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NONLINEAR INEXACT UZAWA ALGORITHMS
FOR LINEAR AND NONLINEAR SADDLE-POINT PROBLEMS*

QIYA HUt AND JUN ZOU?

Abstract. This paper proposes some nonlinear Uzawa methods for solving linear and nonlinear
saddle-point problems. A nonlinear inexact Uzawa algorithm is first introduced for linear saddle-
point problems. Two different PCG techniques are allowed in the inner and outer iterations of the
algorithm. This algorithm is then extended for a class of nonlinear saddle-point problems arising
from some convex optimization problems with linear constraints. For this extension, some PCG
method used in the inner iteration needs to be carefully constructed so that it converges in a certain
energy norm instead of the usual i2-norm. It is shown that the new algorithm converges under some
practical conditions and there is no need for any a priori estimates on the minimal and maximal
eigenvalues of the two local preconditioned systems involved. The two new methods perform more
efficiently than the existing methods in the cases where no good preconditioners are available for the
Schur complements.
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1. Introduction. This paper is mainly concerned with the construction of effi-
cient nonlinear inexact Uzawa algorithms for solving the nonlinear saddle-point system

(1.1) {FW%ZFy - g

where B is an n X m matrix with full column rank (m <mn), and F : R* — R" is a
nonlinear vector-valued function, not necessarily differentiable.

The nonlinear saddle-point system of form (1.1) arises frequently in augmented
Lagrangian formulations of inverse problems [16], electromagnetic Maxwell equations
[13], [15], and nonlinear optimizations, for example, of the form (cf. [12], [22], [41])

min{J(x) — (f,x
e

where J(x) is the function satistying VJ(z) = F(x).

When F(z) is linear, for example, F(z) = Az with A being an n X n symmetric
positive definite matrix, system (1.1) reduces to the well-known (linear) saddle-point
problem

Az+By = f,
(1.3) { Btax = g.
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As we shall see, the Schur complement matrix
(1.4) K =DB'A"'B

associated with system (1.3), and its preconditioners, play an essential role in solving
the saddle-point problem.

During the past decade, there has been a growing interest in preconditioned it-
erative methods for solving the indefinite saddle-point system of equations like (1.3);
see [4], [10], [11], [18], [20], [37], [39]. The standard Uzawa-type method [2], [3] and
the minimal residual (MINRES) method are the most popular iterative methods for
solving (1.3). Let A and K be two positive definite matrices, which are assumed
to be the preconditioners for the matrices A and K, respectively. Then it is known
that the convergence rates of both the standard Uzawa-type method and the MIN-
RES method depend on the condition numbers cond(A~'4) and cond(K ' K) of the
two local preconditioned systems, and they are much less efficient when one of the
two condition numbers is relatively larger than the other. To effectively deal with
the case where cond(A~'A) is relatively larger than con(K ~'K), a nonlinear inexact
Uzawa algorithm was proposed in [10], in which the inner iteration uses a (nonlin-
ear) iterative method to replace the action of A~!. Recently we have introduced two
new algorithms (Algorithms 3.1 and 4.1 in [29]) to improve the existing algorithms
and convergence results. These two algorithms were, respectively, designed to effec-
tively treat two different cases: (a) cond(A~'A) > cond(K~'K); (b) cond(K'K)
> cond(A~'A). It was shown that Algorithm 3.1 in [29] is efficient for case (a), but
Algorithm 4.1 there may not always be efficient for case (b), as there is one condition
(see (4.2) in [29]) which may not be easily guaranteed in applications.

The purpose of this paper is twofold. To better understand the difference between
linear and nonlinear saddle-point problems, we first propose some improved version of
Algorithm 4.1 in [29] for solving linear system (1.3). As we shall see, the new algorithm
is always convergent without any assumptions on the spectra of the preconditioned
systems K 'K and A-1A. This seems to be an important advantage of the new
algorithm over the existing iterative methods for saddle-point problems. Then we
extend this improved algorithm to effectively solve nonlinear saddle-point problems
of form (1.1), which is assumed to arise from some convex minimization problems
with linear constraints.

To our knowledge, there have been very few investigations into the rate of con-
vergence for preconditioned iterative methods for nonlinear saddle-point systems. Al-
Baali and Fletcher studied in [1] rates of convergence of preconditioned nonlinear
conjugate gradient (CG) methods for unconstrained optimizations, when the precon-
ditioning matrix is taken to be the exact Hessian matrix at each iteration. In [14],
Chen gave a deep analysis on rates of convergence of inexact Uzawa methods for non-
linear saddle-point systems, when the exact Hessian matrix at each iteration is used
in the preconditioner for the Schur complement. Most existing analyses are carried
out in the standard [?-norm, which may not be so natural and accurate for many
problems from applications.

In this paper, we shall make an effort to study convergence rates of inexact Uzawa
algorithms in the energy-norm when the exact Hessian matrix in the Schur comple-
ment is replaced by some inexact preconditioner at each iteration. Due to the non-
linearity of the saddle-point system, the conditioning of the preconditioned Schur
complement may become much worse than that of the preconditioned Hessian ma-
trix at each iteration. In this case, a special nonlinear preconditioning process is first
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introduced to improve the conditioning of the preconditioned Schur complement. Fur-
ther, a preconditioned nonlinear CG method is introduced in the inner iteration for
the nonlinear system related to F'(-) at each iteration. To ensure the convergence of
the global inexact Uzawa algorithm, the preconditioned nonlinear CG method needs
to be carefully constructed so that it converges in a certain energy norm instead of
the usual [?>-norm. As we shall see, the new algorithm is always convergent without
any assumptions on the spectra of the preconditioned Schur complement systems and
Hessian matrices. More important, all the tolerance parameters involved in the inner
iterations of the inexact Uzawa algorithm can be taken to be some fixed constants in-
dependent of the iterations, for example, 1/2 or 1/3. This appears to be an important
advantage of the new algorithm over the existing ones.

Although quite different from what we are doing here, we mention another in-
teresting and popular approach widely used in the optimization community. This
approach intends to solve a nonlinear equality-constrained minimization problem by
sequential quadratic programming in which successively quadratic subproblems are
solved. Each quadratic subproblem amounts to solving a linear Karush—Kuhn—Tucker
(KKT) saddle-point system. Global preconditioners for the resulting KKT coefficient
matrices have been widely studied, and maintain the block structures of the original
KKT matrices; see [5], [6], [7], [23], [32], and the references therein.

The rest of this paper is organized as follows. First, in section 2 we propose an
improved variant of Algorithm 4.1 studied in [29] for linear saddle-point problems.
The algorithm is then extended for nonlinear saddle-point problems in section 3, and
its rate of convergence is also analyzed under some weak smoothness assumptions
on the nonlinear functions F'(+). Finally, in section 4 we apply two new algorithms
proposed in sections 2 and 3 to solve an algebraic system of nonlinear saddle-point
problem and a linear saddle-point problem arising from the domain decomposition
method with Lagrange multiplier.

2. Nonlinear inexact Uzawa algorithms for linear saddle-point prob-
lems. In this section, we shall propose an improved variant of Algorithm 4.1 from
[29] for solving the linear saddle-point problem (1.3) and study its convergence. This
improved algorithm will be extended in section 3 to solve the nonlinear saddle-point
system (1.1). To do so, we need to introduce some notation. R' will mean the usual
I-dimensional Euclidean space. For any [ x [ positive definite matrix G, ||z||¢ will rep-
resent the G-induced norm, namely ||z||¢ = (Gz, z)'/? for all z € R'. To describe the
nonlinear inexact Uzawa algorithm, we introduce a nonlinear mapping ¥ 4 : R — R"
such that for any given £ € R™, ¥ 4(£) is an “approximation” to the solution ¢ of the
linear system

(2.1) Ap =¢.

The following assumption was often made on the accuracy of the approximation (e.g.,
see (4.2) in [10]):

(2.2) [Wa(€) —AT'E|[a < 6| AT €[4 VE € R

for some 6 € (0,1). Assumption (2.2) is natural and can be satisfied, for example, by
the approximate inverse generated by the preconditioned conjugate gradient (PCG)
iteration or by one sweep of a multigrid method with conjugate gradient smoothing
[10].

We first recall an algorithm from [29] for solving the linear saddle-point problem
(1.3).
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ALGORITHM 2.1 (nonlinear inexact Uzawa-steepest descent). Given {xo,yo} €
R™ x R™, the sequence of pairs {x;,y;} € R™ x R™ is defined fori=1,2,..., by the
following.

Step 1. Compute f; = f — (Ax; + By;) and U4 (f;); update

(2.3) Tip1 = x; + Wa(fi).

Step 2. Compute g; = Btx; 11 — g and d; = K‘lgi. Then compute the relaxation
parameter

(gi,di) .
(2.4) = wWaBay.Bay Jor 9i#0;
1 for g;=0.
Update
1
(2.5) Yirl =Yt 5T d;.

To study the convergence of Algorithm 2.1, we assume V¥ 4 satisfies

(2.6) [AT i = Wa(fi)lla < 67 [IA7 filla,
(2.7) |A™ Bd; — W 4(Bd;)||a < 64 ||A" Bd;|| 4

for two positive constants 6y < 1 and 64 < 1. We remark that one can simply take
65 and 64 to be the constant ¢ in (2.2). But the introduction of these two different
constants enables us to see how the rate of convergence depends more explicitly on
the accuracies of the nonlinear inner iterations in (2.3) and (2.5).

To measure the convergence rate of Algorithm 2.1 more accurately, an appropriate
norm is very crucial. For each element v from the product space R™ x R™, we will
write it as v = {v1,v2}, where v1 € R™ and vy € R™. Then, as we did in [28], [29],
we shall use the norm

1
(2.8) Holll = (loill%-2 + llo2ll%)? Vo= {vi, 02} € R* x R™
Finally, we introduce three error vectors ef € R", e/ € R™, and E; € R™ x R™:
eim:x_x% e?:y—yia Ei:{\/gfhezy}v 7;:0’1727"'7

and two parameters

4R(1 —264)
11 R)2(1—60)2

(2.9) i =cond(K'K), f= \/1 -7

then we have the following estimates on the rate of convergence of Algorithm 2.1 in
[29].

LEMMA 2.1. Assume that (2.6) and (2.7) are satisfied with the parameters 65 < 3
and bg < %; then Algorithm 2.1 converges. Moreover, the following estimate holds:

Also, (2.10) implies for i =1,2,3,... that

(2.11) leflla < (V1+48; +p)p" I Eolll,  llef Nl < 5" [l|Eoll],
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where the rate of convergence p < 1 and can be estimated by

1443 465 .
JOr+ 6348, for 0< 8 < oLy

A 46 3
1-11-p)1+6) for ﬁ<#<1.

(2.12)

b>
I

Remark 2.1. Algorithm 2.1 converges when a general preconditioner K is used for
the Schur complement system K = B'A~!B and a general nonlinear iteration W, is
used for solving Ay = £ involved in the inner iteration. However, the steepest descent
method converges with a reasonable rate only when a good preconditioner is available
for the Schur complement system, namely, & = cond(f( 1K) is not large. This is
the case when the saddle-point problem arises, for example, from the Stokes problem
[39]. Without such a good preconditioner the method may converge with a very slow
rate. Particularly, Algorithm 2.1 may be much less effective when cond(K 1K) >
cond(A—1A).

Another algorithm (Algorithm 4.1) was proposed in [29] that combines the non-
linear inexact Uzawa algorithm with the CG method, in an effort to accelerate the
nonlinear inexact Uzawa algorithm when cond(K~'K) > cond(A~'A). This is the
case when the saddle-point problems arise from the domain decomposition method
with Lagrange multiplier [27], [34], or from the Lagrange multiplier formulations for
optimization problems [25] and the parameter identification [16], [33]. But the algo-
rithm still does not seem satisfactory, as its convergence can be guaranteed only under
some restriction; see (4.2) in [29]. Next, we propose an improved variant of Algorithm
4.1 in [29].

Let H = B*A~'B. Consider the equation

(2.13) HY = gs,

where g; = Blx;y1 — g comes from Algorithm 2.1. We apply the PCG method with
the preconditioner K to solve system (2.13) and let Uy(g;) be the approximation
generated by this iteration. Assume that the approximation satisfies

(2.14) Ve (g:) — H gille < 6g11H 'gillu

for some 64 € (0,1). For the approximation d; = ¥y (g;), we introduce a relaxation
parameter 7; such that the error

[7idi — K~ gill %
is minimized. If d; # 0, the direct calculation gives

(9i,di) (i, dy)

T (Kdi,d;) _ (A-'Bd;, Bd;)"

But the action of A~! is usually very expensive, and thus will be replaced by the
action of W 4:
(9, d;) _

2.15 = e X T,.
21 " (a(Bd) Bd) T
With this parameter 7;, we propose the following new algorithm.

ALGORITHM 2.2 (nonlinear inexact Uzawa with mixed iteration). Given {xo,y0} €
R"™ x R™, the sequence of pairs {z;,y;} € R™ x R™ is defined fori=1,2,..., as fol-
lows.
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Step 1. Compute f; = f — (Az; + By;) and W o(f;); update

(2.16) Tiv1 =z + UA(Sf).
Step 2. Compute g; = B'z;11 —g and d; = Vy(g;). Then compute the parameter
T
__(gindi) , )
(2.17) T = (T4 (Bd;), Bd;) if di #0;
1 if d; =0
and update
1
(2.18) Yitl = Yi + 5Ti d;.

2

Remark 2.2. Clearly when both f; and g; vanish, the vectors z; and y; are the
exact solution of (1.3). Thus Algorithm 2.2 terminates.

Next we shall analyze the convergence of Algorithm 2.2. Let x* = cond(A~'A)
and k = k*(1 4+ 64)/(1 — é,). It follows from (2.14) that there is a symmetric and
positive definite matrix Q; (see Lemma 9 in [4]) such that Q7 'gi = Vy(g;) and all
eigenvalues of the matrix Q;lH are in the interval [1—é4, 1464]. Using this property,
one can directly check that

146,
1-6,

cond(Q;'K) < k = cond(A~1A).

This relation tells us the actual effect of introducing of approximation ¥pg: when
cond(K~1K) > cond(A~1A), the effect of Uz (g;) (= Q;'g;) amounts to generat-
ing a new preconditioner Qi such that cond(QflK ) is much more improved than
cond(K‘lKZ and has about the same magnitude as cond(A_lA), e.g., less than three
times cond(A~'A) when we take &, = 3.

Let 6 and 64 be two parameters in (2.6) and (2.7), respectively, with f; and d;

given in Algorithm 2.2, and define

[ as—28)
(2.19) ﬂ—\/l T+ 7201 = 60

then Algorithm 2.2 can be viewed as a variant of Algorithm 2.1 with K replaced by
Q. The following theorem follows from Lemma 2.1.

THEOREM 2.2. Assume that (2.6) and (2.7) are satisfied with 67 < & and 6q < %;
then Algorithm 2.2 converges. Moreover, the following estimate holds:

(2.20) |||E2+1|H §p|||EZ|||, t=0,1...,
which implies for i =1,2,... that

(2.21) leflla < (V1+465 +p)p" MBIl llefllz < p'll| Eolll,

where the rate of convergence p(< 1) can be estimated by

\/Of + 63 + b5 for 0< 8 < 2

2 = 116,

46
L= 1= +65) for oE <HP <1

(2.22) p=
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Remark 2.3. We see from Theorem 2.2 that the convergence of Algorithm 2.2 is
independent of the spectrum of the preconditioned Schur complement K 'K , and the
convergence rate of this new algorithm depends only on the condition number x*, not
on cond(f(_lK). In contrast to Algorithm 2.1, Algorithm 2.2 should be very efficient
for the case when cond(K~'K) > cond(A~'A). This seems to be an important
advantage of the new algorithm over the existing iterative methods for saddle-point
problems. The coefficient 1/2 in (2.18) is obtained by the worst case 6, — 1~ (refer
to [29]). In applications, the parameter §, is much less than 1, so we can choose a
larger parameter than 1/2 in (2.18), e.g., 7/10.

3. Nonlinear inexact Uzawa algorithms for nonlinear saddle-point prob-
lems. In this section, we discuss how to effectively extend the new Algorithm 2.2
proposed in section 2 for the linear saddle-point problem (1.3) to solve the nonlinear
saddle-point system (1.1), which is assumed to arise from some convex minimization
problems with linear constraints, e.g., of the form

min {J(x) — (f,x
o (R~ ()
st. Blx =g,
where J(x) is the function satisfying V.J(z) = F(x).

3.1. Notation and assumptions. We start with a few smoothness descriptions
on the nonlinear mapping F': R® — R™ in (1.1) and recall some existing results from
[18] and [36], which will be used in the subsequent analysis.

As standard assumptions for nonlinear systems (cf. [1], [14]), we assume that F
is Lipschitzian and strongly monotone with modulus p, i.e.,

(32) (F(&)—F(n),&—n) > pllE—nlI> V&neR™

By Rademacher’s theorem [18], the Lipschitzian property of F' implies that F' is
differentiable almost everywhere. Let D g be the set of points where F' is differentiable,
and let VF(€) be the gradient of F at £ € Dp. Then at any point € R™, we introduce
a set 0 F(x):

8, F(z) { lim VF(g)}.

With this set, we can define a generalized Jacobian of F' at x in the sense of Clarke
[18] by

OF (z) = co 0, F (z),
where co 0; F'(x) is the convex hull of the set.

It is known (cf. [18]) that if F is locally Lipschitzian, then the following generalized
mean-value theorem holds: for any &, n € R”,

(3.3) F(&§) — F(n) € codF(€n)(§ — ),
where £ is the line segment between ¢ and 71, and co dF(én) = co{V € OF((), ¢ €
&n}.

A nice consequence (cf. [36]) of the strong monotone property (3.2) is that all
matrices from 9F(n) for any n € R™ are positive definite, and the following holds for
any V € OF(n):

(3.4) (VE, €)= (e &) VEe R
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As in [14], we do not assume F' is differentiable everywhere but that it is semi-
smooth on R" in the sense that for any { € R™ there is a positive definite matrix A
such that

|F(g+a)— F&) — Aeall _

(3.5) lim
PO e

Nonlinear saddle-point problems with nondifferentiable but semismooth vector-valued

functions F' arise from some convex optimizations and numerical solutions of certain

nonlinear partial differential equations; we refer to [14] for such examples.

3.2. Properties of F in terms of its generalized Jacobian. Note that all
the descriptions in section 3.1 of the smoothness of the nonlinear mapping F' : R —
R™ are in terms of the [>-norm. As we will see later, it is more accurate to interpret
these smoothness properties in terms of the so-called energy-norm, that is, the induced
norm by the generalized Jacobian of F', especially by the generalized Jacobian A, of
F at z, where {x,y} € R™ x R™ is the exact solution of system (1.1). This will be
the task of this section. For the sake of simplicity, we shall write A, as A below.

First, directly from (3.4) and (3.5), we know that if F' is semismooth on R™, then
for any £ € R" there is a positive definite matrix A¢ such that

(3.6) i FE+ @) = F(€) — Agal a-

Agegs??s-m) ”a”A

=0.

Next, by the strictly monotone and Lipschitzian property of F' we immediately know
there are two positive constants ¢y and Cj, which will be frequently needed later, such
that

(3.7) coll€ = nllZ < (F(€) = F(n),&—mn) V€ ne R,

(3.8) IF(€) = Fm)llZ- < Coll§ —nllh Y& neR™

The use of constants ¢y and Cj is more reasonable than the use of the corresponding
constants in the sense of the [>-norm. For instance, when F(z) is linear, say F(r) =
Az, then ¢y = Cy = 1, but the corresponding constants in the sense of the I2-norm
depend on the smallest and largest eigenvalues of A.

Starting now, we shall often use Sy (§,7) to denote a ball in R™ which is centered
at point £, with radius r measured in the || - ||y-norm. The next lemma gives two
further properties of the nonlinear vector-valued function F'.

LEMMA 3.1. There are two positive constants ¢c; < 1 and Cy; > 1 depending only
on constants cq and Cy such that

(3.9) (F(Q) = F(§), = &) < Ci(Ay(C = £), ¢ =&) V¢, & ne R,
(3.10) Q) = F(E)lla-r 2 1 l€—&lla,  VC, & neR™

Proof. We first consider (3.9). It follows from (3.8) that for any ¢, £ € R™,

(311) (F(C) = F(6),¢ =€) < |F(¢) = FE)lla- I = €lla < v/ Coll¢ = €%
But for any n € R", by (3.6) there exists a positive number 7 = 7(n) such that

C
(3.12) [E(n+a) = F(n) - Agaflar < 50||04||A Ve 54(0,7).
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This, together with (3.7), leads to

el < %(F(U +a) = F(n),a) = %{(F(n +a) = F(n) = Aye, a) + (Aya, o)}

< AIF 0 +a) = F(n) ~ Ayallas flala + (Ay0,0))

1 1
< §||04H3 + a(Anma)
So we have
2
(3.13) ol < C—(A,,a,a) Vo € 54(0,7).
0

Noting that inequality (3.13) is invariant with respect to any constant scaling of
a, (3.9) follows readily from (3.11) and (3.13) with C; = 2\/Cp/co, or C; = 1 if
\/@/CO < 1/2

Now we consider (3.10). By (3.12) and (3.8), we derive

(Apa, o) < || Ayl a1 |lala

< ([Apa = F(n+a) + F(n)lla-r + [[F(n+a) = F(n)lla-1) lalla
Co

(3.14) < (5 +VCo) llally ¥a e Sa0.7),
which is invariant up to any constant scaling of «, while by (3.7) we have
1 1
(3.15) ol < o F+a)=Fn),e) < =[F(n+a) = F)llaz llefa,-

Then (3.10) follows immediately from (3.14) and (3.15), with ¢; = 2¢o/(co + 2v/Co)
or c; = 1if /Cy/co < 1/2. ]

We end this section by assuming some sort of Lipschitzian property on the gener-
alized Jacobian of F': there exists a positive constant L such that for any two vectors

&,neR,
(3.16)  [[ATE(Ve — Vy)ATE|| S L|€ —nlla YV € DF(E), Vi, € F(1).

3.3. Algorithms and their convergence. We are now going to extend the
new Algorithm 2.2 in section 2 for the linear saddle-point problem (1.3) to solve the
nonlinear saddle-point problem (1.1). As we have observed, an essential improvement
of this new algorithm over the existing ones (cf. [10]) lies in the fact that its conver-
gence is guaranteed and its rate of convergence can be estimated by assuming only
constant upper bounds for the error reduction factors (6y < 1/3 and 64 < 1/2) in the
nonlinear inner iterations. These conditions may be easily satisfied, for example, by
the approximate inverse generated by the PCG iteration with the preconditioner A.
Such loose requirements come as the consequence of the choice of a particular norm
[Il - ||; see Remark 2.1 in [29]. In order to preserve this good feature in the current
nonlinear saddle-point system, one should use a norm similar to ||| - ||| involving the
matrix A = A,. But unlike the linear saddle-point problem, the matrix A, is not
available now since it involves the z-component of the exact solution {x,y} to system
(1.1). This fact brings in one of the major difficulties of nonlinear systems and can
be regarded as the main distinction between the linear and nonlinear saddle-point
problems.
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Now, we discuss how to extend Algorithm 2.2 of section 2 to solve the nonlinear
saddle-point problem (1.1). Let {x;,y;} € R™ x R™ be the ith iterate, and set

fi = f—F(x;) — By;.

Let x;41 be an approximate solution of the nonlinear equation

(3.17) F(§) =f— By
such that the residual e; = F(x;11) — (f — By;) satisfies

(3.18) leilla-1 < o[ fill a2

with 0 < 89 < 1. In general, the approximation x;41 can be obtained by some
iterative method with x; as a natural initial guess. This will be discussed in detail in
section 3.4.

Let A; = A,, be a positive definite matrix as defined in (3.5), and let A; be a
(positive definite) preconditioner of A;; then we obtain an exact Schur complement
at x; and its approximation:

K;=B'A7'B, H;=B'A;'B.

Let K’z be a preconditioner for H;, and set g; = B'x;;1 — ¢g. Similarly to the
introduction of the mapping ¥y in (2.14), we define a nonlinear mapping ¥y, :
R™ — R™ such that

(3.19) 1951, (95) — Hi  gill 11, < 89 |1 H gilla,

for some 6, € (0,1). Let d; = ¥y, (g;); then we introduce a nonlinear solver ¥ 4
R™ — R™ satisfying

i+1 :

(3.20) W4

i1 (Bdl) - Av:i-llell Aipa <7 ||A;£leZ| Aigr

for some v € [0,1). As we observed in the linear saddle-point case, a relaxation
parameter 7; (see (2.15)) is important to ensure the convergence of our new algorithm:

_ (9i» dy)

T’L:—(\I/A(de),BCL) for dﬁéO

Unfortunately, the matrix A = A, is no longer available for the current nonlinear
problem (1.1). One alternative is to use the approximation A;;; of A; this leads to
the following new choice of the relaxation parameter 7;:

3.21 Ti = for d; #0.
(3.21) (W, (Bds), Ba) #

With this parameter and the motivation of Algorithm 2.2 for linear saddle-point
problems, we propose the following algorithm for solving the nonlinear saddle-point
system (1.1).

ALGORITHM 3.1 (nonlinear inexact Uzawa with mixed iteration). Given {xo,y0} €
R™ x R™, the sequence {x;,y;} € R™ x R™ is defined fori=1,2,... as follows:

Step 1. Compute x;41 such that

F(ziy1) = f — Bys + &



808 QIYA HU AND JUN ZOU

Step 2. Compute g; = B'x;11—g and d; = Yy, (g;). Then compute the parameter

Ti.
i di : .
= (\I/AH(lg(Bdi)),Bdi) if di #0;
1 if d;i=0
and update
1
(3.22) Yit1 = Yi + 5Tid;.

2

To understand and more accurately describe the convergence of this new algo-
rithm, we need to introduce a few more parameters. First, by (3.6) we know that for
any parameter w € (0, 1), there is a positive number r,, such that

(3.23) |F(z+a)— F(z) — Ax||a-1 < w|lalla Ya € S4(0,r,).
Then we introduce a constant 64 that is the minimal positive number satisfying

(3.24) 1WA, (Bd) — A7 Bd;|| s < 64||A"Bd;| 4.

i+1(

Now set 7, = (1 — 27)/(6L) for any positive parameter y < , and

i 1+ 4ko(1 — 264)
1
(3.25) k; =cond(A; " A;), ko= J max £, Bo = \/1 — (11 r0)2(1 =67

we will see §5 < § when x;41 € Sa(z,7,) (Lemma 3.7), and hence we have 0 < §y < 1.
The following few parameters will be used to describe the convergence region and
convergence rate of Algorithm 3.1:

V8 + 6 +6  for 0<Hfo < S
(3.26) PO=N 11— Bo)(1+6) for A < lthe
4 0 0 1+bo 2
and

w\/1+(50(1+\/%) o — co(1 = po) o Co min{r , }
P o LT TG+ VE) YT (14 V5) vk
(3.27)

Our final preparation is to choose an appropriate norm in which the convergence
can be ensured and well measured. As for the linear saddle-point problem, we define
|| - ||| to be the same as in (2.8), but with A = A, and K = B'A~!B here.

Now we are ready to state our main results of this section about the convergence
of Algorithm 3.1, whose proof will be provided in section 3.5.

THEOREM 3.2. Let wg < 1 be a fized positive constant, w € (0,wp) be a given
parameter, and r,, be the mazimal positive number such that estimate (3.23) is satis-
fied. Assume that (3.20) holds with v < % and that the initial guess {xo, yo} satisfies
[|Eol|| < ry. If the tolerance €; in Step 1 satisfies (3.18) with 6y < 3, then Algo-
rithm 3.1 converges, and the rate of convergence can be estimated by

(3.28) Bl < po BN, i=0,1,2,...,

where p§ = po + pow < 1, and
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Remark 3.1. From Theorem 3.2 we see that the preconditioner Ki for H; can
be chosen in Algorithm 3.1 without any particular restriction, and the approximation
accuracy parameters §p and §; are independent of any other parameter, unlike in
most existing algorithms. The rate of convergence pj depends only on 64 and fo,
and does not depend directly on cond(f(i_ 'K ); therefore no proper scalings of the
preconditioner K; are required as in the existing inexact Uzawa algorithms.

Remark 3.2. In Theorem 3.2, the initial guess {zg, yo} is required to lie within
a small neighborhood of {z, y}. Care must be taken for the choice of such initial
guesses. In applications, the initial guess may be obtained using a globally convergent
algorithm for (1.1) with one or two iterations, for example, the simple perturbation
method as described below.

Given a small positive number u, approximate (1.1) by the perturbed system

(3.29) F(x)+By=f, Blz—py=g.

Expressing y in terms of x from the second equation and then substituting it into the
first equation, we obtain

1 1
(3.30) F(z)+ —BB'z = f + .
n

One can solve this nonlinear equation using some classical iterative methods, for
instance, the steepest descent method, which is known to have slow convergence but
usually converges very fast at the first few iterations. Once an approximation of z is
available, the approximation of y can be obtained directly from the second equation
in (3.29). As this process is used to generate only an initial guess, the perturbation
parameter 4 need not be too small, e.g., one may take p = 0.1.

3.4. Solution of system (3.17). One major task in Algorithm 3.1 is to find
some effective way to compute x;y; such that the tolerance requirement (3.18) is
satisfied with 6y < % In this subsection we will propose an iterative algorithm for
computing x;+1 which meets the requirement.

Let z} be the exact solution of (3.17); then we have f — By, = F(z}), and (3.18)
can be written as

(3.31) [F(zit1) = F(x7)]|a-r < ol F(wi) — F(x7)] a1

When nonlinear equation (3.17) is solved by an iterative method with the initial guess
x;, condition (3.31) should come from the convergence results in the underlying norm.
Unfortunately, this conclusion is not straightforward here since the convergences of
most iterative methods for nonlinear equations are analyzed in the I2-norm (cf. [30],
[31], [36]), not in the “energy-norm” as required in (3.31).

Let G; be a functional defined by

Gi(§) = J(§) + (Byi, &) — (. €),

where J(x) is the functional in (3.1) satisfying V.J(z) = F(x). Then (3.17) amounts
to the following minimization problem: Find z} € R"™ such that

(3.32) Gi(x}) = Loin Gi(8).

Next, we propose a PCG-type method to solve this minimization problem.
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ALGORITHM 3.2 (PCG-type method for solving (3.32)). Set
xEO) = Ty, ng) = _AZIVGZ(‘IZ’L)’

then generate o sequence {xgk)}zil as follows.
Step 1. Compute the parameter Ti(k_l) such that

% i %

(3.33) Gi(@F D 4 2 F DRy — i Gy (@Y 4 7 pt ).
Update

(3.34) aF) = gD g D),

i
Step 2. Compute

(335 6 = —(A7'VGi(x"), A,ep( ) /(A wp" T BT,

i
Compute
(3.36) ) = —A7VG ) - oM pE Y.

Before analyzing the convergence of Algorithm 3.2, let us introduce a few useful
constants. For the sake of simplicity, we shall write Az(-k) = A _ o below. First, we can

k)

easily see the existence of the two constants Ci(k) and cg from Lemma 3.1 and by

noting the relation

VGi(§+a) = VGi(§) = VI(E+a) = VJ(§) = F(E+a) - F(E).
The first constant C’i(k) > 1 is the smallest positive number satisfying
(3.37) (VGi(E+a) = VGi(),0) < P (4P a, )

for £ = acgk) and a = spgk) with all s > 0, also for £ = 2} and o = t(acgk) — z}) with

all t € (0,1); the second constant cgk) < 1 is the largest positive number satisfying

(3.38) ™ — w5l g0 < IVGi(@™) = VGi@)]| 4o -

It is obvious that for a less accurate estimate one may simply take the above two con-

stants Ci(k) and cgk) to be the constants Cy and ¢; from (3.9) and (3.10), respectively.
Now define

(k) \ 2 (k)

. 1 \ 4K,
ngk) = cond(4, éAl(»k)Ai %)a Pz(k) =1- <Cl(k)> (k)nl ’
C,L' ("{i + 1)2

Clearly, we see that pgk) lies in the range 0 < pgk) < 1. The following estimate holds
on the rate of convergence with Algorithm 3.2.

LEMMA 3.3. Let x} be the exact solution of (3.32), and let the sequence {xz(-k)},;“;l
be generated by Algorithm 3.2. Then the following estimate holds:
(3.39) G2y — Gi(ar) < oM (G (2 = Gi(xr)), k=0,1....

% 7 7
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If we set x;41 = xl(ko) for some positive integer ko, then

(3.40) Gilwisr) - (H P ”) (@) = Gia))).
Proof. Using the generalized mean-value theorem and (3.34), we have for any

T >0,

(3.41)
Gi(z™ +7p) — Gi(atM)

1
= / (VGi(a:Z(-k) + ﬁTpZ(-k)>, Tpgk))dt
0

= (VGial), pV) +/0 (Vi +trpl) = VG (@), rp" ) at.
But it follows from (3.37) with § = xgk) and o = tTpgk) that
(Vi +t7p) = VG ), rp") < ctr(aPp, ).
Plugging this into (3.41) yields
(3.42) Gi(z™ +7p) = Gi(@eF) < 7 (VG (), M) + ;c Dr2AR PR p®y,
Noting that the parameter Ti(k) defining xEkH) satisfies (3.33), we obtain

(VGi@"), n”)

3

(3.43) Gi(z{"™) = GiaM) < -
20 (A® ™ )y

if we take in (3.42) that

(VGi(z"), pi*)

Tk k) (k k
o (AP pMy

To further estimate the fraction in (3.43), we first know from (3.33) that

(3.44) (VGi(M), pi~) =0.

7

Using this, and making the scalar product of both sides of (3.36) with VG; (J:Ek)), we
derive

(3.45) (VGilal™), p) = ~ 114, VGi(al)2
On the other hand, by direct computing using (3.36) and (3.35) we get

2 (AVGE), APV
A P

(APp® p)y = | A1V G ()
AW
(3.46) < |A;7'VGi(= (k))HA(m
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Now it follows from (3.45), (3.46), (3.43), and a well-known matrix-eigenvalue in-
equality (see (3.1) in [29]) that

Al k
G ) _ o) < - IACTVGE)!
Z T 2ePATVGE)IP,

1 4"%('k) &)y 2
(3'47) < _QC(k) (Ii(k) N 1)2 |‘VG1(xz )H(Agk))fr

But noting VG;(z}) = 0, we deduce from (3.38) that

2

k k
CE ))2 ||371(' ) A

IVGi(a™)|? = ||VGy(z") - VGi(z))|

(A(k))*l —LU;KH

?A(’“)q 2 (
This, along with (3.47), implies
()2 4w

7 ? {L‘Z
20 (o 17

(3.48) G2y — G (2P < —

i =

Furthermore, by the generalized mean-value theorem and the fact that VG;(z}) =0
again, we can write

1
Gia™) - Gi(at) = / (VGias + 1)~ a7)) = VGulap), 2 — a7 ).
0

Taking £ = 27 and a =t (J:Z(.k) —z¥) in (3.37), we come to
(k)
k o < Gi k)
Gi(a™) = Gila}) < =5l — w71

Combining this with (3.48) leads to

G — ) < — (4 T (G(a) — G(a7))
7 1 (2 7 — Cz(k) (Kl(k) + 1)2 1 i .

Therefore

(k+1) AN (k)
Gi(ry ") = Gi(zf) < | 1 - Cl(k) ( 0 :_ 12 (G(z;") — G(z7)),
i Ky

which proves the desired result. 0
Remark 3.3. Algorithm 3.2 is always convergent, so we have wgk)

pgk) — 0 as k — +o0. Then by (3.6) one can verify that Ci(k) — 1l and c
k — +o00o. This implies

— z; and
(k)

;. — 1 as

. (k) dr; 1 — kK2 . B s 1
klin;o p;  =1-— b1 (1 n m) with k; = cond(A4; " A4;).

Remark 3.4. The second inequality in (3.46) cannot become an equality except
that

(A7vG M), APpE) = 0.

(2
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But this orthogonality does not hold, since we have only (VGi(xz(»k)), pgk_l)) =0 but

A; # Agk) in general. So (3.46) should be a strict inequality, and in turn the actual
rate of convergence of Algorithm 3.2 is faster than that described by (3.39), i.e., the
convergence rate of the steepest descent method (cf. [35]). Also, we remark that the
exact line search is assumed in Algorithm 3.2. For the cases with inexact line searches,

the relaxation parameter ng) needs to be corrected somehow, and the discussion is
much more technical (cf. [1], [19], [40]).

With the convergence rate estimate given by Lemma 3.3, the next lemma discusses
how to meet the tolerance condition (3.18).

LEMMA 3.4. For a given pair {x;,y;} in R™ x R™, let {xgk)}iozl be a sequence
generated by Algorithm 3.2 for the minimization problem (3.32). Then for any 6y €
(0,1), there exists an integer ko depending on &y such that with x;11 = :cgko), the
residual €; = F(z;41) — (f — By;) satisfies the tolerance condition (3.18).

Proof. Let z be the minimizer in (3.32) and the solution to (3.17). It follows
from (3.8) that

(3.49) leill-r = 1F(@i1) — F(z)) |51 < Collzigr — x5

By the mean-value theorem and the fact that VG;(z}) = 0, we can write
1
Gi(wiy1) — Gi(a}) = / (VGi(z; + tH(wipr — 27)), Tiga — 7)dt
0
1
0
1
= [ PG+ toin —aD) ~ Fa), i - )i
0
This, along with (3.7), leads to
1 ‘o
Gileinr) = Gulai) = o [ s =iyt = F s i

combining it with (3.49) and (3.39), we have

2Cy

2C 6;
(3.50) leill3-: < ?(Gi(l‘i-&-l) — Gi(z})) < =

Co

(Gi(x;) — Gi(x7))

3

with &; = HZO:1 pgk_l). On the other hand, using the mean-value theorem and (3.8),
we see

1
Gilx) - Gila?) = / (VGi(a? + t(ai — a2)), @i — af)dt
0
1
- / (F(af + tlas — 7)) — F(at), 2 — a0t
0
C .
(3.51) < Ll — il
But it follows from (3.7) that

K2

loi =il < =(F (@) = Flal), @i —2i) < ZIF(@) = F@)lla- i = aila,
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which implies that

i — zi][a < %IIF(%) — F(z7)] a-1.
This combined with (3.51) gives

Gi() — Cula?) < 20

=< EIIF(%)—F(@‘)HZ—L

Now we obtain from (3.50) that

5;C2 . 5;C2
leilh-1 < =52 I1F(@:) — F(z)5- = == £l
Co €o
which leads to the satisfaction of (3.18) when kg is chosen such that 51 < Cg‘ig. 0
0

3.5. An analysis on the convergence of Algorithm 3.1. We are now ready
to study the convergence of Algorithm 3.1 and show Theorem 3.2. For this purpose,
we need a few auxiliary lemmas. We remark that all notation below will be the same
as in subsection 3.3. But for the sake of convenience, let us recall some frequently used
notation here: {z,y} is the exact solution to (1.1), A is a positive definite matrix
defined by (3.6) at any given point £ € R", but with A, simply denoted as A and A,,
as A;. The following are some error, or residual, vector quantities:

E;={Véofi,el}, fi=f—F(x:)— By, ef =x—xi, € =y—uy.

The first lemma below gives conditions on the current approximation pair {z;, y;}
to ensure x;41 lies in a specified neighborhood of x.

LEMMA 3.5. Let 1, be a fized positive number, and let the pair {x;,y;} be given
such that |||E;]|| < ﬁrw. If x;41 € R™ is generated such that condition (3.18)
holds for the residual e; = F(x;11) — (f — By;), then x;41 € Sa(x,ry,).

Proof. We know from the first equation of (1.1) that f = F(x) + By; hence

(3.52) F(ziy1) — F(z) = By —yi) + &

But it follows from (3.7) that

(F(@it1) — F(z), 2i11 — @)

= (B(y — yi) +¢€i, Tip1 — )
<|IB(y — vi) +&ill a1 [|zit1 — 2] a,

collwipr — x| <

which implies
focss = alla < 1By =) + llan < 2 (1B = wllams + eillas).
This, along with (3.18), leads to
fss1 = olla < (1B = 5)las + ol fllas)

1
= o Ulefllc + Véollv/8ofill a—)

(CLACDIToH

(3.53)
€o

IN

which proves the desired result. 0
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The next lemma demonstrates that the matrix A = A, will be close to A;11 as
long as x;41 stays close to x.

LEMMA 3.6. For any given positive € < 1, and any z;41 € Sa(x,e/(2L)), we
have

(3.54) (A= Ais1)allas < ellalla Va € R™

So all the eigenvalues of the matriz A=Y A; 1 lie in the interval [1 —e,1 + €], and

lledlais

A VYa € R™.
V1i—e¢

Proof. Clearly (3.54) is invariant with respect to any constant scaling of a. There-
fore it suffices to show that there is a number ag > 0 such that (3.54) holds for all
a € R™ satistying ||a||a < ag. To show this, we rewrite (A — A;41)a as

(3.55) llaffa <

(A= Aip)a =[Ada— (F(z+a) = F(z))] + [F(zit1 + o) = F(@it1) — Aigi0]
+[F(z+ o) = F(z) = (F(zit1 + a) = F(zig))),

then by the triangle inequality we have

(A= Aip1)alla < [[Aa— (F(z 4+ a) = F(z))]|a—
HIF(zit1 + @) = F(wi41) — Aiprall 4
(3.56) HIF(z+a) = F(z) = (F(zit1 + @) = F(@i1))]|a--

But for any given positive € < 1, we know from (3.6) that there is a positive number
ag such that the following two estimates hold for any o € R™ satisfying ||a|la < a,

19
(3.57) [Aa — (F(z +a) = F(z))[[a— <~ |la]|a,
13
(3.58) [F(zip1 + @) = F(wiy1) — Aiprafar < 1 flela

Let G(§) = F(€4 a) — F(&). Clearly, the Lipschitzian property of F implies the same
property for G. Thus by (3.3) there is a matrix V' € co 0G(T;71%) such that

Flz+a) = F(z) = (F(@ip1 + @) = F(zig1)) = G(z) = G(zi11) = V(2 = 2i11);
this gives

(3.59)
|F(z + @) — F(z) — (F(zig1 +a) = F(zi)) || at < [|ATEVATE |||z — 24| a-

As G(§) = F(£+ o) — F(£), we have
co 0G(Ti71T) = coOF (o + TiaT) — co OF (Ti1%),
so it follows from (3.16) that
|A73V A% < Ljalla.
This with (3.59) yields

[F(z+a) = F(z) = (F(zit1 +a) = F(@ig1))|a- < Lo — 21| [Jal .
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Thus for any ;11 € Sa(x,e/(2L)), we have
€
[1F(z +a) = F(z) = (F(zit1 + a) = F(zig))lla- < 5 llalla;

this, along with (3.57) and (3.58), proves (3.54).
Now by writing (3.54) as

(I — A7 Ai1)alla < e lalla,

we see that the eigenvalues of A=A, must lie in the interval [1 —¢,1+¢]. This fact
further implies

(A(A7' A )a,a) > (1 —e)(Aa,a) Ya € R™;
therefore,

(Ao, @) = (Ajp10n,a) + (Aa, o) — (A(A7 A1), a)
< (Ainiona) +e (Ao, a),

which leads to estimate (3.55). 0

Remark 3.5. We see from the proof of Lemma 3.6 that estimate (3.54) is a direct
consequence of (3.5) or (3.6). If F' is smooth, then inequality (3.54) amounts to the
condition that the gradient of F' is Lipschitzian.

LEMMA 3.7. For a given parameter v < %, assume z;11 € Sa(z,e/(2L)) with
e < (1—2v)/3, and (3.20) is satisfied. Then (3.24) holds with 64 < .

Proof. For simplicity, we write b = Bd; and W(b) = W4, (Bd;). Then it suffices
to verify

(3.60) [9(0) ~ A*blLa < 1A b]a

under the condition

(3.61) 19 (b) — AT 0l Ay < Y IIAZ bl A, -

To see this, first by the triangle inequality,

(3.62) 1W(b) = A7 bl|a < [1W(b) = AT blla + A7, 6 — A7 8] 4

Using (3.55) and (3.61) above we derive

1O = At 2y
V1—¢ - \/7 i+
On the other hand, it follows from (3.54) and (3.55) that

(3.63)  [1W(b) — AZLblla <

z+1 N

[A7b = AT0)a = [I(A — Ap 1) AT bllamr < e [|AZL bl < \/7”"41—&-1 [Aiga-
Substituting this and (3.63) into (3.62), and using Lemma 3.6 again, leads to
100) ~ A7l < TEENAT s, = bl
(3.64) < ijubnA-l - 7+5||A bl
This proves (3.60) by noting 'y+8 |
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Recalling that g;, 7;, and Wy, (g;) are the quantities used in Algorithm 3.1, that
the parameter 3y is defined in (3.25), and that K = B'A~!'B is the exact Schur
complement with A = A,, using (3.24) ensured by Lemma 3.7 we can derive the
following lemma, which is basically the same as Lemma 3.1 in [29] (but with different
notation).

LEMMA 3.8. For a given parameter v < 3, assume x;y1 € Sa(z,e/(2L)) with
e < (1—2v)/3, and (3.20) is satisfied. Then there is a symmetric and positive definite
matriz Q; such that

() Q;'gi = 57 Yn,(g:);
(ii) all eigenvalues of the matriz Q; 'K are in the interval [(1 — 5o)/2,1].

The following lemma is basically Lemma 3.5 in [28], with slight modifications.

LEMMA 3.9. Let N be an n x n symmetric and positive semidefinite matriz, and
let F(N) be a block matriz given by

—60(I+N) —v/6N
= (M ).

If all positive eigenvalues of N lie in the interval [1— %, 1], then we have | F(N)| <
po, where pg < 1 is defined in (3.26).

Proof of Theorem 3.2. With the previous technical preparations, we are now
ready to demonstrate Theorem 3.1. First, we recall that pg, p,, and r}, are three
parameters defined in (3.26) and (3.27). Then for Theorem 3.2 it suffices to prove
that p§ = po + pu < 1, and the following relations hold for ¢ = 0,1,2,.. .

(3.65) B lll < polllElll < [[1E:ll] <7

We shall achieve this by induction. We start with the verification of this for ¢ = 0.
To do so, we shall first derive an error propagation equation. We know from (3.52)
(1 = 0) that

(3.66) F(x1) — F(z) = Bef + 0.
But by the assumption of Theorem 3.2 on the initial guess {x¢, o} and the definition of
5, we know ||| Eo||| < rf = cofw/(1 + v/80) with 7, = min{r,, -}, so z1 € Sa(z,7,)

by Lemma 3.5, which implies ;1 € Sa(x,r,) N Sa(x,r,). This enables us to apply
Lemma 3.8(i) and Algorithm 3.1 to write

(3.67) y1 = yo + Qy ' B (z1 — ).

With (3.66), we can further deduce

A%(xl —x)
= A"3(F(zy) — F(2)) — A"3[F(21) — F(z) — A(z1 — )]
(3.68) = A3 (Bel + o) — 1,

where ¢ = A2 [F(zy) — F(z) — A(z; — z)]. Setting Ny = A_%BQalBtA_%, we
obtain from (3.67) and (3.68) that

A"3BeY = A3 Bel — No[A™ % (Bell + o) — ¢1]
(3.69) = (I — No)A™2Bell — NgA™ 2e( + Ny
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Multiplying (3.66) by A==, we have
(3.70) ATE(F(x) — F(z1)) = —A" 2 Bel — A %¢q.
Then using the fact that

fi=f—F(z1) — By1 = F(z) — F(z1) + BeY,
we derive from (3.69) and (3.70) that
(3.71) A73f; = —(I+ Ng)A 2eq — NgA~ 2 Bell + Noy.

Now by defining for £k =0,1,2,...,

1 1 —1 1
E]:g = A_EBCZ, Ezy =/ 50A_§fk; esk = \/50 A_Egk7

we come to the following propagation equation using (3.69) and multiplying (3.71) by

Vo:

(3.72) ( EEi; > =7 (No) < eEg ) +( x/c?(l)\f(;lw >

We know from Lemma 3.8(ii) that all the positive eigenvalues of the matrix Ny lie
in the interval [1 — 1250,1]; thus || F(No)|| < po by Lemma 3.9. Then with the
assumption of Theorem 3.2 on the tolerance ¢; for i = 0,1,2,..., we know (3.18) is

satisfied, leading to

1
el < [[V6oA™= foll = I1£57 -
By this, with the definition of the norm ||| - |||, we see
le=elI* + [1EZII* < [11Eolll*.

Using this and the bound ||F(Ny)|| < po, we derive from (3.72) that

(3.73) IEL[]] < po l[|Eoll] + /1 4 b0 || |-

Noting 1 € Sa(z,7y), it follows from (3.23), (3.53), and the definition of p,, in (3.27)
that

V1+éolleill = V1+ 60| F(z1) — F(z) — A(z1 — )| 4
<w\1+68||z1 —||a

w1+ 80(1 4+ V6o

VIF0lE V) ol = gl Bl

Co

<

Then we know from (3.73) that
HIELI < (po + pu)ll|Eolll = poll| Eoll]-

Noting the fact that w is taken from the range (0,w), we have

wVT+8(1+ V) _ wovT+8(1+ Vo)

Co Co

Pw =
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This, with the definition of wy in (3.27), shows p, < 1 — pg, 80 p§ = pu + po < 1, and
HEL] < poll[Eolll < [[1Eolll <72,

which verifies (3.65) for ¢ = 0.
Now we assume (3.65) holds for i = k — 1 with any integer k& > 1; then in exactly
the same manner as for deriving the error propagation equation (3.72), we have

o (E)ron(5)- (i)

k1 N prt1

where @11 = A3[F(z41) — F(z) — A(zp1 — )] and Ny = A"3BQ, 'B'A™3.
With this relation, one can follow exactly the same proof as for i = 0 above to verify
that (3.65) holds for ¢ = k. This completes the proof of (3.65) by induction. 0O

4. Numerical experiments. In this section, we shall apply two new algorithms
proposed in sections 2 and 3, Algorithms 2.2 and 3.1, and some other existing algo-
rithms, to solve a linear saddle-point problem arising from a domain decomposition
method with a Lagrange multiplier and a nonlinear saddle-point problem.

4.1. A linear saddle-point problem arising from a domain decompo-
sition method with a Lagrange multiplier. Domain decomposition methods
with Lagrange multipliers have become popular in solving second order elliptic prob-
lems; see, for example, [8], [27], [34], and the references therein. This method allows
nonmatching grids to be used in different subdomains, with Lagrange multipliers
introduced to preserve necessary interface continuities between local solutions from
neighboring subdomains. A domain decomposition method with a Lagrange mul-
tiplier results in a saddle-point system with respect to the primal variable and the
Lagrange multiplier. Two different approaches are often used to solve the resulting
saddle-point system: the first one eliminates the primal variable in the system and
forms an interface equation for the multiplier, then solves the interface equation by
a PCG method [26]; the second directly solves the saddle-point system by some pre-
conditioned iterative method [27], [34]. We shall compare the efficiency of these two
different approaches.

Consider the model elliptic problem

(4.1) —V-(aVu)=f in @ wu=g on 09,

where (2 is a three-dimensional rectangular domain Q = [0,2] x [0, 1]2. We decompose
Q into two subdomains ; and Qo: Q; = [0,1]3, Qo = [1,2] x [0,1]?, and then
triangulate each subdomain Q, (k = 1,2) into smaller cubic elements, each with edges
of equal length hi. We remark that the two triangulations in ; and s, denoted
Th and T"2, respectively, are not required to match on the interface I' = Q; N Q.
By N3, we denote the set of vertices of all elements in the triangulation of €, and
Iy, =T'NN,, for k=1,2.

On each Qy, we define V*(Q;) € H'(Q) to be the standard @Q; finite element
space [17], [24], associated with the triangulation 7", and

V() = {v eVhQ); v(z) =gla;) Vi€ N N (an\r)},

V@) = {o = {1, va} € V(1) x V(); wn(ws) = valw:) Va; €T, }.

g9
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Now the finite element approximation of the elliptic problem (4.1) can be formu-
lated as follows: Find {un,,un,} € V() such that

2

2
(4.2) > (aVun,, Vor)a, =Y (f,oe)e, Yo ={v1,v2} € V().
=1 =1

By introducing a discrete Lagrange multiplier x to remove the constraints on the
interface as required in the finite element space V;*(€2), system (4.2) can be written
as the algebraic saddle-point system [27]

Al 0 Bl U1 bl
(4.3) 0 Ay By Us =1 b |,
Bt Bt 0 X d

where A; and Az are the stiffness matrices associated with the bilinear form (aV-, V-)q,
under the nodal basis of Voh’c (Q), and Uy, corresponds to the nodal values of uy, in
QU Fhk~

By eliminating the variables U; and Us in (4.3), we obtain the interface equation
[26]

(4.4) Ky=b

with

K= ZBk 1By, b_ZBk Atby, —d.

We note that the Schur complement K is a dense matrix, possibly of large size.
The direct solver for system (4.4) is very expensive. Instead, we will consider the
following three iterative methods for solving (4.3).

M1. Solve the interface equation (4.4) by the CG method. Recall that we are
mainly interested in the case where no good preconditioners are available for
the Schur complement, so CG is used here instead of PCG, although some
effective preconditioners are available for the current Schur complement;
see, e.g., [9], [21]. In fact, this main interest prompts us to choose the worst
preconditioner, the identity, for the Schur complement K involved in all
three algorithms we shall test.

M2. Solve the saddle-point system (4.3) directly by the well-known precondi-
tioned MINRES method [39]. We will take an (algebraic) multigrid pre-
conditioner (cf. [42]) to be the preconditioner A for the first 2 x 2 block
matrix in the coefficient matrix of (4.3) and the identity matrix to be the
preconditioner K for the Schur complement K.

M3. Solve the saddle-point system (4.3) directly by Algorithm 2.2 of section 2.
The preconditioners A and K are taken to be the same as in M2. The ap-
proximation W4 (¢) is taken to be A*IQS for any ¢, while the approximation
Ur(g;) is generated by two PCG iterations for solving (2.13). (Note that
PCG is the same as CG here since K is taken to be the identity.)

Table 4.1 shows the numerical results with M1, M2, and M3, where the coefficient

a(x,y, z) in (4.1) is taken to be a(z,y, z) = 1+ayz, and functions f and g are taken so
that the exact solution of (4.1) is u(x,y, z) = (x+y+2)5. Considering the singularity
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TABLE 4.1
Number of iterations and CPU time (in seconds).

h1 M1 M2 M3 (0 =3) | M3 (§=0.7)

iter CPU | iter CPU | iter | CPU | iter CPU
1/8 | 10 0.14 | 20 053 | 10 | 052 | 8 0.43
1/16 | 15 16.6 | 33 85 | 11 6.6 | 10 6.0
1/32 | 21 | 1956.9 | 58 | 1585 | 13 | 89.9 | 12 86.3

of the solution at the origin, we take h; = hgo/2. In all the experiments, the initial
guesses for the three iterative methods are taken to be zero, and the outer iterations
terminate when the relative error of the residual reaches 107°. We mentioned in
Remark 2.3 that the coefficient 1/2 in (2.18) can be replaced by a larger number than
1/2, which is now tested in Table 4.1 with two different choices of this coefficient,
denoted by a parameter 6.

We remark that the actions of the Schur complement K involve the actions of
the local solvers A,;l. These actions must be very accurate, since our target is to
solve system (4.3) or (4.4). One may use both direct solvers or iterative solvers to
realize the actions of these local solvers. But if iterative solvers are used, the stopping
criterion should be up to a very high accuracy. So we have chosen in our experiments
to realize these local solvers by the standard direct solver, a banded sparse version of
the Gauss elimination.

From Table 4.1 we see that the new method (M3), Algorithm 2.2, outperforms
M1 and M2 essentially, and this appears to be more evident when the discrete system
becomes larger.

4.2. An algebraic nonlinear saddle-point problem. We now consider an
algebraic nonlinear saddle-point problem and compare the convergence of the new
Algorithm 3.1 of section 3 and the well-known augmented-Uzawa method, which has
been widely used for nonlinear saddle-point systems.

Let I,,, be the m x m identity matrix, and let 7, an m X m matrix with entries
given by

tij =

{1 if |i—j|=1;

0 otherwise.

For n = 2m, we define an n X n symmetric positive definite matrix M and an n X m
matrix B with full rank as follows:

51, — LT —I )
M<2m atm m . B=(0, 2I,, —T,)"
_Im glm - %Tm

The smallest and largest eigenvalues of M are given by [14]

2 2

. m .
A =4sin? —— 7 +sin

— = r=1+sin®>———m,
2(n + m) im0 T )T

n m m
Ap = 4sin® ———— 7 +sin® ————7 =3 +sin’® ————.
sin 2(n+m)7r—|—sm 2(m+1)7r + sin 2(m+1)7r

Now we define the nonlinear mapping F' as

1 < &1 &2 én

PO =M+ o (1 g ia e

t
) VE= (& & &) € R
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One can verify that F' is strongly monotone and Lipschitz continuous. Moreover, we
have

1-¢ 1-8 153)

1.
vF(g)_M+5d1ag<(1+€%)2,(1+€%)2,---,(1+§%)2

which implies
40 21, o n
(4.6) =Kl < (VEE©)C,¢) < —lIcl™ v, €€ R

Let A; = VF(z;). If we choose A; = I,,, we have cond(A; '4;) < 21/4. Noting
that the Schur complement K; = B'A; !B is a dense matrix without any special
structure, it is difficult to find a reasonable preconditioner K; for K;. Therefore we

will take the worst preconditioner IA{l =1,,.
The functional J(§) satisfying VJ(§) = F(§) can be written as

(4.7) J(€) = 1AQ§-w—§:m1+§

One can see that J(§) is uniformly convex. This enables us to realize the nonlinear
inner iteration in Algorithm 3.1 for finding z;4; by Algorithm 3.2.

The right-hand side functions f and g in (1.1) are generated using system (1.1)
when the exact solution is taken to be

1 1\
r=(1,1,...,1) y:<1,2,...,).

m

We will compare the new nonlinear inexact Uzawa algorithm (Algorithm 3.1) with
the well-known augmented-Uzawa method (see [38, pp. 234-244]). The augmented-
Uzawa method converges, provided that the inner iteration involved is accurate enough,
and the augmented parameter r is taken to be sufficiently large (or the initial guess
is very close to the exact solution).

The initial guess zy for both Algorithm 3.1 and the augmented-Uzawa method
will be taken to be the approximation generated by three steps of the steepest descent
method for solving the perturbation system (3.30) with u = 1/10 and the zero initial
guess. With x( available, yo is then determined from the second equation of (3.29).
The iterations of Algorithm 3.1 and the augmented-Uzawa method terminate when

_ N — Ball2 Bt 23

I£11Z + [lgll®

We first apply Algorithm 3.1 for the nonlinear saddle-point problem (1.1) with the
data described as above. There are three stopping parameters 6o, 64, and v involved
in the inner iterations. For the convenience of numerical tests, we will replace the
norms used in (3.18), (3.19), and (3.20) by the [?>-norms of the relative errors of the
residuals, and take 6o = 1/4 and v = 1/4, but a few different choices for §;. The
convergence results of Algorithm 3.1 are summarized in Table 4.2.

We then apply the augmented-Uzawa method for the nonlinear saddle-point prob-
lem (1.1) with the data described as above. Each nonlinear inner iteration involved in
the augmented-Uzawa algorithm is realized by 30 or 40 iteration of Algorithm 3.2—a
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TABLE 4.2
Number of iterations and CPU time (in seconds) with Algorithm 3.1.

(n, m) (100, 50) (200, 100) (400, 200) (800, 400)

iter | CPU | iter | CPU | iter CPU | iter CPU
bg =1/4 32 2.1 30 9.5 30 104.9 28 676.6
bg=1/6 29 2.2 31 14.4 29 87.3 27 635.6
6y =1/8 29 1.8 28 11.0 28 7.4 27 633.8

TABLE 4.3
Number of iterations and CPU time with augmented-Uzawa algorithm (30 inner iterations).

(n, m) (100, 50) (200, 100) (400, 200) (800, 400)
iter | CPU | iter | CPU | iter | CPU iter | CPU
r= 10 | 255 85.5 | 180 | 267.8 | 139 | 987.7 | 106 | 7375.1
r= 50 62 20.8 49 73.1 40 | 284.9 | 31 2160.8
r = 100 64 21.6 61 90.8 51 361.8 40 2786.6

TABLE 4.4
Number of iterations and CPU time with augmented- Uzawa algorithm (40 inner iteration).

(n, m) (100, 50) (200, 100) (400, 200) (800, 400)
iter | CPU | iter | CPU | iter CPU iter CPU
r= 10 | 255 | 115.5 | 179 | 388.1 | 138 | 1311.1 | 106 | 10553.7
r= 50 53 24.1 38 82.6 28 266.7 22 2195.9
r =100 44 19.9 41 89.0 30 285.6 24 2406.2

TABLE 4.5
Number of iterations and CPU time with augmented-Uzawa algorithm (€ < 1072).

(n, m) (100, 50) (200, 100) (400, 200) (800, 400)
iter | CPU | iter | CPU | iter | CPU | iter | CPU
r= 10 | 255 | 97.0 | 179 | 354.8 | 138 | 1342.1 | 106 | 10269.6
r= 50 | 52 | 625 | 37 | 1087 | 28 | 880.8 | 22 | 6249.0
=100 | 27 | 348 | 18 | 1147 | 13 | 3319 | 10 | 23564

preconditioned CG-type method. The numerical results are summarized in Table 4.3
(30 inner iterations) and Table 4.4 (40 inner iterations).

In order to better understand the effect of the inner iterations, we have also
implemented stopping the inner iterations by the standard stopping criterion, which
is set to stop the inner iterations when the relative residual is less than €. The
numerical results are summarized in Table 4.5.

Tables 4.3-4.5 indicate that both the convergence rate and the CPU time of the
augmented-Uzawa algorithm depend strongly on the augmented parameter r. But
there is still no theory about the selection of a reasonable or optimal parameter r.

One can see from Tables 4.2-4.5 that Algorithm 3.1 is evidently more efficient
than the augmented-Uzawa method (even if the optimal parameter r may be found).
For the augmented-Uzawa method, one can clearly see that it converges faster with
more inner iterations, which, however, does not necessarily lead to less CPU times;
see the figures in Table 4.3 and 4.4 with » = 50. When the inner iterations are set
to be too accurate, the total CPU time may be much longer; compare the figures in
Tables 4.4 and 4.5 with » = 50. But how to set the stopping criterion for the inner
iterations of the augmented-Uzawa method is rather difficult and often quite problem
dependent.
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