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ABSTRACT. In this paper, we analyze the preconditioned GMRES method with block tri-
angular preconditioners. We improve the existing analysis of preconditioned GMRES
method in literature in the sense of removing the scaling parameters in front of the di-
agonal blocks. In this paper, we first investigate the convergence theories for an abstract
saddle-point problem. Then we apply this technique to two linear systems, which come
from multi-physics systems after linearization and finite element discretization.

1. INTRODUCTION

Preconditioned GMRES method is one of the most widely used Krylov solvers for lin-
ear systems. No requirement on symmetric or positive definite property makes it impor-
tant to solving linear systems, especially to those come from multi-physics problems after
linearization and discretization [4, 3, 2, 1, 13, 14, 5, 11]. It is well-known that in terms of
number of iterations, block triangular preconditioners for GMRES method always give
satisfactory performance. However, not much work exists to justify this theoretically.
Loghin and Wathen [8] introduced an important framework to analyze the performance
of such preconditioners, which is know as Field-of-values- (FOV-) analysis.

Our analysis is motivated by that of [10]. Carrying out the analysis from the perspec-
tive of functional analysis and PDEs, we are able to improve the estimates of Loghin
and Wathen in [8] in the sense that we can remove the scaling parameters in front of the
diagonal blocks. By choosing appropriate norms in the analysis, we are able to get rid
of these scaling parameters, which is consistent with the practical implementation and
observations.

The rest of this paper is organized as follows. In §2, we consider a generic saddle-point
problem and carry out convergence analysis for the preconditioned GMRES method.
Then we apply the analysis technique to two linear systems, which come from the lin-
earization and finite element discretization of multi-physics systems in §3.

2. CONVERGENCE ANALYSIS FOR THE PRECONDITIONED GMRES METHOD

In this section, we recall the abstract framework for designing the FOV-equivalent pre-
conditioners, following [8]. We design block triangular preconditioners for the GMRES
method, and justify their performance theoretically.

Consider a model problem Ax = F, where A is a general operator. We use another
general operator M : H* — H to denote the preconditioner. Based on the inner prod-
uct (-, -) o1 and the norm ||-|| y,-1, we can estimate the convergence rate of the precondi-
tioned GMRES. It is proved [6, 12] that if x™ is the m-iteration of GMRES method and x
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is the exact solution, then
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According to the theory, we conclude that as long as we find an operator M, and a

2.1) <T.

proper inner product (-, -) ,,-1 such that condition (2.1) is satisfied with constants y and I
independent of the physical and discretize parameters, M is a uniform preconditioner
for the GMRES method. Such preconditioners are usually referred to as FOV-equivalent
preconditioners.

We carry out the convergence analysis of the preconditioned GMRES method for a
saddle-point problem. Application to other finite element discretization is discussed
later. Assume that Ax = F'is in the form

.Al —B* 1 _ F1
(5 ) ()-()

where A; is a SPD operator. Based on the partition of the system, we assume that a
splitting of the Hilbert space H is H; x Hj such that 1 € Hy, x; € Hj. Assume that
the problem (2.2) is well-posed with respect to norm ||-|| y,-1, which is induced by M =
diag (H1, ’Hz)_l. And we further assume that H; = A;. Therefore, the well-posedness
implies that there exists a constant { > 0, independent of physical and discretization
parameters (depending on the problem) such that

(2.3) inf sup DT g
@26 Hy o c g, || Tl 4 122|194,

Theorem 2.1. If the condition (2.3) holds, there exist constants «y and I" such that for all x # 0,
the operator A defined in (2.2) and the operator

A 0 -
M, =
satisfy condition (2.1) with the norm ||-|| y-1 induced by M = diag (A, Ha) .
Proof. By simple computation, we get

A1
M[;A:(Il A B )

0 H,'BA'B*
Then for any = = (x1, x,)T, we have
(¢, M AZ) \ -1 = (21 — Al_lB*wz, x1) A, + (B.Al_lB*a:z,wz)
= @, (B, @)+ Bl
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where ¢ = ||z1]|4,, &2 = || B2 || 4;1- Since the matrix in the middle is SPD, there exists
Yo > 0 such that

(@, MeAz) s = 70 (@[, +1B° @2l o ) -

Moreover,

(BmllmZ)
1B @l o= sup SEHE > Cla]y
AT e Tl 2’

we get
(@, M AZ) -1 > volla |1, +700% |25, > min {yo, 1007} (x, ) p1,

which leads to the lower bound <y. The upper bound I follows directly from the bound-
edness of each term. O

Applying M defined in Theorem 2.1 as preconditioner means inversing each diag-
onal block exactly. In implementation, we need to call direct solvers for each diagonal
block, which can be expensive and time-consuming. Therefore, we replace the diagonal
blocks by their spectral equivalent SPD approximations. The following theorem states
that under certain assumptions, such a preconditioner is still robust.

Theorem 2.2. If the condition (2.3) holds, there exist constants y and T such that for all x # 0,
the operator A defined in (2.2) and the operator

ol o0\
A _ 1
Me = ( B Q;1>

satisfy condition (2.1) with the norm ||-|| y4—1 induced by M = diag (Q1, Q2) provided that
(1) cp; (Qiz, x) < (’Hflsc,:c) <, (Qix,x),i=10r2,
(2) HIl — leAlHAlS 0, with 0 < o< 1.

Proof. By simple computation, we get

BT — Q1 A1) QBO1B*
Then for any = = (x1, :I)z)T, we have
(@, M AZ) o1 = l@1]1%, — (B @2, 1) + (B(Z1 — Q1 A1, @) + || B @2 |5,
= ||lz1|%, —(QrA1m1, B @) + | B aa %,

As ||Z; — Q1A || 4, < p implies that

A = ( 1A —-1B* ) .

(1 = p)(x1, 1) 41 < (@1, 21)0; < (L+0)(®1, 21) 41,
(1+p) N1, 1) 4, < (@1, 1) g1 < (1 - p) (w1, @1) 4,
we have
—(QiAwzy, B'xo) < izl || B allo, < (1 +p) [ Az || 41 | BT 22 o,

= +p)zilla, B 22l 0,
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Therefore,

(2, MeAz) a1 > (], =+ p) |2l 1B 2] o +[1B 221,

_ (& ! 1 —(1+p)/2) (&1
& —(1+p)/2 1 &)’

where ¢1 = ||z1]|4,, §2 = ||B*x2||o,.- We can verify that the matrix in the middle is SPD
when 0 < p < 1. Therefore, there exists a constant g > 0 such that

(@, MeAz) 11 2 70 (2|3, + 1B 201B,) = 7101 = o)l ]|y 1 +700 = 922 2,
> min {0(1 — ), 70(1 = PF%73 } (@, @) s,

which leads to the lower bound . The upper bound I' follows directly from the fact that
each term is bounded. O

To implement the preconditioner M, we can use iterative solvers for each diagonal
block with a relative big tolerance. We further comment that the second assumption in
Theorem 2.2 is reasonable as in practice we can achieve it by performing one or several
steps of V-cycle multigrid method. We refer readers to [9] for detailed implementation.

3. APPLICATIONS

In this section, we apply the analysis technique discussed in the previous section to
some other problems.

3.1. Application to a penalty formulation of the MHD system. In this section, we con-
sider a penalty formulation of a MHD system. After Picard linearization and finite ele-
ment discretization, the discrete problem we consider in this section is: Find (uy,, p,, By) €
H} ,(Q)° x L ,(Q) x H}, ,(Q)* such that for any (vy,, g4, C) € Hj () x L§ ,(Q) x Hy ,(Q)°,

k™ up, vp) + Re  (Vup, Vo) +k 1V - uy,, Vo) — (pn, V - vp)
+s(V x By, vy, x b) = (f,v) +k H(a,v,) — (a- Va,vy),

(V tUp, Qh) =0,

sk~Y(By, Cp) + a(V By, VC},) — s(uy x b,V x C)) =0,

(3.1)

where k is the time step size, & = s/Rm, a and b are the numerical solutions from the
last time step. We can prove that the problem (3.1) is well-posed. That is, it satisfies the
boundedness property and the inf-sup conditions under the following weighted norms

lvll3,= kvl *+Re [ Vo P+k~H [V - o]%,
l913,= kllall?,
ICI,= sk ClP+al VO,

when the time step size is small enough, i.e. k < kg, where

1 -2

(3.2) ko = g [1bllocor
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Here, ||-||o, is the L norm, which is defined by ||v||0.= esssup|v(x)|. Moreover, H;
x€Q)
(i = 1,2,3) is a symmetric positive definite operator (SPD) such that HacH%_[I: (Hizx, x).

The operator form of (3.1) is

A —divd —Z* u hq
(3.3) Ax = F = | div 0 0 pl=1¢g]1.
Z 0 Hs B h;

where
Aju =k 'u — Re”'Au+ k™ dividive, Yu € Hj,(Q),
Zu =5V x (b x u), Yu € Hy,(QY).

And A; = H;. The following theorems analyze the block triangular preconditioners for
the A defined in (3.3).

Theorem 3.1. If k < ko, which is defined by (3.2), there exists 7y and T that are independent of
the mesh size h, time step size k, and physical parameters Rm and s, such that for all  # 0, the
operator A defined in (3.3) and the operator

-1

A 0 0
(3.4) M= |div kI, 0
Z 0 Hs

satisfy the condition (2.1) with the norm ||-|| y4—1 induced by M = diag (A1, Ha, H3).
Proof. By simple computation, we get
i —Aldiv —Atz
MeA= [0 kldivA'divc Kk idivA4 2
0 H'ZAMiv Ty+H; ' ZA ' Z*
Noticing that

(Z2*B,u) lu x b 1
Z*B|| jo1= ——— < vV sRm|| B H < B Har
H HAl ||U||A1 H H 3 HUHA1 2\/§H H 3

forany x = (u, p, B)", we have
(x, MpAz)y = ||ul’%, —(divip, u) — (2" B, u) + Hdiv*pyﬁqﬁz(A;ldiv*p, Z*B)

+ 1B+ 127 Bl

. 1 .
> IIHHixl—Hle*PHA]—lHUIIAl—mHBHmHUHA1+|Id1V*PIIf4;1

1.
= 5 1V plLy | Bl + Bl

\f

& 1 -1/2 -1/4V2\ (&
=& -1/2 1 —1/2v2 | | & |,

&) \-1/4v2 —1/2V2 1 &3
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where ¢ = ||ul|4,, & = Hdiv*pHAf, €3 = || B||#,. Since the matrix in the middle is SPD,
there exists ¢ > 0 such that

(&, M AZ)y > 79 (lluuiuHdiv*pHiqﬁHBH%ls) > min {70, 105°} (@, )y,

which leads to the lower bound . The upper bound I' follows directly from the fact that
each term is bounded. O

To reduce the computation cost of M, we replace its diagonal blocks by their spectral
equivalent SPD approximations.

Theorem 3.2. If k < ko, which is defined by (3.2), there exists contants <y and T', which are
independent of the mesh size h, time step size k, and physical parameters Rm and s, such that for
all x # 0, the operator A defined in (3.3) and the operator

o' 0 0
(3.5) Me=|div Q' 0
z 0 9t

satisfy (2.1) with the norm ||-|| -1 induced by M = diag (Q1, Qo, Q3) provided that
(1) Co,i (Qim/ 33) < (%flm/ 93) < C1,i (Qim/ ZC), i= 1/ 2/ 3/
(2) |71 — Q1 A1]| 4, < p, with 0 < p < 0.252.

Proof. By simple computation, we get
. Q1A —Qdiv’ -1 2"
MeA =] Qudiv(Zy — Q1 A1) QodivOdiv” QodivQ Z*
B2 - QA1) BZQdivT QsHz+ Q2 27
Therefore, for any = (u, p, B )T,
(2, MeAz) s = ul%, —(div'pw) — (27 B, )+ (div(T: — Q1 Avu, p)+ [divp|,
+2(2"B,div'p)g, + (1 — Q1 Au, Z*B) + | B[}, +I|2* B3,
> [l #ldiv b, + Bl 127 BlS, (@1 A, div’p)
+2(2*B,div'p)g, — (Q1A1u, Z*B)
Since ||Z; — Q141 4, < p implies
(1 —p)(v,v) 41 < (v,v)0, < (1+0)(v,v) 41,
(1+0) ' (,0)4 < (v,0)g1 < (1—p) (v, 0)a,,
and || 2° B 1< 2\1/§HB||H3,we have
(QuAva,div'p)| < [ Arulo, Idivpllo, < 1+ p)ula v bl o

(Q1Arw, Z°B)| < [|Arullg,[| 27 Bllo, < (1 +p)|[ulla, | 2"Bl| 41 < N%)IIUHAll\Bllny

(Z"B,div'p)g,| < [|Z2"Bllg, [|div7pllo, < 1+ )| 2" B 41 [|div'p| 41

< 1+p

SV

B[54, [|div” pll 41
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Hence,

(x, MpAz) > Jlull,+(1 —P)||diV*P||f4;1+||BH%f3—(1 + o) lwef| 4, [|divpl] 41

1 1 .
— 5/ el Bl == v 1 1Bl
&\’ 1 —(1+p)/2 —(1+p)/4V2\ (&
- & ~1+p)/2  1-p  —+p)/2vV2| | &,
) \~(+p)/4V2 1+0)/2V2 1 &3

where &1 = |lul|4,, & = Hdiv*pHA;l, and {3 = || B||3,. Itis easy to verify that the matrix
in the middle is SPD when 0 < p < 0.252. Therefore, there exists a constant 9 > 0 such
that

(2, MeA@) 1 > 70 ([[ulf +ldivpl o+ B, )
> min { 70(1 = p), 1001, 10673 | (@ @) i,

which leads to the lower bound . The upper bound I' follows from the boundedness of
each term.
O

3.2. Application to an incompressible MHD system. In this section, we consider a structure-
preserving discretization [7] of an incompressible MHD system. After Picard lineariza-
tion and finite element discretization, the problem we consider is: Find (uy, By, Ej) €

Hy ,(Q)* x Ho (div; Q) x Hyy(curl; Q) and p, € L ;,(Q) such that for any (vy, Cy, F}) €

H} ,(Q)? x Ho(div; Q) x Hyy(curl; Q) and g € L ,,(Q),

k™ (uy, vp) + Re Y (Vauy, Vo) +k YV - uy, V -vp) — (pn, V - vp)
—5 ((Ey, +uy, x b) X b,vy) = (fi, o) +k Y(a,v;) — (a-Va,vyp),
(3.6) —k (yr_lBh,Ch) —u (y;lv X Eh,Ch> =kl (yr_lb, Ch) ,
s(Ep+uy xb, Fy) —uw (yr_lBh,V X Fh) =0,
(V -uy,qy) =0.

We can prove [7] that this formulation (3.6) is well-posed. That is, it satisfies the bound-
edness property and the inf-sup conditions under the following weighted norms

(v, C, F)|5= v, +ICl3,+I Fll3,, llallo= gl
3.7) I(v,9,C, F)|[5= 1[5, + 115, +IC |5, + I F i3,
with
0[5, =k~ [v]*+Re | Vo |*+k |V - v|[*+s]jv x B7|Z.,

la15= Klall%
1€k MalCI 2]V - €I,

1F |15, = sl F I3, +ka |V x F|? .,
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when the time step size is small enough, i.e. k < kg, where

1 —1-2
(3.8) ko= 2oV B [lo:

Moreover, H; (i = 1,2, 3 or 4) is a symmetric positive operator (SPD) such that ||z|/3, =
(Hix, ). The operator form of (3.6) is

A —div* 0 F* u hq

39 Aw-F— |4 O 0 9 Pl 8,
0 0 ok 'y, Iz ap, curl | | B ho
F 0 —acurl*u, 1 5007y E hs

where
Aiju =k 'u — Re 'Au + k~'dividive — soy(u x B7) x B~, Yu € 'V},
Fu=s0,ux B™,YVu eV,

Notice that we have H; = A;. The following theorems analyze the block triangular

preconditioners for the operator A defined in (3.9). For the sake of briefness, we only list
the results in this section. We refer the readers to [9] for detailed proof and discussion.

Theorem 3.3. If k < ko, which is defined by (3.8), there exists 7y and I" that are independent of
the mesh size h, time step size k, and physical parameters Rm, s, u, and o,, such that for all x # 0,
the operator A defined in (3.9) and the operator

-1

A 0 0 0
div kT, 0 0
3.10 M, =
(310 7l o 0 aklu'zm 0

F 0 —acurl*y,t Hy
satisfy the condition (2.1) with the norm ||-|| y -1 induced by M = diag (A1, Ha, H3, Ha).

As mentioned before, we replace the diagonal blocks of M/ by their spectral equiva-
lent SPD approximations (except that of B) to reduce the time and computation cost. The
reason why we keep the diagonal block of B and the implementation issue are discussed
in [9] in detail.

Theorem 3.4. If k < ko, which is defined by (3.8), there exists contants v and T', which are
independent of the mesh size h, time step size k, and physical parameters Rm, s, u, and oy, such
that for all x # 0, the operator A defined in (3.9) and the operator

o/l o 0 0\
0

— div 9;! 0
3.11 - 2
(1D Me 0 0 akly'z; 0

F 0 —occurl*y;1 Q;l
satisfy (2.1) with the norm ||-|| -1 induced by M = diag (Q1, Q,, 7—[3_1, Q4> provided that

(1) c2; (Qpx, ) < (H;lw, w) < (Qm,x),i=1,2,3,4,
(2) | Ty — Q1A 4, < p, with 0 < p < 0.289.
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4. CONCLUSIONS

The major contribution of this analysis is that we improve the of FOV-analysis of block
triangular preconditioners proposed in [8]. Their analysis requires scaling parameters in
front of the diagonal blocks in M - under certain constrains, which are usually difficult
to choose in practice. In our analysis, with the help of an appropriate norm (-, -) y,-1, we
are able to remove those unnecessary scaling parameters, which makes the theoretical
results consistent with practical implementation and observations.
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