |_Pw | ) 0
MC(P-1) [ D ’
L
MC(E-]) D
. e .
. . .
D,
0 o & ® 0
. .
MC | * .
. .
0 0

Figure 3: The structure of the matrix A appearing in (3.6). Each submatrix, D; (3.9), is a block matrix having
(p—1) block rows and (p+1) block columns where each internal block of D; is a matrix of size MC x MC.
Thus D; is a matrix of size MC(p—1) x MC(p+1). The overlap between the D; blocks is 2MC, p is the degree
of the piecewise polynomials used in the x direction, N is the number of subintervals in the x direction, MC is
the dimension of the piecewise polynomial subspace in the y direction.
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The structure of the matrix A, appearing in (3.6), is shown in Fig. 3. Each matrix, D;,
is a block matrix having (p—1) block rows and (p+1) block columns where each internal
block of D; is a matrix of size MC x MC. The matrix D; has the form

Bi(Ckr1)Ay  Brs1(Cks1)Ay -+ Brpp(Crs1)Ay
D — Bk(‘ngZ)Ay Bk+1<§:k+2)Ay Bk+p(€:k+2)Ay ’ (39)
Bi(Cxsp-1)Ay Brr1(Ckap-1)Ay -+ Biyp(Ckap-1)Ay

where k=1+(i—1)(p—1).

The DAE system (3.6) must be solved by DASPK in order to obtain the B-spline coef-
ficients, W(t). During the computation of the solution of the DAE system, it is obviously
very important to take advantage of the matrix structure present in the DAE system. We
discuss this further in Subsection 3.3

3.2 The numerical solution of the DAE system using DASPK

A major task in the development of the BACOL2D software involved interfacing the 2D
B-spline collocation algorithm that generates the large DAE system (3.6) with the DAE
solver, DASPK, that is used to solve the DAE system. DASPK was obtained from a mod-
ification of DASSL. DASPK also uses a family of BDFs of orders 1 to 5 to solve the DAE
system. This computation involves the solution of a nonlinear system; DASPK uses an
inexact Newton method [9] to treat the nonlinear system and a large linear system arises
during each Newton step. Since these linear systems are too large to be solved with a di-
rect method, an iterative method must be used; DASPK uses (a Krylov subspace method)
the scaled preconditioned incomplete GMRES method [26]. DASPK employs a banded
preconditioner matrix and tries to reuse this preconditioner for as many time steps as
possible, since the costs for building this preconditioner are high. The linear system in-
volving the preconditioner matrix is solved using an incomplete LU factorization [27]
based on routines from the SPARSKIT library-see [27] and references within.

3.3 A efficient block LU algorithm for the 2D B-spline projection matrix

From the discussion of Subsection 3.1, it is clear that the matrices that arise during the
computations have substantial structure. The efficient treatment of these matrices using
algorithms that take advantage of this structure is central to the efficiency of the BA-
COL2D software. Here we describe a block LU algorithm associated with computing
projections of the collocation solution onto the 2D B-spline basis. The M.SC. thesis [21]
provides further details on these computations.

At certain points in the BACOL2D algorithm we need to project the collocation so-
lution, evaluated at all combinations of the collocation points, U(Ci,’y]-,t), i=1,---,NC,
j=1,---,MC, onto the 2D B-spline basis. Let U(E&,v,t) be the vector representing the
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evaluation of the collocation solution at all combinations of the collocation points; the
Ith components of the vectors ¢ and -y are, respectively, ¢; and ;. The determination of
the projection of these collocation solution values onto the 2D B-spline basis can then be
expressed as computing the solution of the linear system

(My®@My)W(H) =U(E,7,t), (3.10)

where M, is the same as the matrix A, appearing in Fig. 2 except that the zeros in the
upper left hand corner and lower right hand corner are replaced by ones, and My is the
corresponding matrix for the x direction. (Note that M, and M, are ABD matrices of
dimensions NC-NC and MC-MC, respectively.)

We assume that we have factored M, = L,U, and M, = L, U, (The factorization per-
formed by COLROW also includes permutation matrices associated with alternating row
and column pivoting and is based on row and column elimination but in order to simplify
the presentation we do not include these components of the factorization here. Slight
modifications to some of the COLROW routines were required in order to implement the
following algorithm). Eq. (3.10) can be rewritten as

(LylUy) @ (LyUy) )W () =U(E,7,1), (3.11)
and, employing a property of the Kronecker product, we can rewrite (3.11) in the form
(Lx®Ly) (Ux®U,))W(H) = U(E,1). (3.12)

The linear system (3.12) can be solved using the following four step fast block LU algo-
rithm:

1. Solve (Ly®Ipc)V(t)=U(E,7,t) for V(t)

(where Ijc is the identity matrix of dimension MC x MC).
2. Then solve (Inc®Ly,)V(t)=V(t) for V(t)

(where Inc is the identity matrix of dimension NC x NC).
3. Then solve (U, ® Ipc)W(t) =V (t) for W(t).
4. Then solve (Inc®@ Uy, )W (t) =W(t) for W(t).

Steps 1 and 2 solve the system (L,®L,)V(t) =U(G,7,t) for V(t). Steps 3 and 4 solve the
system (U, ®U,)W(t) =V (t) for W(t). This algorithm implies that instead of factoring
and solving a large (MC-NC) x (MC-NC) linear system (3.10), we only need to factor
one matrix of size NC x NC and one matrix of size MC x MC and then solve a sequence
of MC x MC and NC x NC triangular linear systems.

For the case where N =M and p =g (which implies NC = MC), it can be shown that
the direct treatment of (3.10) has a cost that is O(N*p®). The fast block LU algorithm first
requires the factorization of the two ABD matrices, My and M,;, and these factorizations
have costs that are O(Np?). For each step of the fast block LU algorithm it can be shown
that the cost is O(N?p3). Therefore the overall cost for the fast block LU algorithm is
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O(N?p®). Thus, even for modestly sized values of N or p, this algorithm can provide
substantial efficiency improvements over the standard approach.

Similar algorithms have been discussed in a number of previous papers—see, e.g., [24,
25].

4 Numerical experiments

In this section, we will consider three 2D parabolic PDE test problems. We use GNU For-
tran77 (GCC) 4.4.3 under ubuntu (Kernel Linux 2.6.32-40-server) running on an 7 Intel(R)
Xeon(R) CPUs(E5420 @ 2.50GHz) system for which the accessible memory is 2GB.

The following notation will be used in representing the numerical results:

e KCOL: the number of collocation points per subinterval, KCOL=p—-1=g—-1;

o NINT: the number of subintervals, NINT=N = M;

e ATOL: the absolute tolerance (used by DASPK);

e RTOL: the relative tolerance (used by DASPK);

e TOL: the tolerance for the nonlinear solver in DASPK;

o t,y: the output time;

e GE: the true error at a set of sample points equally distributed over the problem

domain at time f,,;.

In order to obtain the convergence results, we employed a number of different choices for
TOL, ATOL, and RTOL. These were chosen by experimentally so that the temporal error
was smaller than the observed spatial error for each collocation solution we computed.

4.1 Numerical solution of three test problems

Problem 4.1. The 2D Burgers’ equation [29],

au azu_l’_eaz_u_ua_u_ua_u
dx oy

The problem domain is (x,y) € (0,1) x (0,1), t > 0; the boundary and initial conditions are
chosen so that the true solution is

xy—t, —1

u(x,y,t)=(14+e 2 )

We set €=0.01 and t,,;=1. The numerical solution is plotted in Fig. 4 for the case KCOL=
3, NINT = 64, RTOL = ATOL = 107, TOL = 10~7.
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Figure 4. Approximate solution for Problem 4.1, e =0.01.

Problem 4.2. (see [33])

8_u_(L +Lo)u+f(x,yt), L _(x2+1)8_2+x Ly=( 2—1—1)8—2—1— i—i—
ot — b1 2 Yt), 1— o2 ’ 2=y ayz yay Y,

on the spatial domain, (0,1) x (0,1), with the boundary and initial conditions (at t =0)
and f(x,y,t) chosen so that the true solution is

u=(e"'+1)sin(7rx)sin(7my).

We choose t,,:=1. The numerical solution is plotted in Fig. 5 for the case KCOL=3, NINT
=16, RTOL = ATOL =2x 10713, TOL = 10~ 14,

,
SO TR
LT RN
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7 0 PR N
g ot 2t e N e
'"!{{’g'i’:%f&t-""““\
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Figure 5: Approximate solution for Problem 4.2.
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Problem 4.3. (see [33])
a_u — az_u + az_u _|_f(x t)
ot ox2 a2 SV

on the spatial domain (0,1) x (0,1). The function f(x,y,t) and the boundary and initial
conditions (at t =0) are chosen so that the true solution is

u(x,y,t)= (e 1) (x™ +y™ +xy™ 1 41).

We set m=6 and t,,;=1. The numerical solution is plotted in Fig. 6 for the case KCOL=5,
NINT = 20, RTOL = ATOL =5x 1013, TOL =5 x 10~ 4.

Figure 6: Approximate solution for Problem 4.3, m=6.

4.2 Order of convergence of the 2D collocation solution

Since each of the three test problems has a known solution, it is possible to estimate
the maximum GE of a given numerical solution. In this subsection, we compute an esti-
mate of the maximum GE for the collocation solutions computed by BACOL2D. By fixing
KCOL and considering a sequence of meshes obtained by doubling the NINT value we
can compare the observed GE. By considering the ratio of the GE of the collocation so-
lutions obtained using this sequence of meshes, we can experimentally determine the
spatial order of convergence of the collocation solution.

The convergence results for the corresponding 1D case are known from the literature—
see, e.g., [7]. The rate of convergence is KCOL+-2, i.e., the spatial error is (’)(hKCOHZ)
where h is the maximum spatial mesh spacing. Since we are using a tensor product
framework, we anticipate that the corresponding result will hold for the 2D case.

In Tables 1-3, we present the observed GE, GE ratios, and corresponding approximate
convergence rates for Problems 4.1-4.3, for several KCOL and NINT values.
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Table 1: Observed GE, GE ratios, and corresponding approximate convergence rates for Problem 4.1.

KCOL | NINT GE ratio | rate
3 8 9.95x10 2 - -
3 16 | 3.69%x10°3 | 2696 | 4.75
3 32 [ 1.16x107*| 31.81 | 4.99
3 64 | 4.22x10°° | 2749 | 4.78
4 16 | 5.56x10°% - -
4 32 [1.05x107° | 5295 | 573
4 64 | 1.90x1077 | 55.33 | 5.79
5 10 | 2.40x1073 - -
5 20 | 2.06x1075 | 116.50 | 6.86
5 40 1.61x10°° | 130.38 | 7.03

Table 2: Observed GE, GE ratios, and corresponding approximate convergence rates for Problem 4.2.

KCOL | NINT GE ratio | rate
4 150%x10° - -
8 451x10~7 | 33.22 | 5.05
16 1.36x10~% | 33.23 | 5.05
32 | 414x107 19| 32.78 | 5.03
4 523%x10~7 - -

8 858%x107 | 60.88 | 5.93
16 | 1.36x10° 19| 63.26 | 5.98
32 |[213x107 12| 63.63 | 5.99
10 | 3.06x10~ 11 - -

20 1.97x10713 | 155.33 | 7.28

Q| TGl [ | B[] W W W W

Table 3: Observed GE, GE ratios, and corresponding approximate convergence rates for Problem 4.3.

KCOL | NINT GE ratio | rate
3 32 1.99 x10~? - -
3 64 | 6.38x10° 11| 31.19 | 4.96
4 20 | 1.67x10°10 - -
4 40 |298x10°12 | 56.04 | 5.81
5 15 [ 171x10° 11 - -
5 30 | 1.33x10°13 | 12857 | 7.01

From the three tables, we observe that the expected rates of convergence (based on
the known results for the 1D case) are indeed observed in the 2D case. The GE is order
KCOL+-2;1i.e., the rate of convergence is O(hKCOHZ) where KCOL is the (equal) number
of collection points per subinterval in the x and y directions and / is the (uniform and
equal) mesh subinterval size in the x and y directions.
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5 Summary and future work

In this paper, we have described an extension of the 1D B-spline Gaussian collocation
algorithm employed within the 1D PDE solver BACOL to a 2D B-spline Gaussian collo-
cation algorithm for use in the 2D PDE solver, BACOL2D. The 2D collocation algorithm
employs a tensor product B-spline basis, based on the corresponding 1D B-spline bases
in x and y. The application of this collocation algorithm leads to a large DAE system. A
major component of our work involved applying the DAE solver DASPK so that it could
efficiently solve this large DAE system. It was necessary to take advantage of the struc-
ture present in the DAE system, arising from the use of a tensor product basis, in order to
obtain an efficient implementation. Numerical results were provided to demonstrate the
use of BACOL2D on three test problems. We also provided experimental convergence
results that showed that the 2D collocation solution had the same convergence rate as is
observed in the 1D case.

There are two important extensions of BACOL2D that are required. The first is that
an efficient error estimate for the 2D collocation solution must be developed. Because of
the use of the tensor product basis, it appears likely that the efficient interpolation based
spatial error estimation schemes recently developed for BACOL in the 1D case [1,2] can
be extended to the 2D case. The second important extension of BACOL2D will involve
the introduction of an adaptive mesh refinement algorithm applied after each successful
time step, so that the spatial error estimate is less than the user tolerance. We plan to
investigate an approach employed in the area of MMM methods; spatial adaptivity is
based on a transformation (via a MMPDE) between the physical domain on which the
PDE is defined and a computational domain where the collocation and time integration
computations are performed [18].
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