Numerical Algorithms (2005) 38: 285-303 © Springer 2005

Alternating oblique projections for coupled linear systems

Luis Manuel Hernandez-Ramos

Laboratoire “Jacques-Louis Lions”, Université “Pierre et Marie Curie” (Paris VI), Boite courrier 187,
75252 Paris Cedex 05, France
Centro de Calculo Cientifico y Tecnologico, Facultad de Ciencias, Universidad Central de Venezuela,
Caracas, Venezuela
E-mail: luish@kuaimare.ciens.ucv.ve

Received 14 November 2002; accepted 20 September 2004
Communicated by G. Meurant

In this work we propose the use of alternating oblique projections (AOP) for the solution of
the saddle points systems resulting from the discretization of domain decomposition problems.
These systems are called coupled linear systems. The AOP method is a descent method in
which the descent direction is defined by using alternating oblique projections onto the search
subspaces. We prove that this method is a preconditioned simple gradient (Uzawa) method
with a particular preconditioner. Finally, a preconditioned conjugate gradient based version of
AOP is proposed.
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1. Problem definition

We are interested in the system of linear equations:
A BT X f
(5 5)()=(5) w

H1. B € %" is a matrix with rank(B) = m, m < n,

where

H2. A € W is a symmetric positive definite matrix.

Proposition 1.1. Under the hypotheses H1, H2 the system (1) has a unique solution
(x, 2)T which satisfies:

f —Ax L kerB, 2
{xekerB. @
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Proof. Under hypotheses H1, H2 the system

A BT x f
(0 BA‘IBT)<A):<BA‘1f)’ )

is equivalent to (1) and BA~!'BT is a positive definite matrix. Consequently the sys-
tem (1) has a unique solution. This solution x verifies f — Ax = BTA L ker B. O

Let V be the linear variety defined by
V ={x/f — Ax L ker B}. @)

Under the hypotheses H1, H2, the solution (x, A)T of (1) is such that x is the only element
in the intersection of V and ker B,

{x} = VNkerB. &)
Let x, = A~! f, the system (2) becomes

{VyEKGer (A(xy —x),y) =0, (6)
x € ker B.

When A is a symmetric positive definite matrix, the mapping {x, y} — (Ax,y)is a
scalar product denoted by (.,.) 4 and the system (1) is equivalent to:

Xy = Ailf,
x, —x L4 ker B, @)
x € ker B.

It means that x is the orthogonal projection of x, = A~! f onto ker B, in the sense of the
scalar produit (.,.) 4. The notation x, —x L 4 ker B means (x, —x, y)4 = 0, Vy € ker B.
In this case we can write the linear variety as V = {x,} + (ker B)*4.

2.  Alternating oblique projections

From this point on we assume the hypotheses H1, H2. All the subsequent theoret-
ical results are based on those two hypotheses. But, in practice, the resulting methods
will be only used when:

e the computational cost of solving Ay = b is reasonable, and

e the orthogonal projection P onto ker B is easily obtained.

We shall concentrate on the second point.

Definition 2.1 (AOP method). We define the alternating oblique projections method as,

xo €V,
Xk1 = X + oy,

®)
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with
dy = QPxi — xy, 9)
where

e the descent direction d; is an approximation of e, = x — x,
e « is the stepsize,
e P is the orthogonal projection matrix onto ker B,

. é is a projection matrix onto the linear variety V.

The orthogonal projection onto the linear variety V = x, + ker B4 is very ex-
pensive to calculate because this involves computing the orthogonal projection R =
A~ BVT(BA*ZBT)*1 BA~! onto ker B+4. Hence, we propose to use the oblique projec-
tion Q onto V defined by

Vy e, Qy:=AT'Pf+ Qy, (10)
where
{ R=1 - P, the orthogonal projection matrix onto (ker B)™, a1
Q =A'RA,
thus
Oy=A""Pf+A'(I — P)Ay (12)
=AT'P(f = Ay) + . (13)

Lemma 2.1. Under the hypotheses (H1), Q = A~! RA satisfies,
1. Q? = Q, thus Q is a projection,

2. Vy e R", Oy L s ker B,

3. Vy e R, (y — Qy) La (ker B)*L.

Proof.
0’ =A"'"RAAT'RA = A"'R’A = A"'RA,
Oy = A'RAy, then AQy = RAy € (ker B)* and Qy € (ker B)4,

y—Qy=A"'"PAy, thus A(y — Qy) = PAy € ker B,
then A(y — Qy) L ker B+

and, finally,
(y — Qy) L4 ker B*. ([

Comments._It is easy to verify that Q is a projection onto V. Moreover (f — Aé y) L
ker B and Q% = Q.
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3.  Analysis of the method

M1. We analyze the following method:
Initialization
xo€eV
iterations: for k = 0,1, ... do

o d, = —AilRAka
o o = (—xk, di)a/{dr, dk)a = —(Ady, xx)/(Ady, di)
® Xpp1 = X + ogdy

end

In lemma 3.1, item 4, we will show that M1 is equivalent to the AOP method given
by (8) and (9).

3.1. Properties

Lemma 3.1. Under hypotheses H1, H2, method M1 satisfies: for all £k > 0,
1. di € ker B*4,

2. xy €V,

3. (Ady, d) = 0 & x; = x; thus the sequence is stationary,

4. d; = éka — X, then method M1 becomes the AOP method given by (8) and (9).

Proof. 1. We have
dy = —A"'RARXxy, (14)
then
Ady = —RARx; € (ker BYY = VyekerB, (Ad;,y) =0
& dy € (ker B)1A.
2. Let
X0 €V; (15)

by induction, we suppose x; € V. As d; € (ker B)*4 then ad; € (ker B)‘# therefore
Xkt+1 € V.
3. (Ady, d;) = 0 = di = 0 because A is symmetric definite positive,

= RARx; =0
= (AR.Xk, ka> =0
= Rx; =0

= x; = Px;
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= x, €kerBandx;, € V
=X = X,
and the sequence is stationary.
If x;, = x then Rx; = 0, which implies d; = 0 and (Ady, d;) = 0.
4. We have
OPxi—xi=A"'Pf+A"'"RAPx; — x;, (16)
which implies
A(éka —xk) = Pf + RAP)Ck - Axk
=Pf 4+ RAx;y — RARx; — Ax;
=Pf — PAx; — RARx;
= P(f - Axk) — RAka,

but f — Ax; L ker B because x; € V, thus P(f — Ax;) = O therefore,

A(éka — xk) = —RAR)Ck = Adk, (17)

finally,
éka—xk =dk. (18)
(]

Lemma 3.2. Under hypotheses H1, H2, method M1 satisfies: for all k > O,
X,dg)a =0,

—_

A
. ek, di)a = (—xx, di)a, with ep = x — xy,
. (exy1,di)a =0,

A

2
3
4. (ex, di)a = IIRxc|13.

Proof. 1. We have x € ker B thus (Ady, x) = 0 by lemma 3.1, item 1.
2. By definition,

(ex, diya = (x — xp, di)a = (x, di)a — (Xk, di) a, (19)
but (x, dy)4 = 0O thus,
(er, diya = (=X, di)a- (20)
3. Next
(€xt1, di)a = (e, di)a — ar{dr, di) a
= —(xk, di)a + (x, diya = 0.

So in this method, «d; is the projection of e, onto dj, thus it is an error projection
method (cf. [15]).
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4. Finally,

Lemma 3.3. Under hypotheses H1, H2, method M1 satisfies: for all k£ > 0,
L lleilld = llels — 1 Rxell%/Ndelli = llexll i — e lldll%s
2. |lexrilla < llexlla,

3. llexsilla = llexlla iff x = xg.

Proof. 1. We have

lex+115 = (exr1s ex — odi)a
= (ex+1, €x)a by the lemma 3.2, item 3.
Thus
lewlls = llexlls — clex, di)as 1)

by substituting oy = (—xy, di) 4/ {(dk, di) 4 and by the use of lemma 3.2, item 4, we have,

lews1l3 = llexlls — %
= llell — ||ka!33 = el — 2 lldil3.
i ll’s
2. As corollary of part (1),
llex+illa < llexlla- (22)
3. From (1)
lextilla = llexlla = IRxklla =0, (23)
but
IRx¢lla =0 = Rxz=0 = x; €kerB. (24)
From lemma 3.1, item 2, x; € V, then x; € ker BN V and, finally, x; = x. |

Lemma 3.4. Under hypotheses H1, H2 and if ¢, # 0, method M1 satisfies: for all
k>0,

L llexsilla = llellay/1 — of, where pg = [[Rxi |15/ (lldill allexll )
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2. or = (IRxklla/llexlla)(1/11Qll4), where Q = A~'RA is the oblique projection into
(ker B)*4.

3. [Rxilla/llexlla =1,

4. llexsilla < llexllay/1 — p2, where p = 1/]|Q|l4 > 0. Then the method converges.

Proof. 1. From lemma 3.3, item 1, we have for e¢; # 0,

I Rxi |14
lexsills = llexll? [1 ———A_ (25)
A A el lexll

thus,

lextilla = llexllay/ 1 — o, (26)

where pr = [[Rxell3/(ldill allexll a)-

Remark. By lemma 3.2, item 4

Rx |4 ,d
| Rxy |l _ (er, di)a — cos £ (ex. dp). 27)
dillallexlla  lldillallexlla
2. We have
ldilla = ||A71RAka||A < [[QllallRxilla (28)
and
| Rxella 1
pp A (29)
llexlla 11Q11a
3. We write

2 2
[Rxilly = llxe — Pyl

=[x — x5 + llx — Pxilld +2(xx — x, x — Pxp)a.

But x € ker B and Px; € ker B and x; — x L4 ker B. Thus

| Rxel5 — llexlls = llx — Pxill3s (30)
hence
IRxell = llexlly = IIRxilla = llexlla (31)
and, finally,
R
|| Rxy || 4 - 32)
llex]l a

Remark. This result gives us one practical criterion for stopping the algorithm. We can
use ||Rxi|la < &, & > 0to stop it and we guarantee that & > ||Rxi|la = llexlla-
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4. From parts 2 and 3 we choose

1
Pk = p = >0, (33)
191l
thus
lexsilla < llexllav'l — p%, (34)
and method M1 converges. U

4. Relationship with Uzawa’s method

The Uzawa method preconditioned by any matrix Q;l is written as:

Ao € N,
xe=ATNf = BT), (35)
Mt = i + e Q' Bxy.

From (35) we have

Xir1 = AT (f = B h), (36)
but

M1 = M +ax Q3 By, 37)

thus, by substitution,
xer1 = A7 (f — BT — a BT Q' Bxy) (38)
=A""(f — B"\) —ox AT BT Q3 ' Bxy (39)
=x; — o AT'BTQ3' Bx,. (40)
We choose the preconditioning matrix Qg] = (BYHTAB* ~ (BA™'BT)™! = s,

where B = BT(BBT)~! is the pseudoinverse of B. This matrix approaches the inverse
of the Schur complement matrix § = BA~!BT of the system (1). Hence by (40), the
preconditioned Uzawa method becomes

X1 =X — o AT BTQ L B, (41)
=x; —ax A"'BY(BHTABT Bxy, (42)
but BT B = R (cf. [11]) thus,
Xip1 =X — axAT'RARXy (43)
= x; + ady, (44)
with the descent direction d; = —A~'RARx;, which coincides with the AOP method

proposed in definition 2.1. Therefore, the AOP method is equivalent to using the Uzawa
method preconditioned by Q5' = (B*)TAB*.
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From (35), we get the approximation error of A; which comes from (cf. [4])
Eff = a — e = (I — i Q3 S)EY, (45)

and with the choice oy = (—xy, zx)/{dk, zx) the AOP method proposed in M1, we min-
imize | E I;“ |ls in the descent direction di (the same choice of «y is frequently used for
the Uzawa method in symmetric case).

5.  Acceleration of the conjugate gradient method

If the matrix A is symmetric positive definite, the preconditioning matrix le =
(BH)TABT satisfies:
e (03)" = (BHTABT = 0, thus the matrix is symmetric.

o Vx € W": (x, Q5'x) = ||[B*x| . Hence, if (x, Q5'x) = 0, then | Bx||4 = 0 and
BTx = 0. When the range of B is maximal then x = 0 and the preconditioning
matrix is positive definite.

Hence, we propose here to accelerate the conjugate gradient method applied to the
condensed system BA~!' BTA = BA~! f, with this preconditioner.

5.1. The preconditioned conjugate gradient algorithm

We write here the preconditioned conjugate gradient algorithm with le =
(B)TAB™. We take advantage of the relation BTQ,'Bx;, = BT(BT)TAB*Bx; =
RAkaI

1. Initialization:
e xpcV
e wyg = RARx
® Yo = Wo
2. Iteration: For k =0, 1, ..., Do
o di=A""y

o = (X, wi)/{dk, Yi)
® Xiy1 = X — ogdy

Wit1 = RARX 4

Brr1 = (Xkg1, Wir1)/ (Xe, wi)
® Vit1 = Wit1 + Bk

3. End
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Remark. Note that:

e The algorithm does not explicitly need to calculate either A; or the vector residual.

e The right-hand side f occurs in the choice of the initial vector xo € V = {x/f —
Ax 14 ker B}.

6. Numerical experiments

6.1. Introduction

In this section we describe the results obtained when solving system (1), arising
from the domain decomposition method applied to the Poisson equation:

{—Au:f in Q, 46)

u=20 on 0%2,

where Q is a bounded rectangular domain of R?. Let 92 be its boundary and f a given
function.

The domain €2 is subdivided into four subdomains €2;, i = 1, ..., 4, separated
by one interface I'. We define the matrices A;, i = 1, ..., 4, each one corresponding
to the discretization of (46) independently in each subdomain 2;, i = 1,...,4. This

discretization is carried out with the help of the 5 point-stencil on a uniform grid with
n; X n; nodes. The matrix A is then defined from the matrix A; as:

AL 0 0 O
0 A 0 O
0 0 A3 O
0 0 0 A

A is a block diagonal matrix which satisfies hypothesis H2.

The matrix B is related to the matching condition on the interface I'. B is a “cou-
pling” matrix in the sense of the definition proposed in [11]. We subdivide I" into subin-
terfaces I';;, i, j = 1, ..., 4, defined as the part of the interface I" which separates the
subdomains €2; and 2;; thus, the matrix B is formed by the matrix B;; related to the
matching condition on the interface I';;. The matrix B;; comes from the discretization
of the coupling condition

(47)

VU,’ (S Vl', v € Vj, w;j € W,‘ji f (Ui — U./)wi/‘ dx = 0, (48)

where
e v; is the trace of the local solution defined in the subdomain €2; on I';;,

o Vi ={v; € H'(2)); vi |so= 0} is the space where this local solution is defined,
e w;; is a test function in a proper subspace W;; = H~'/2(T';).
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l—‘12.

| 9

Figure 1. Decomposition of domain 2.

Thus, in the discretization, the matrix B;; expresses a condition of the type

Yv; € Vih, Vj € th, wij € Wi}jl»l / (v; — v.,-)w,;,' dx = 0.

For the numerical experiments we have chosen the following space
n;

v = [{d),({i)}zi:]] the space generated by {CID,({i)}k:l,

where
e n; is the number of nodes on the interface I" coming from the subdomain €2;.

(49)

(50)

o Let {x,ij ) }Z’: | be the nodes of the interface which corresponds to the subdomain €2;.

The functions CID(j),j =1,...,4 k=1,...,n; are defined by

)
X —X . .
k—1 . ) ()
oo xe[xla
o =] Lo
k+1 . (G) )]
o o fxela]
X1 — X
0 elsewhere
forj=2,...,n; —1,
()
. Xy —X . ()INE))
) _ : ifx e |x7, x|,
O (x) = xé’) xlm [ ]

elsewhere

(D

(52)
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o0 1

X,® X, 0 X 0 X0 X, ,0 X, 0 X

Figure 2. Function d>§j ),

and
)
X —X
; nji=b @) 0)
Dy = § ————— ifxe|x’ x|
@, (x) = x) — xfl]ill [ ] (53)
0 ' elsewhere.

For Wi’} we choose the space which has the smallest dimension between Vih and th,
the nodes being distributed uniformly on the interface of each subdomain.

Remark. The mesh in each €2; can be independent.

6.2. Results

We compare the performance of the AOP method, and the CG preconditioned with
the AOP method (CG-AOQOP) for system (1) with the following methods:

e Uzawa,
e Conjugate Gradient (CG),
e Conjugate Gradient Preconditioned by le = BABT (CG-Schur) (cf. [13]),

e GMRES preconditioned by the Skew-Hermitian Splitting Iteration (HSS) recently
proposed by Benzi and Golub that depends on a parameter o > 0 [2,3].

The vector f of (1) corresponds to the exact solution of equation (46): u(x, y) =
sin(K mx) sin(K,my) + 3, with K1 = 1.7, K, = 2.3. The experiments correspond to
the so-called conforming case where n| = n, = n3 = ng.

All our experiments were run on a Pentium IV using MATLAB 6.1.

6.2.1. Comparison of the methods

Figures 3, 4, 5 show the evolution of || Rx;||, in relation to the number of iteration,
in the case where n; = 10, 20, 30, respectively, for the following methods: Uzawa, CG,
AOP, CG-AOQOP.

Comments. The CG-AOP method provides the best convergence results in all the exper-
iments carried out. The convergence rate of the CG-AOP method is clearly superior to
those of the other methods.
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w™

Figure 3. Value of || Rxg|| for the problem withn; = 10,i =1, ..., 4.

107

Figure 4. Value of || Rxy|| for the problem with n; =20,i =1,...,4.
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Figures 6 and 7 compares the evolution of || Rx|, for the GC-AOP method with
GMRES preconditioned by the HSS iteration (Benzi—Golub) for n; = 20 and n; = 30,

respectively, and for o = 1072, 1073, 10~* and 107>, as suggested in [17].
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Comvergence. Poisson problem. 4 subdomains. nni=[30 30 30 30); fer=25
T T T
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Figure 5. Value of || Rxg|| for the problem withn; =30,i =1,...,4.
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15

B
5

Figure 6. Value of || Rxy|| for the problem with n; =20,i =1,...,4.
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Convergence. Poisson problem. 4 subdomairs. n=2800,m=120, fer=25
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Figure 7. Value of || Rxy || for the problem with n; = 30,i =1,...,4.

Comments.

e For n; = 20 (n = 1600 and m = 80) the GC-AOP clearly outperforms the HSS

methods for any choice of «. We also observe in figure 6 that the HSS iteration has a
similar behavior for 107 < o < 1072,

e For n; = 30 (n = 3600 and m = 120) the best result is obtained by the HSS iteration
when o = 107°. Nevertheless, it is interesting to observe that for any choice of «
the HSS method shows a significant reduction at some specific iteration but it tends
to stagnate before and after that iteration. On the other hand, the GC-AOP method
tends to reduce || Rxx || uniformly during the whole process. This feature seems to
be convenient for inner—outer schemes, associated to nonlinear problems (e.g., KKT-
matrix for nonlinear programming), in which low precision in very few iterates is

highly recommendable. Interesting discussions on the choice of the parameter « for
the HSS method can be found in [2,17].

Value of ||Rx||,. Figures 8, 9, 10 show the value of ||Rx|» for the CG-AOP method
with n; = 10, 20,30,i =1, ..., 4. These figures indicate the efficiency of the CG-AOP
method in the solution of the coupled linear system solution (1). This does not take into
account the discretization error by domain decomposition. Here we realize that the value
of ||Rx;||» is higher on the interfaces, but the order of these values is still quite small.

Thus allowing us to validate the efficiency of the method in the solution of the coupled
linear system (1).
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RX. Porzson Picblem. 4 sibdomains. nni=l10101010]; ler=15

10,i =1, ..

Figure 8. || Rx||p for the CG-AOP method with n;

RX. Po=on Preblem. 4 subdomainz. nni=[20 20 20 20); fer=25

20,i=1,..

Figure 9. | Rx||» for the CG-AOP method with n;
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R¥. Porson Picblem. 4 subdomains. nni=@0 20 30 20]; fer=25

Figure 10. || Rx||, for the CG-AOP method withn; =30,i =1,...,4.

Trace on the interface. Figures 11, 12 show the evolution of the trace error in 10 iter-
ations of the CG-AOP method with n; = 10, 20, 30. In figure 11 we show the error on
the I'13 and I'y4 interfaces. Figure 12 shows the error on the interfaces I'y, and I'34. Here
we still realize that if the number of nodes increases, the approximation has improved.
The difference between the horizontal trace and the vertical trace is due to the fact that
the form of the error is similar to that of the exact solution. We recall that this solution
is given by u(x, y) = sin(K 7 x) sin(K,my) + 3, with K; = 1.7 and K, = 2.3, thus the
vertical trace is different from the horizontal trace.

7. Conclusions

The results of the experiments presented in this work show that the AOP method is
competitive with recent methods, and has some interesting new features. The iteration
cost of AOP depends on the cost of the P projection onto the kernel of B. In some cases,
as in the case of domain decomposition, the matrix B has a particular structure that can
be used to compute P at a reasonable cost (cf. [11]). In this case, the AOP method is a
valuable tool for solving the coupled linear systems.

As a continuation of this research, we would like to:

Experiment with this method on non-conforming cases.
e Compare the computational time of several methods for parallel machines.
e Extend the experiments to several subdomains.

e Extend the alternating oblique projections idea to nonsymmetric matrices.
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Trace Verical Imeriace.
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Figure 11. The vertical cut shows the error e on the interface for the CG-AOP method.

Trace Horzomal Interiace.
0.03 T T T T T T T T

— — 10 nodes
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Figure 12. The horizontal cut shows the error e on the interface for the CG-AOP method.
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