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R. HOPPE: YU.ILIASH!' YU.KUZNETSOV!! YU. VASSILEVSKI!
and B. WOHLMUTH*!

Abstract — We consider the development, analysis, and parallel implementation of domain decomposition tech-
niques on nonmatching grids, also known as the mortar element approach, for the numerical solution of elliptic
boundary value problems. The methods are based on a macro-hybrid variational formulation with respect to a non-
overlapping decomposition of the computational domain. They feature multilevel block preconditioned Lanczos
type algorithms for the efficient iterative solution and efficient and reliable hierarchical type a posteriori error
estimators for adaptive local grid refinement. Aspects of parallelization such as load balancing are also addressed
in some detail. Numerical results are given to illustrate the asymptotically optimal computational complexity and
parallel efficiency of the solvers as well as the effectivity of the a posteriori error estimators.

Keywords: domain decomposition, mortar element method, a posteriori error estimators, asymptotically optimal
computational complexity, load balancing.

1. INTRODUCTION

The current research activities in the numerical solution of partial differential equations are
largely determined by three important issues:

e adaptive local grid refinement/coarsening by the efficient and reliable a posteriori error
estimators to keep the number of unknowns as low as possible according to a prespecified
tolerance,

e development of efficient iterative solvers by domain decomposition techniques and/or
multilevel methods to achieve optimal or suboptimal complexity in terms of the number
of arithmetic operations,

e parallelization of the algorithms and their implementation on multiprocessor machines,
taking into account the appropriate load balancing and keeping communication costs at
a low level.

Among the most powerful iterative solvers meeting the above requirements, domain decom-
position methods have aroused considerable interest in the past decade. Originating from
Schwarz’ early work [39] more than a century ago, which is related to the study of harmonic
functions in complex-shaped domains, these techniques have experienced an extensive growth
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since the late seventies of this century in the need for appropriate parallel computing platforms.
Actually, the scope of methodology ranges from the theory of partial differential and integral
equations, numerical mathematics, and parallel computation to the mathematical modeling and
numerical simulation of complex technological processes (cf., e.g. [1-4, 11-14, 16, 17, 20—
22, 24, 28, 29-32, 38, 40, 42-45]). A new powerful approach in this class of methods has
recently been provided, which has become known as domain decomposition on nonmatching
grids (cf. [1-4, 11-13, 16, 21, 22, 28-30, 38, 42—45]). This approach stems from the macro-
hybrid formulations of differential problems with Lagrange multipliers at the interfaces of the
subdomains. The finite element discretization of the macro-hybrid formulation results in large
scale algebraic systems in saddle point form with special block-structured matrices. Efficient
iterative methods for the solution of these algebraic systems based on multilevel substructuring
with a special coarse grid have recently been developed (cf., e.g. [3, 29]). These techniques are
highly amenable to parallelization so that the algorithms have been designed for implementa-
tion on parallel machines. On the other hand, as far as self-adaptive discretization techniques
are concerned, substantial progress has been made in the past twenty years. Emphasis on a pos-
teriori error estimators such that do provide both local and global information on the error of
the numerical solution and can be cheaply computed by the available numerical approximation
and the data of the problem (cf., e.g. [5-10, 19, 23, 26, 27, 34, 41]). The most common error
estimators are residual based estimators arising from an appropriate evaluation of the residual
of the computed approximation, hierarchical estimators that can be derived by approximating
the error equation, using higher order finite element spaces combined with suitable localization
by hierarchical splittings of these higher order spaces, estimators based on the solution of lo-
cal low-dimensional subproblems, and estimators obtained by local extrapolation or averaging
methods. Although a posteriori error estimation is the familiar tool in the finite element ap-
proximation of partial differential equations, little has been done in the framework of domain
decomposition methods.

In this paper, we deal with the development, analysis, and parallel implementation of adap-
tive mortar finite element approximations of linear elliptic boundary value problems in the form

—div(pVu) +eu = f inQ
u = 0 only (1.1)
n-pVu = g only

under the usual assumptions on the data p, ¢, and f, g, where Q C R, d = 2ord = 3,isa
bounded polygonal resp. polyhedral domain and n stands for the outward unit normal vector
on I['y. Here Iy is a closed subset of d€) with nonzero measure, and I'; = d2 \ T'y. Then, (1.1)
has a unique weak solution.

The paper is organized as follows. In Section 2 we give a very brief outline of the mortar
finite element method with Lagrange multipliers. In Section 3 we present the efficient and
reliable hierarchical type of a posteriori error estimator that is specially designed for the mortar
approach. In Section 4 we give block-structured multilevel preconditioners for the saddle point
problem arising from the discretization and discuss parallel implementation aspects. Finally
in Section 5 we present the results of numerical computations with emphasis on asymptotic
optimality and parallel efficiency.

2. MORTAR ELEMENT METHOD WITH LAGRANGE MULTIPLIERS

For the numerical solution of the given elliptic boundary value problem (1.1) we consider the
macro-hybrid P1 finite element method with respect to a decomposition of the computational
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domain 2 C R into m nonoverlapping polygonal resp. polyhedral subdomains Q; , 1 < i <
m,ie. Q=U"Q, %NQ; =0,1<i+#j<m. Weassume this decomposition to be
geometrically conforming, i.e. if I';; = ;N # 0, i # j, then [';; is either a common vertex
or a common edge resp. a common face of €2; and €2;. We refer to

S = U{Ty: [Ty [#£0,1<i#j<m} 2.1)

as the skeleton of decomposition. We further decompose the skeleton

K
S = Uwnu= U & (2.2)
k=1

k=1

into the so-called mortars 7, and non-mortars ., 1 < k < K, where each mortar is the entire
open edge resp. face of two adjacent subdomains €2;(xy and Qyr(y,y , 1 < M (k) # M(k) < m,
i.e. Yk = ' py(),a1(k)- The non-mortars oy, denote the corresponding opposite side of the mortars
k. Choosing H'/%(8) as the trace space of H'(€2y;(;)) on &, we introduce

m K
Vo= T[H' (%), A= T H Y26 .
i=1 k=1
Then, the macro-hybrid primal variational formulation of (1.1) reads:
Find (u, A) € V' x A such that

a(u,v) + b(Av) = l(v), veV

Here the bilinear forms a(-,-) : V. xV — R, b(-,-) : A x V — R and the functional
I(-) : V — R are given by

m

a(v,w) == Y a;i(v,w) , a(v,w) = / [pVv-Vw + cow]de

i=1 7€y

b(p,v) = Zjbk(u,v) » bk, v) = (s [v] )6,

l(v) := i'/mfvdx

where [v], 5, = v]a,,, = Vlau,, and (-, -)s, refers to dual pairing between H~'/*(d;) and
HY2(5;).

We assume that (7;(” )ieN, are regular locally quasiuniform nested sequences of simplicial
triangulations of 2; , 1 < ¢ < m. Furthermore, we refer to N := U;’;lj\/'i(l) and & := U;QIE(Z)

as the sets of vertices and edges of 7, = U?;ﬂ;(l), respectively. The diameter of a simplex
7 € 7T; and the length of an edge ¢ € & are denoted by A, and h,, respectively. The regularity

of the sequence implies
ch, < h, < Ch, , ECGT,TE'E(I), 1<i1<m

with constants 0 < ¢ < C independent of [. We note that any adaptively generated nested
sequence (ﬂ(l))leNo , 1 < i < m, following the refinement rules of [7] or [8], satisfies the
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properties of regularity and local quasiuniformity. The macro-hybrid approach allows us to
choose the simplicial triangulations 7;(1) of the subdomains €2; independently of one another so
that typically nonconforming nodal points arise at the common interface between the adjacent
subdomains (see Fig. 1).

The left pattern in Fig. 1 is typical of boundary value problems with discontinuous coeffi-
cients, whereas the right pattern occurs naturally in time dependent problems and on sliding
meshes.

Figure 1. Nonmatching triangulations 7;(” and 7}(1).

We denote by Vn(ﬁ(l)) the space of P, conforming finite elements on (2; associated with
the triangulation 7;(” and satisfying homogeneous boundary conditions on [y N 0€2;. For
discretization we use piecewise linear finite elements n = 1. We refer to W,,(J) as the trace
of Vn(TA;([l()k)) on d;, 1 < k < K. Note that the trace spaces of Vn(TA;([l()k)) and vn(m?k))
restricted by J, are not generally the same. The discrete Lagrange multiplier space A,,(dx) is
the corresponding subspace of W, (d;) of co-dimension ns, , where nys, is the number of nodal

points on 0. The Lagrange multiplier space in 2D is defined on the non-mortar side 9, by

An(0) = {0 €C() | v]e € Pule), e € EY ) NG,
vle € P,_1(e), if e has an endpoint ofék}

where the 1D triangulation on ¢y is inherited from the triangulation Tz\%lik) on ;. For the
construction of A, (Jx) in the 3D case see, e.g. [2, 12].

Setting
m K

Vi = [IVa(T") o Aw = T A

the mortar finite element approximation of (1.1) requires the computation of (u,,, A,) € V,, x A,
such that
a(tug,v,) + b\, v,) = l(v,) , v, €V,

b(fn, Uy = 0 , un €A, . (24)

In the sequel we denote by ¢, C' generic positive constants independent of the refinement
level [, and by A ~ B spectral equivalence between the matrices A and B or proportionality
between values A and B.
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3. HIERARCHICAL BASIS ERROR ESTIMATOR

In this section, we consider the efficient and reliable a posteriori error estimator that is cheaply
computable by its elementwise contributions and provides lower and upper bounds for the
discretization error. Here we use a hierarchical basis estimator based on the appropriate higher
order space and restrict ourselves to the 2D case. We note that the concept of error estimator of
this type is given in [9, 19] for conforming discretizations. It is further developed and analysed
for more general discretization schemes like mixed or nonconforming methods in [ 10, 26, 27].
We refer the reader to [41] for an overview and additional references. The starting point for
hierarchical basis error estimators is generally a saturation assumption. However it can often be
shown that the contributions are locally equivalent to those of a residual based a posteriori error
estimator up to higher order terms. Thus the saturation assumption can be removed [27, 34].

The hierarchical basis estimator can be derived in the framework of the nonconforming
formulation or the equivalent saddle point problem. An estimator for both variables (u, \)
or only for the weak solution u can be given. Here we follow the concept proposed in [19],
and the a posteriori error estimator is based on the saddle point problem. We refer the reader
to [21, 28, 44] for the hierarchical basis type error estimator obtained by solving Neumann
boundary problems on the subdomains. In this case the boundary data is given by the discrete
Lagrange multiplier and a measure for nonconformity at the interface is taken into account.

It is known that the error ||u — u,[|? + ||A — A, ||% is of order O(h?") if the weak solution
wof (1.1) and A\ := n - pVu are regular enough, and the discrete Babu ska-Brezzi condition is
satisfied [11, 13, 44]. Here, [|v||* := a (v, v) is the energy norm, and || - ||, denotes the mesh
dependent weighted L?-norm defined by

h
ol = > —llGe veLAS) 3.1
ec&NS e
eCnon—mortar side

where p, is the coefficient on the non-mortar side. The weight p, ' in the norm for the Lagrange
multiplier shows that the error in the weak solution « is measured in the energy norm. Note that
the discrete Lagrange multiplier is an approximation of the flux n - pVu rather than the normal
derivative n - Vu. In the rest of the section we assume that there exists a constant independent
of the refinement level / such that locally

nmor hl’l’lOI‘
Pumor <C (3.2)

Bamor  Pmor
where pumor and pp,, Stand for the coefficients of the non-mortar and mortar sides, respectively,
and Anmor, Pmor denote the corresponding meshsizes. This implies that during the refinement
process it is essential that the non-mortar side as compared to the mortar side is not too fine. The
numerical results show that this condition is in general automatically satisfied in the adaptive
refinement process. We refer the reader to [45] for further results.
We use the saturation assumption

lu = wall* + 1A = Aol < Bpllllu — wa[* + N = A1), 0<BE<p<l  (33)

If the solution is regular enough, it is motivated by the a priori estimates, and (3}, tends to zero
as h tends to zero. Under this assumption, (us — w1, Ay — A1) provides the upper and lower
bounds of the error (v — u1, A — Ay)

1
e = w[l* + [|A = M7 < W(H\w w1~ Alz)
) (3.4)

W(H‘UQ — U HP + ||)\2 — M ||%) < |||u _ u]|||2 + ||)\ - )\1”%



228 R. Hoppe, Yu. Iliash, Yu. Kuznetsov, Yu. Vassilevski, and B. Wohlmuth

and is the solution of the saddle point problem:

a(uz —up,v) +b(A— A,v) = r(v), vel 3.5)
b, ug — uy) = r9(v), p€ Ao .

Here, the residuals () and 7,(-) are given by ri(v) = (f,v)y — a(us,v) — b(A1,v) and
ro(p) == —b(u,ur). We recall that (u;, A;) stands for the solution of the saddle point prob-
lem (2.4), where n = 1. Then it is easy to see that r(v) = 0 for v € V; and ro(p) = 0 for
i € Aq. The solution of (3.5) provides the upper and lower bounds for the true error, however
it cannot be obtained by solving low dimensional local problems. Thus, in order to obtain a
good a posteriori error estimator we have to consider a modified saddle point problem whose
solution can be easily obtained and is equivalent to the solution of (3.5) at the same time.

In order to introduce simplified bilinear forms a(-,-) and b(-, -) we consider the two-level
hierarchical splittings which provide direct decompositions of the discrete spaces V5 x A,. For
V5 we have:

Vi=VioV, Vi=@ @ span{d,.}

=1 eegi(l)\l-‘0

where ¢, e € Ei(l) in €2; denotes the quadratic bubble function associated with the midpoint of
e. For the Lagrange multiplier space we use the same type of decomposition

AQ = Al D /A\Q, /A\Q = @ span{\lle}.

ec& NS
eCnon—mortar side

Here, W, is the one-dimensional quadratic bubble function associated with e if e has no endpoint
on the non-mortar side d;. Otherwise W, is a linear hat function associated with the endpoint

(see Fig.2).

Figure 2. Nodal basis functions of V7 (left) and Vs (right).

We consider the modified bilinear forms based on this splitting:

a(v, w)=a (v1,un) + a (vg, wy) , V= vy + Vg, W= wy + Wy, Vi, wy € Vi, vy, wy € Vi
b, w):=b (p1, wy) + b (p2, wa), = pig + pg, 1 € Ay, py € Ay

and replace (3.5) by:
Find (ue, Ae) € Vo X Ay such that

i (e, v) +b(Neyv) = 1(v), veEV, (3.6)

~

b, ue) = r9(v), p€ Ao

By definition the proposed two-level splitting is orthogonal to the bilinear forms af(-, -) and

b(-,-). Then it is easy to see that the solution (1., \.) of (3.6) is in the subspace V3 x A, and is
the solution of the saddle point problem on the hierarchical surplus space:
Find (ue, Ae) € Vo X Ay such that

a (Ue,v) +b(Ne,v) = 1r1(v), vE 1%
(te, v) + b (A, v) 1(v) £ a7
b, ue) = r9(v), p€ Ao
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At the next step we show that the solution of the variational problem (3.5) can be replaced
by that of (3.6), and (u,, A.) still yields the upper and lower bounds of the error. The main
tools to prove the equivalence of the saddle point problems (3.5) and (3.7) are the strengthened
Cauchy-Schwarz inequality and the discrete Babu ska-Brezzi condition. Herewe use the mesh
dependent norm || - ||, for the Lagrange multiplier (see the definition (3.1)). Associated with
|| - || is the weighted bilinear form (-, -);, which is defined by

he
(&r = Y E/eufd(f, € € Ay,

e€gNS
eCnon—mortar side

The three Lemmas are stated without proof. We refer the reader to [44] for a detailed analysis.

Lemma 3.1. There exist constants O < 1y, 1my < 1 independent of the refinement level such
that the strengthened Cauchy-Schwarz inequalities hold

a(v,w) <nd ol ol v e Vi, we Vs

(11, 6)7 <y Il NIENT,  me A €€ As.

The second basic ingredient to prove equivalence between (uy — uq, Ay — A1) and (ue, A)
is the discrete Babu ska-Brezzi condition.

Lemma 3.2. Under the assumption (3.2) the bilinear form b (-, -) is continuous on Vy x Ay
b(1.0) < Cellullelloll, v € Vo, € A

with constant C.. independent of h. In addition the discrete Babu ska-Brezzi condition holds

b A R
sup (‘;’HT) > cllull, peN, VxAe{VixA,1<i<2Vyx A}
flvll#0

where the constant c, is independent of the refinement level.

Lemma 3.3 provides a measure for the nonconformity of the element w € V; satisfying
b(p,w) =0 forall u € Ay.

Lemma 3.3. Let w € V5 satisfy
b(p,w)=0, peA.

Then there exists the constant ) < C'; independent of the refinement level such that

S Pz, < Cullw — o), v e HA(Q).

e€&NS h’e
eCnon—mortar side

The introduction of the error estimator is based on the theorem which states the equivalence
of the solutions of (3.5) and (3.7).

Theorem 3.1. Under the saturation assumption (3.3) there exist constants 0 < cy < CY,
such that

ey (luell® + IAE) < = uallP* + 1A = Ml < Cy(fluel* + [ANL).
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Proof. The proofis based on Lemmas 3.1, 3.2, and 3.3. By (3.4) it is sufficient to show the
equivalence of [[|u.[[* + ||Ae]|7 and [Juz — uq[|* + ||A2 — A1]|7. Here we summarize the proof
given in [44].

The lower bound is established by the stability of the saddle point problem (3.7), the conti-
nuity of the bilinear form b (-, -), and Lemma 3.3

c(lucll® + INlIZ)2 < sup (a(ue,v) +0 (A, ) + sup b (u, ue)

vEVy HEAY
o<1 el <1
= sup r(v) + sup ro(p)
vEVy €Ay
o<1 lll <1
= sup (a(ug —u,v) +b(Aa — Ai,v)) + sup b(u, uy — uq)
vEVy nEhy
o<1 lull <1

< (L4 Oz — wll + Coll s — Al

In order to prove the upper bound we also need the strengthened Cauchy-Schwarz inequality.
Letv = vy + vy and p = py + o, with vy € Vi, vy € Vg and pq € Ay, o € A2, respectively.
Then,

c(|luz — ] + [| A2 — M ||%)1/2 < sup (a(ug — ur,v) +b(Ay — A, v))

vEVy
i<t
+ sup b(p,up—uy) = sup ri(v) + sup ro(p) = sup ri(ve)
nEAs vEVy nEAs vEVy
llull , <1 i<t lull <1 i<t
+ sup ro(pe) = sup (a(ue,ve) +b(Ne,v2)) + sup b(pe, ue)
HEA vEVy wEAy
Iull <1 fol<t Iull <1
< (Jluell + Cel[Acllz) sup [zl + Cell[uel| sup ||p2llL
WEVy €Ay
fol<t llull g <1
1 C C
< ( + = ) el + —===1AellL-

L—m
([

Although the saddle point problem (3.7) is defined only on the hierarchical surplus, it is
still a global problem. At the next step we follow the approach given in [19] and neglect the
coupling between the quadratic bubble functions. The stiffness matrix A associated with a(-, -)
in (3.7) is replaced by its spectrally equivalent diagonal matrix. Eventually, we obtain the
simplified saddle point problem:
Find (i, A.) € Vi x A, such that

aliie,v) + b(Ae,v) = r(v), veV
b(p, ) = 7ro(v), p€ A,

Here the bilinear form a(-, -) is given by

= Z Z OeTe a(q)ea (be)a ¢ = Z Z UB(I)e’ 1/} = Z Z 7—8@6

=1 8681.(1)\1“0 =1 eESi(l)\Fo =1 8681.(”\1“0

(3.8)

where o, and 7., e € Ei(l) \ Ty are the coefficients in the representation of ¢ and ), respectively.
Then the solution u, can be written as

Ue = Z Z ’?eq)e

i=1 8681(1)\F0
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and the coefficients 7, are given by (3.8). The coefficients associated with the internal edges of
the subdomains and with I'y can be obtained by the formula

o Tl(q)e)
Ye = V7 -
a (., )

In order to obtain the coefficients 7, associated with an edge on the skeleton and ), we have
to solve one global system at each interface I';;. These systems are associated with 1D trian-
gulation and have a condition number which can be bounded independently of the refinement
level. If we start with a conforming coarse triangulation, we have the left pattern in Fig. 1 and
can further localize the 1D interface problems.

Then the hierarchical basis error estimator is:

T]%[ = ; (77%{;7 + wLU%;r)
1
77%{;7' = Z U)€|||;7€(P€|”2
GC(r)T\FO 5
77%;7 = Z % Ae”%;e
eCATNS
eCnon—mortar side

where w, and w;, are the corresponding weighting factors. Note that the term ||\, 5. is taken
into account only on the non-mortar side.

Theorem 3.2. Under the assumptions (3.2) and (3.3) there exist constants cy, Cy > 0
independent of the refinement level such that

ey < flu—wll* + IA = Ml < Cungy.

Proof. The proof'is an easy consequence of Theorem 3.1 and the equivalence of the bilinear
forms a(-, -) and a(-, -) on the hierarchical surplus. O

4. DOMAIN DECOMPOSITION SOLVER

4.1. General framework

The finite element problem (2.4) brings about the problem of solving the system of linear
algebraic equations in the saddle-point form:

A BT u f
e @
or
(A1 0 BT__UI_ (fl_
0 'Am 5,2 um f;n
LBl .. . Bn 0 || X ] LO_

where the block representation of the matrices A and B is associated with the construction of
the spaces V,, and A,,, while the matrix A and the vector f are specified by the bilinear form
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a(u,v) and the functional [(v), respectively. In the sequel we restrict ourselves to piecewise
linear finite elements (n = 1) and drop the subscript n.
In order to solve the linear problem (4.1) we use the generalized Lanczos method with the

preconditioner
Q= [ B(’)A ]% ] 4.2)

Here the symmetric positive definite matrix R4 stands for a preconditioner for the subdomain
problems specified by the matrix A, and R, for a preconditioner for the interface problem
associated with the matrix BA~' BT

Lemma 4.1 ([29]). Let the symmetric positive definite matrices R4 and R), be spectrally
equivalent to the matrices A and BA~' BT, respectively, with positive constants c,, ca, cs, Ca.
Then the boundaries of the segments [d;, ds), [ds, d4], di < dy < 0 < d3 < dy, that contain the
A BT

spectrum of the matrix R™'A, A = l B 0

], depend only on the values of ¢y, co, c3, C4.

Corollary 4.1. Under the above assumption on R the convergence rate of the precondi-
tioned Lanczos method of minimal iterations does not depend on the dimension of the matrix
A if it is applied to the problem (4.1).

4.2. Subdomain preconditioner

Before specifying the subdomains preconditioners we briefly discuss the preconditioning of
the first block in (4.1). In general the quality of preconditioning often depends on the shape
of the subdomain. It may be that for some subdomains the real condition numbers of the
preconditioned stiffness matrix are not small enough to provide fast convergence of the Lanczos
method. If this is the case, we introduce a few inner Chebyshev iterations in the first block to
enhance the preconditioning:

Ry 0
. L; —1
RA: . s RzA A ( H ’)/7’) A )) . (43)
0 Rm,A
Here the Chebyshev parameters 7; ;. jg=1,...,L;,1 = 1,...,m, are associated with the

spectrum of R;'A;, where R; stands for the actual precond1t1oner of A;, I; for the identity
matrix.

4.2.1. Preconditioners for singular perturbed operators
Because of (2.4) the n; x n; matrix A; may be represented as
A = i + &M

where A; and M, are the stiffness and mass matrices associated with the triangulation 7;(”
respectively. We define the vector w ;:

W14 = €4, (Mq;wlyi, U}Li) = 1, e, = [1 I]T - Rni, o = —F/——.
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Let
T
PZ' = wlﬂ;w],i

0 1
and C; be spectrally equivalent to A; + ?Mi:

o 1
C]CZ‘ < Az + ﬁMl < CQCZ', c; > 0.

)

Then P; M; is the M;-orthogonal projector onto the kernel of fii, and the spectral decomposition
of A; yields [31] the lemma.
CPi

- Rt = p'C7t + L P, then
)

Lemma 4.2. Let €); be a regular shaped domain, ¢; <

Ri ~ A; (4.4)

with constants dependent on cy, ¢y and independent of p;, £;, d;, n;.

4.2.2. BPX preconditioner for hierarchical adaptive meshes

In this section we drop the index 7 of the subdomain €2; in the notation. Due to the hierarchy of
the grid 7 ) we can split the space V(7 (V) into the nested subspaces 7*), k=1, ..., I,

VT cvV(TO)c ... cV(TED) cv(TW).

Let {¢}*, be a nodal basis in V(7 *¥)), and n; be the dimension of V(7 ¥)). Due to the
hierarchy we have

Nk
ki .
qﬁk,izzﬂl,jqﬁl,ja Z:L...,’I’Lk, k:]_,,l*]_
J=1

We define the set of matrices P, € R™*"* with elements (Py);; = Trl'f f and the diagonal
matrix R, € R"*" with the entries

-1
Rk,i:< / V¢kvz|2dlli> .

T (k)

We denote the columns of Py by Py,, ..., P, . The BPX preconditioner [15, 35] is to be
considered as the algebraic representation of the additive Schwarz operator:

I ng
C =33 P.R,PL. 4.5)

n=1i=1
The analysis [35] of C~! may be summarized by the lemma.

Lemma 4.3. Let the regular hierarchical mesh T V) be obtained by the successive nested
refinement of triangulations T, k =1, ..., 1 — 1. Then
1

The BPX preconditioner may be implemented by the V' -cycle of the multigrid method that
provides arithmetical complexity of optimal order for any hierarchical grid 7 ).
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4.3. Interface preconditioner

We construct the preconditioner Ry in (4.2) as an approximate inverse (through the inner iter-
ative process with L Chebyshev parameters) of the matrix BH B which is spectrally equiva-
lent to the matrix BA~' BT [29]:

Ly -1
Ry, =BHB" (IA = @R;BFIBT)) (4.6)

J=1

which is the general form of the preconditioner R,. Here Bf[ BT is assumed to be spectrally
equivalent to BA~! BT To provide spectral equivalence of iy and BA~' BT we must choose
the number of Chebyshev iterations L ~ \/_ where v is the condition number of R, ' BH B”",

In general, given a domain decomposition U Q;, the larger dim A}, is, the larger v, and the

number of Chebyshev iterations L is to be 1ncreased as dim A, increases. Thus, in order to
provide the efficient preconditioner R, we must minimize the arithmetical complexity of the
vector multiplication by the matrix BH B”', choosing corresponding H, B. For this purpose we
generate the auxiliary sparse grid 7~;(l). The traces of the grids 7;(” and 73(1) on 0f); coincide,
both T(l) and 7~'(l) are regular, while the number of nodes 7, in 7~'(l) 1s proportional to np, (the
number of nodes on 0€2;) (see Fig. 3) We define the matrix B via its block representation,
B = [B1 .B } where the matrix B; is obtained from the matrix B; by crossing out n; — 7,

zero columns so that B; and B; have the same nonzero subblock Br,.

Figure 3. Hierarchical grids used in the preconditioner: original 7;(” and sparse 7~;(l)

When 7~;(l) is much sparser than 7;(”, then BH BT may be estimated efficiently. The spec-
tral equivalence of BH BT and NBNA:]BT is based on the discrete trace theorem [33]. The
particular form of the operators BH B” is the subject of the next sections.

4.3.1. Multigrid preconditioner on the sparse grid

Let 7~;(l) be a regular hierarchical mesh on €); and let C; be the BPX preconditioner (4.5)

associated with 7~;(l) and Mp, be boundary mass matrices, 7 = 1,...,m. We introduce the
matrix

_ T
Pr, = W1,r; Wy,

where

1,0 = 5i€n; (Mn-wl,n-; w1,ri) =1, er;, = [1 1]T € Rnri; Bi =

Sk
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We note that Pr, My, are M -orthogonal projectors, ¢ = 1, ..., m. The spectral decomposition

of the Schur complement for the stiffness matrix A; associated with the elimination of the
internal unknowns results in the lemma.

Lemma 4.4. Let the symmetric positive definite matrix C; be spectrally equivalent to the

5 1 - 5 - -
matrix A; + ?MZ where A; and M; are stiffness and mass matrices specified on 7;(”, and
i

] e < BT = (I, 0] € RO

Y firi "Zlfz I;
d

1217: = wfiv +eiM; =
P A, A,

Then
1

1o 1 S
_]_'ic’[ljﬁiT + PFz‘ ~ (AFZ — AFzIzAilA}ZFl)

Pi €l
The spectral equivalence occurs with constants independent of p;, €;, d;.

The above lemma is used for the construction of a preconditioner to BA !B’ since
. 5 1 -
B;A7'BY = Br,(Ar, — Ar,, A7 AT ) 7P BE . More precisely, given C; ~ A; + ?Mi, we

define BHBT:
S m 1 1+~ 1
BHB" =% By, <—dPFi + _TvJCz'1TiT> By, (4.7)
k=1 Eilti Pi

In order to eliminate the p;-, £;- and m-dependence of the condition number, we introduce in
(4.6) the preconditioner Ry:

_ " 1 di "d; _ U
Ry =Y By, ( Pr. + p—MFf) Bl =Y — B, Mi'BL + > —Br,Pr,Bl..  (4.8)
i=1

i=1 81d7 i=1 Mi — 57dz

_ m d;
The matrix Ry is a low-rank modification of the matrix Dy = Y. —Bp, M ' BL , and the
) Spp
rank of the matrix ) — D), is equal to m. The solution of the system with matrix R involves the
m (, .
inversion of > — By, M ' B{. and the solution of a “coarse mesh” problem generated by the
i=1 pz i i

m
low-rank matrix »_ #Bn P, BFTi . In practice, we lump the matrix D) and invert the resulting
i=1 Eilli
diagonal matrix which turns out to be spectrally equivalent to D,. In some cases (for example,

quasi-uniform meshes) we can prove the validity of this substitution [29]. The “coarse mesh”

_ m  _
problem is associated with the domain decomposition €2 = |J €2;. The presence of the “coarse
i=1

mesh” problem provides the m-independence of the boundaries of the spectrum of R, ' BH B
Besides the condition number of R;] BHBT is independent of p;, ¢;, d;. However, the spect-
rum of R 'BH B” remains sensitive to the condition numbers p; of T,C; 17, i = 1,...,m
(cf. (4.7)~(4.8)). Thus, to invert BH BT with fixed accuracy, we must perform L, inner Cheby-

1/2
shev iterations in (4.6) with L) ~ ( _max ui) / Hence the arithmetical complexity of solving

=1,....m

the system with resulting preconditioner R, is O(Lynr,). In the case of quasiuniform grids,

1 \1/2
Ly ~ ( max n{' / and we obtain the arithmetical complexity of optimal order both for
Ly

i=1,...,m

solving systems with R, and the overall preconditioner R.
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1/2
Theorem 4.1. Let L;,, + = 1,...,m, be fixed, and L) ~ ( max ,ui) / , Where ; is the

i=1,...,m
condition number of the matrix TiC'[] TZT which depends only on the grid 7~;(l>. Besides suppose
that the diagonal matrix that results from the lumping of the matrix D) is spectrally equivalent
to Dy. Then the convergence rate of the preconditioned Lanczos method of minimal iterations
does not depend on n;, p;, €;, d;, m. If

m m

(Zm)/( ]nri) > CL,,

=1 i=

the arithmetical complexity of each iteration is of optimal order.

4.3.2. Factorization of the matrix associated with the sparse grid

Due to the shape of subdomains €2;, in some cases the actual condition number of the matrix
R,'BA~'BT is large and leads to slow convergence of the Lanczos method. In these cases we

offer the explicit computation of the Schur complement BA~' BT on the sparse grids 7~;(l)

To get rid of the p;, £;- and m-dependence of L), in (4.6) we use the preconditioner RA from
(4.8). In the case of 2D triangulations the time and storage requirements are not excessive
since the dimension 7; of the matrix A; is not very large (in our computation 7; is hardly larger
than 500). The arithmetical complexity of the factorization of the matrix A; is O(ﬁ‘?/ 2) [37]

for the regular triangulation 7~;(l>, while multiplication of a vector by the factored matrix costs
O(n;logn;), which is almost the optimal estimate. The factorization is performed once and
does not affect the overall computational time. As is seen, given factored matrices A;, we
achieve the arithmetical complexity O(ni/ *lognr,) = O(n?/ *logn;) in the case of quasiuni-
form grids 7;(1) to solve the system with R,. Thus, we have constructed the fast convergent
method with arithmetical complexity of optimal order for each iteration provided that 7;(” are
quasiuniform 2D triangulations and A; has been factored. In the case of 3D quasiuniform grids
7, the matrix A; may be factored [37] for O(n?) = O(nf/ %) (ops), while multiplication of a
=O(n} / %) (ops), and the combined arithmetical
19/18)'

(3

vector by the factored matrix requires O (ﬁf/ B!

complexity for solving the system with the preconditioner R, is O( % n
i=1

4.3.3. Parallel implementation aspects

The parallel implementation of the algorithm is based on the following concepts. First, in order
to minimize the communications we duplicate the Lagrange multipliers data in both subdo-
mains sharing the respective interface. This slightly increases the data storage but results in
only one communication operation in the residual computation. The solution procedure for
the system with preconditioner R exploits communications only within the evaluation of the
interface preconditioner R. We use two types of communications, viz. the interface data ex-
change and the coarse mesh problem solution on a root processor for which we gather data and
broadcast the solution. The above implementation is discussed in [1] in greater detail. The
second concept is of great importance in the adaptive parallel computation. The latter results
in large variations of the number of nodes in the subdomains. To overcome the problem of
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load balancing we combine the subdomains to form clusters, each of them corresponding to a
process. We propose the following scheme for the load balance. Given the number of proces-

sors P and the domain decomposition 2 = U ();, execute: allocate (arbitrarily) the subdomain

tasks to P processors; perform prehmmary measurements find the optimal allocation of the
subproblems based on their computed complexity; redistribute the tasks and perform the main
(and cumbersome) computations.

The above scheme for the adaptive parallel solution assumes that a knowledge of the com-
plexity of the tasks is available. In the practical implementation we measure their complexity
in terms of the execution time on each processor. The communication time is supposed to be
negligible as compared to the calculation time and only the arithmetical job has to be balanced.
The structure of the preconditioner implies that the calculations are split into two stages. The
first one is preliminary, it measures the bounds of the spectra for R; 'A; and R)TIB HB" to
calculate the Chebyshev iterative parameters v, ;, j = 1,...,L;,and 3;, 5 = 1,...,Ly. Itis
where we measure the complexity of each subproblem. The Lanczos iterative method is the
second stage. It is more time-consuming than the preparation stage. The preparation stage for
2D computations takes 10-20% of the elapsed time for the problem to be solved completely.

Let us assume that the complexity of the subproblems is given by an array of loads (), which
contains m real numbers ¢, ¢o, - . . , ¢.n. In order to balance the load on P equal processors we
solve (approximately) the optimization problem: split the array () into P subsets Py, k =
1,..., P, so that the load balancing value is as close to 1 as possible. We define the load
balancmg value as the ratio of the minimal combined load on one processor rrlnn Qr and the

3000

maximal combined load ax Qr. We propose the simple heuristic algonthm for attaining

optimum:
1. Rearrange the array () to obtain the monotone sequence: ¢;, > g, > ... > @i, ;
2. Allocate the first P elements of the array to P processors;
3. Setr =P +1;
4. Allocate the largest rest subproblem to Pp:  ¢;. € Pp;

5. Rearrange the array of processors to obtain the monotone sequence of combined loads
Q:
Qry (Pry) > Qry(Pry) > -0 > Qpp (Prp);

6. If r < m, thenr = r + 1, goto 4; else stop.

This approach to load balancing is worthwhile under the conditions: communication time
is small as compared to computation time and does not change considerably as the topology
of the links changes; the estimation of the complexity ¢; for the subproblems takes less time
than computations in the updated allocation of the subproblems; the above heuristic algorithm
contributes significantly to the load balancing value. Actually, this implies m > P. The
alternative algorithm is presented in [1].

As to the technical issues, for completeness we use the Message Passing Interface (MPI)
library. The code is “single program — multiple data” (SPMD) written in Fortran-77 and has
been ported on IBM SP2, Cray T3E, Dec TruCluster.
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5. NUMERICAL EXPERIMENTS

5.1. Evaluation of adaptivity

We consider the diffusion equation —div pVu = f, on the unit square, where the coefficient p
is discontinuous. Here €2 is split into four subdomains Q; := {(z,y) € Q| z <y < 1 — z},
D ={(r,y) € Q] y<z<1-y}Q  ={(zry € Q| 2>y >1-=x},and
Q= {(z,y) € Q| 1—y <z < y}. The coefficient p restricted to the subdomains §2; is given
by the constant p;, 1 < ¢ < 4. The right-hand side f and the Dirichlet boundary conditions are
chosen to match the given exact solution.

The solution u(z,y) = a;r*'sin(0.1¢ + 6;) has a singularity at (z,y) = (0.5,0.5). Here
x=r-cos¢+0.5y=r-sing+0.5and ¢ € [Z, 2). The parameters of the subdomains €;
are givenby a; = a3 = 1, = g = sin(2.15)(sin(0.15)) P and py = ps = 1, p» = ps = a3
and #; = 0.97, 6 = 1.357, 83 = 1.87, 8, = 0.457. Then the solution is continuous and
[pi Vun]; is equal to zero at the interfaces.

During the adaptive refinement process highly nonconforming triangulations are generated.
Figures 4 and 5 show the effect of the choice of the Lagrange multiplier on the adaptive refine-
ment.

Non-mortar side with smaller p Non-mortar side with larger p

Figure 4. Hierarchical error estimator.

Non-mortar side with smaller p Non-mortar side with larger p

Figure 5. Hierarchical error estimator - Zoom of the final triangulations.

We see that the triangulation tends to be more conforming when the Lagrange multiplier is
chosen on the side, where p is larger (see the right pattern in Fig. 4). This is due to the poor
approximation property of the Lagrange multiplier space when there would be no refinement
on this side of the interface.

In Table 1 the number of nodes, the estimated and true error are given for the two different
choices of the Lagrange multiplier space. The slow decrease of the error is due to the singular
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character of the weak solution. If we compare the true error in Table 1, we find that when the
non-mortar side is associated with the smaller coefficient p, the number of nodes to obtain the
given accuracy is smaller. In this case the efficiency index, the ratio between the estimated and
true errors is between 0.7 and 0.8. If the Lagrange multiplier is defined for p = 161.44, we first
observe the overestimation and then underestimation of the true error.

Table 1.
Efficiency error for the hierarchical error estimator.

Lagrange multiplier for p = 161.44 Lagrange multiplier for p = 1
level nodes est. err. realerr. eff. in. nodes est. err. realerr. eff. in.
0 60 16.4 8.43 1.95 60 5.97 8.43 0.708
1 108 10.2 7.28 1.41 132 4.55 6.39 0.712
2 162 9.95 6.41 1.55 168 4.06 5.69 0.715
3 252 8.03 5.73 1.40 220 3.64 5.09 0.715
4 366 4.09 5.14 0.794 274 3.29 4.60 0.716
5 444 3.42 4.65 0.737 344 2.99 4.17 0.718
6 522 2.99 4.23 0.708 416 2.74 3.80 0.721
7 600 2.68 3.86 0.695 488 2.52 3.48 0.726
8 696 243 3.54 0.687 560 2.34 3.20 0.731
9 780 2.23 3.25 0.686 632 2.17 2.95 0.737
10 872 2.06 3.00 0.686 710 2.02 2.73 0.742
11 944 1.91 2.78 0.690 814 1.88 2.52 0.747

The second example illustrates the adaptive refinement process for the mortar finite element
discretization and the standard one. We again consider the equation —div pVu = f on the unit
square, where the coefficient p is discontinuous. The domain {2 is split into three subdomains
and the coefficient p is chosen according to Fig. 6, where p; = 1 and p; = 10000. Homoge-
neous Dirichlet boundary conditions are imposed and f is equal to unity on €2. In this example
the adaptive refinement process is controled by the residual based a posteriori error estimator.
We refer the reader to [21, 28, 43] for the investigation of this type of the estimator.

P2
Pi

Mortar discretization CR discretization

Figure 6. Decomposition into subdomains and initial triangulations.

Here we compare the adaptively refined grids for three different situations. We apply the
nonconforming Crouzeix-Raviart discretization on the whole subdomain (setting I). In this non-
conforming approach the simplified residual based error estimator is used. Furthermore we
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consider the mortar discretization, where the subdomains are chosen by the piecewise constant
coefficients (settings II and III), and conforming P, and nonconforming Crouzeix-Raviart el-
ements are coupled. This coupling is realized by the piecewise constant Lagrange multipliers
(see [42]). Then we distinguish two different cases. In setting II the Lagrange multiplier space
is defined on the side with p = 10000, whereas in setting III it is taken on the opposite side
p = 1. The adaptively refined triangulations after 4 refinement steps are given in Fig. 7.

Setting 1 Setting 11 Setting 111
Figure 7. Adaptively refined triangulations.

In setting I we obtain the geometrical conforming triangulation due to the refinement rules.
In the subdomain with p = 1 the local contribution of the error estimator requires the adaptive
refinement of the elements. On the other hand, the refinement at the interface in the subdomains
with p = 10000 is a consequence of the refinement rules.

At first glance the situation in setting II is similar to that of setting I. On both sides of the
interface we observe strong adaptive refinement. However this is not enforced by the refinement
rules. In this setting we need the adaptive refinement at the interface in the subdomains with
p = 10000 because of the Lagrange multiplier. The discrete Lagrange multiplier is nothing but
the approximation of the flux along the interface and therefore we observe a strong adaptive
refinement on the side with p = 10000. We recall that this corresponds to the side, where the
Lagrange multiplier space is defined.

Finally in setting I1I we get a sharp interface between the subdomains. In contrast to setting
II, we observe the highly nonconforming triangulation at the interface. The Lagrange multiplier
space is now defined on the side with p = 1 and there is no need to refine on both sides of the
interface.

The following figure shows how crucial the effect of the choice of the Lagrange multiplier
space is. For the given highly nonconforming triangulation, for settings II and IIT we calculate
the mortar finite element solution.

———

=~ =

Triangulation Setting 11 Setting II1

Figure 8. Isolines of the mortar finite element solutions.
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Figure 8 shows that we obtain the incorrect solution in case of setting II. In this case the
consistency error is dominant and the obtained finite element solution is highly discontinuous.

The numerical results indicate that a sharp interface between the strongly refined and almost
unrefined subdomains can only be obtained if the Lagrange multiplier is defined on the side with
smaller coefficient p. Otherwise, if we apply an adaptive refinement strategy controled by the
suitable error estimator, we observe adaptive refinement on both sides of the interface. Or if we
compute the mortar finite element solution on the given highly nonconforming triangulation,
we obtain a poor finite element approximation and the consistency error is dominant.

5.2. Evaluation of the algebraic solver
5.2.1. Test problem

As a test problem, we choose the potential flow model which describes the steady inviscid
irrotational incompressible flow of an ideal gas around the profile ['s:

Au = 0 in Q (5.1
n-Vu = g on 0f)

where u is the velocity potential, 02 = I'g U I', 'y is the boundary of a large square con-
taining I'g and approximating “infinity”, g = 0 on ', g = (n- vy) on ', v is the speed of
the flow at infinity. We present here the simplest system for the nonlifting flow. In the case of
lifting flows the potential u is assumed to have a constant unknown jump across an artificial slit
drawn from I'g to I, and the system (5.1) is completed with the Kutta-Joukowski condition
[36]. Then the solution procedure is to solve two Poisson equations with different right-hand
sides.

For the profile I'g with curved boundary we use the quasihierarchical grids to approximate
(5.1) with the second-order local mesh size, and the hierarchical grids to construct the precon-
ditioner R. The quasihierarchical grid is obtained from the hierarchical one by shifting all the
boundary nodes approximating the profile 'y onto I'g, at each level of the refinement. If this
shifting does not produce degenerate triangles, the stiffness matrices on the hierarchical and
quasihierarchical grids are evidently spectrally equivalent and the preconditioning on the hier-
archical grids makes sense. In order to obtain positive definite matrices in the subdomains we
perturb the Laplace operator by £/, where £ > 0 is small. By the theory of the solver this does
not affect the convergence of the iterative process.

5.2.2. Parallel scalability

In order to present the parallel performance of the algorithm we distinguish two settings. The
first one exhibits the parallel properties of the method when the number of nodes in each subdo-
main is the same and the load balance is perfect. In order to have the same number of nodes n;
in €2;, we refine each “coarse” triangle uniformly p — 1 times into 4 equal “finer” ones starting
from the triangle-subdomain. (In the 3D case we sequentially split each tetrahedron into 8 te-
trahedra, which produces three different similarity classes of tetrahedra and preserves the shape
regularity.) In order to simulate nonmatching grids we displace the nodes at the interfaces I';;,
randomly shifting them along I';; from their original positions. Instead of the BPX precondi-
tioner in the subdomains we use the algebraic multigrid preconditioner [25] on the uniformly
refined grids. We consider the solution of the problem (5.1), where €2 is the complement of the
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profile NACAO0012 to a square (an octahedron to a cube in 3D) and is partitioned into 56 (116
in 3D) subdomains (see Fig.9).

4$p;

56 subdomains 116 subdomains
Figure 9. Decomposition into subdomains.

In Tables 2, 3 we show the execution time of Lanczos iterations to reduce the initial Eu-
clidean norm of the residual by a factor of 10%, measured on different numbers of processors of
IBM SP2 and Cray T3E, respectively. The reader is referred to the next section for details.

Table 2.
Execution time of Lanczos iterations (sec), and the speed-up with respect to 7 processors for
2D uniformly refined grids on a IBM SP2.

#Processors, P 7 14 28 56

56
levelp N =5 n; te tea Speed-up  ten Speed-up  ten Speed-up

=1

6 31416 46.1 26.5 1.74 18.3 2.52 9.6 4.8

7 120120 182.4 95.3 1.91 52.5 3.47 29.4 6.2

8 469560 747.3 3794 1.97 212.6 3.51 104.6 7.14
Table 3.

Execution time of Lanczos iterations (sec), and the speed-up with respect
to 29 processors for 3D uniformly refined grids on a Cray T3E.

#Processors, P 29 39 116

116
levelp N =Y n; tex tee  Speed-up  te Speed-up
i=1

3 19140 10.1 7.0 1.44 5.9 1.71
4 112404 111.2 833 1.34 44.3 2.5
) 759220 1618 1201 1.35 4541 3.56

According to the above Tables in the case of perfect load balancing the parallel efficiency
is 90% only for very large subproblems.

The second setting contains the data obtained in the real adaptive computation when the
number of nodes in the subdomains varies up to 10 times. We present the iterations and time
measurements for the lifting potential flow, the angle of attack being equal to 3°. The domain



Analysis and implementation of mortar element methods 243

decomposition into 119 subdomains is shown in Fig. 10. The initial grid is a quasiuniform one
with mesh size h,; = d;/7. The adaptive refinement is performed by the bisection algorithm
[7], and the BPX preconditioner is used in the subdomains. At the third step of the adaptive

procedure max h./ mi{}c : h, is as much as 500. The initial and adaptive grids are shown in
TeT; T€T,

Fig. 11.

Figure 10. Domain decomposition, 119 subdomains.
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Figure 11. The first and third adaptation step grids.

In Table 4 we exhibit the execution time of the Lanczos iterations applied to two problems
with different right-hand sides, on a different number of processors of IBM SP2. The residual
was reduced by a factor of 105,

If we compare the data in Table 4 and Table 3 we see that when m > P, the speed-up
in the adaptive computation is comparable with that in the 2D computation with perfect load
balance and roughly the same number of nodes. The case P = 48 illustrates deterioration of the
parallel performance in the adaptive computation. The reason is the inefficient load balance.
We motivate it by the data in Table 5, where we show the load balancing value defined as the
ratio of the minimal combined load on one processor i_nlninp (Q; and the maximal combined

)

load max_ (Q;, obtained before and after the reallocation of the tasks. We see that even at the

i=1,...,

first step with quasi-uniform grids in the subdomains the reallocation significantly improves
the load balance. At the second step of adaptation the load balance drops dramatically without
reallocation, while at the third step the deterioration is not as strong due to the reallocation from
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the previous step. Further, whatever the adaptive step is, the subtasks reallocation works well
for m/P > 1 and loses its efficiency for small values of m/P.

Table 4.
Execution time of Lanczos iterations (sec), and the speed-up with respect to 6 pro-
cessors for 2D adaptively refined grids on a IBM SP2.

#Processors, P 6 12 24 48

119
N =>n; tex tee Speed-up t., Speed-up  tes Speed-up
i=1

6823 24.3 14.1 1.72 9.0 2.7 8.47 2.87

18934 53.0 30.3 1.75 20.8 2.56 17.0 3.12

20422 62.7 40.9 1.53 24.5 2.56 21.6 2.9
Table 5.

Load balancing values before and after the subtasks reallocation.

#Processors, P 12 24 48

Adaptive step before reall. after reall. before reall. after reall. before reall. after reall.

1 0.78 0.92 0.7 0.81 0.5 0.68
2 0.58 0.98 0.3 0.91 0.13 0.57
3 0.91 0.99 0.81 0.91 0.55 0.61

5.2.3. Arithmetical scalability

We present the computing time versus the problem size in the same framework as the speed-
up. First, we consider the solution of the perturbed problem (5.1) on the uniformly refined
grids with the algebraic multigrid preconditioner [25] in the subdomains. The computational
domain €2 (the complement of the profile NACAO0012 to a square in 2D and of an octahedron to
a cube in 3D) is split into 56 and 116 subdomains, respectively (see Fig. 9). The perturbation
parameter € is 102, the number of Chebyshev iterations in the first block R A, Ly, is Ly = 5
(L4 = 8 in 3D), while in the second block L, is proportional to 27/, where p is the number of

refinement levels [29]. To evaluate the matrix BH B” we use the AMG preconditioner in the
2D case and the factorization technique on the sparse grids, which is motivated by relatively
large condition numbers of the matrices C; ' 4;, in the 3D case.

In Tables 6, 7 we give the number of Lanczos iterations needed to reduce the Euclidean
norm of the residual by a factor of 10° and their execution time measured on IBM SP2 and
Cray T3E. The arithmetical scalability in terms of the execution time per unknown per iteration
clearly points to the optimal or almost optimal order of arithmetical complexity of the precon-
ditioner. Relatively large numbers of Chebyshev iterations in the first (L 4) and second (L)
blocks of the preconditioner R are dictated by the poor (but bounded from above) condition
number of the matrices C; ' A; due to the shape of the subdomains. The growth of the iteration
count in Table 7 is explained by the properties of the AMG preconditioner, which provides the
saturation of the condition number under a larger number of levels p.
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Table 6.

The number of iterations, execution time t.,, and arithmetical
scalability for 3D uniformly refined grids on 56 processors of
Cray T3E.

56
p N=>n; L #iter to, tes /(N - #iter) - 1076

=1

5 8568 16 77 4.7 7.1
6 31416 24 71 9.6 4.3
7 120120 34 70 29.4 3.5
8 469560 48 66 104.6 3.4
Table 7.

The number of iterations, execution time t.,, and arithmetical
scalability for 3D uniformly refined grids on 116 processors of

Cray T3E.
116
p N= z n;g L ftiter  te, tex /(N - #iter) - 1076
3 19140 34 39 5.9 7.9
4 112404 48 43 44.3 9.2
) 759220 68 58 454.1 10.3

Finally we consider the arithmetical scalability of the 2D adaptive computation. We solve
the perturbed problem (5.1), ¢ = 1072, and the function ¢ corresponds to the angle of attack 3°.
Since the flow is lifting, we must solve two Poisson equations. The domain 2 is partitioned into
119 subdomains (see Fig. 10). The BPX preconditioner is used in the subdomains. Due to the
shape of the subdomains €2; the condition number of R; ! A; is rather large (up to 100) and we
use the fixed numbers of inner iterations L; = L4 = 16 in (4.3) to reduce cond ]A%;l] A to about
2. As a consequence, the approximate inversion of BHB” does not approximate BA~'B”
properly. To avoid slow convergence, we apply the approach of Section 4.3.2. Namely, we ex-
plicitly factor the matrices A; which are finite element discretizations of a(u, v) on the sparse
grids 7~;(l> adapted to the boundary of 0€);. We note that the dimensions 7; of the matrices
Ai are relatively small even for a large number of nodes n; in 7;(”. Moreover, since 7;(” is
adaptive, we cannot estimate the condition number of BA~'B7 in advance, and consequently,
the number of inner iterations L, for the approximate inversion of BA~' B” must be obtained
in the computations. We choose L, such that the condition number of R} ' BA~' B” reduces to
2. In Table 8 we present the total number of Lanczos iterations and their execution time needed
for two solutions of the Poisson equation with different right-hand sides, on 6 processors of
IBM SP2. The reduction of the residual norm by a factor of 10° terminated the iterations. The
arithmetical scalability in terms of the execution time per iteration per unknown shows the op-
timal order of arithmetical complexity. Comparing the arithmetical scalabilities in Tables 6 and
8, we conclude that the arithmetical scalabilities converted to one processor are approximately
the same in spite of many differences in the approaches (different types of grids, subdomain
preconditioners, evaluation of the interface preconditioner).
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Table 8.

The number of iterations for two Poisson equations, exe-
cution time #.,, and arithmetical scalability for 2D adap-
tively refined grids on 6 processors of a IBM SP2.

119
N =S"n; #iter i, tes /(N - #iter) - 1075
i=1

6823 53 24.3 6.7
18934 28 93 4.8
20422 o7 62.7 5.4
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