ESTIMATES OF THE NORM OF THE ERROR IN SOLVING LINEAR
SYSTEMS WITH FOM AND GMRES

GERARD MEURANT*

Abstract. We provide formulas for the norm of the error when solving non symmetric linear
systems with the full orthogonalization method (FOM) and the generalized minimum residual method
(GMRES) as well as relations between the error norm and the residual norm. From these formulas
we are able to compute estimates of the norm of the error during the iterations. Since stopping
criteria based on the norm of the residual may sometimes be misleading, such estimates could lead
to a more robust way to stop the iterations. Numerical experiments show that the proposed norm
estimates work nicely on difficult linear systems.

1. Introduction. We consider solving a linear system
Ax =1

where A is a non singular real matrix of order n with the full orthogonalization method
(FOM) and the generalized minimum residual method (GMRES) which are Krylov
methods based on the Arnoldi orthogonalization process; see Saad [24], [25] and Saad
and Schultz [26]. The initial residual is denoted as 7 = b — Az® where 2° is the
starting vector. The Krylov subspace of order k based on A and r° which is denoted
as Kp(r0, A) is span{r®, Ar°, ... AF=1r9}. The approximate solution z* at iteration
k is sought as 2% € 20 + K1, (r°, A) such that the residual vector 7¥ = b— Ax* satisfies
an orthogonality condition with the Krylov subspace. The orthogonality condition is
different in FOM and GMRES.

There are many papers and books which give expressions or bounds for the norms
of the residual r*; see for instance [26], [6], [8], [23], [14], [28]. In most implementations
of FOM or GMRES the iterations are stopped using the /3 norm of the residual. We
will see that for some numerical examples this can be misleading. The iterations may
be stopped too soon or too late giving an approximate solution far from the exact one
or being more costly to compute than needed. Another stopping criterion is based on
the backward error; see [1]. Curiously enough there are not many papers considering
the error norm with the exception of [17]. The fact that the residual norm can be
misleading for stopping the iterations was already pointed out when A is symmetric
by Hestenes and Stiefel in their seminal paper on the conjugate gradient method [15],
p. 416.

The aim of the present paper is to derive formulas for the Is norm of the error
vectors €¥ = 2 — z¥ in FOM and GMRES. Of course, these expressions involve some
terms which are not directly computable at iteration k. Nevertheless we will use these
exact formulas to compute estimates of the norms of the errors during the FOM or
GMRES iterations, a few iterations before the current one. This program has already
been achieved for the conjugate gradient (CG) algorithm and the A-norm of the error
when the matrix A is symmetric and positive definite in [12], [18] and [19] and for
the I3 norm of the error in [20]; for a summary see also [21] and [11]. In [27] it was
shown that these techniques work also for CG in finite precision arithmetic. This is
an important point for their reliable use in practical computations. Even though we
do not consider rounding errors, the present paper can be seen as an extension of
these ideas to the nonsymmetric case since when A is symmetric FOM reduces to CG
and GMRES to MINRES.
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The contents of the paper are as follows. Section 2 recalls the definitions of FOM
and GMRES proposed by Saad [25] and Saad and Schultz [26]. Section 3 gives exact
expressions for the lo norm of the error in FOM. These formulas use entries of the
inverses of the Hessenberg matrices which are progressively constructed in the Arnoldi
process [2]. Throughout the paper we will assume that all these square Hessenberg
matrices are non singular. This corresponds to the fact that all the FOM iterates
exist and GMRES does not stagnate. In section 4 we give alternate expressions for
the norms of the errors to simplify them and above all to obtain expressions which
are more amenable to computations in finite precision arithmetic. In section 5 we also
relate the formulas for the norm of the error to the norm of the residual. Section 6
uses the formulas of section 4 to estimate the error norm during the FOM iterates and
gives numerical examples which show that estimating the norm of the error can give a
more reliable stopping criterion than using the residual norm. Relations between the
norms of the residuals in FOM and GMRES have been studied previously in [6] and
[8]; see also [9], [10]. Section 7 studies the relations between the error norms in FOM
and GMRES. From these results section 8 provides formulas for the error norm in
GMRES and relations between the error and residual norms. From these formulas we
show in section 9 how to compute estimates of the error norm in GMRES. Numerical
experiments on the same examples as in section 6 show that the proposed approach
can give good approximations of the error norm. We compare our estimates with the
backward error [1] and also with an error estimate proposed by Brezinski; see [4] and
[5]. Finally section 10 provides some conclusions and perspectives.

Throughout this paper e* denotes the kth column of the identity matrix of dif-
ferent orders.

2. FOM and GMRES. Let V. be a matrix whose columns are orthonormal
basis vectors v7,j = 1,...,k of the Krylov subspace Ky (r?, A). The iterates of FOM
or GMRES are defined as

P =20 + szk.

The basis vectors v/ are usually computed recursively using the modified Gram-—
Schmidt (MGS) algorithm in the Arnoldi process [2]. The matrix relation for the
matrix Vj is the following:

(2.1) AV, = Vi, Hy + hgq g0 ()T,

where Hj, is an upper Hessenberg matrix of order k with elements h; ;. Therefore,

hii hia oo e hig
ha1 hoo :
(2.2) Hy — -

Pik—1 Pk

We also have Hp = VkTAVk and AV,, = V,,H,, if we assume that the Arnoldi process
does not terminate early; that is, if hyy1 1 #Ofor k=1,...,n - 1.

In FOM, which is an orthogonal residual (OR) method, we ask for the residual
r¥ = b — Az* to be orthogonal to the Krylov subspace. It gives

(Tk)TVk = 0.
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The vector of coordinates z* is obtained by writing

VI = VI (b — Ax®) = Vi (b — A2 — AV2P) = ViIr? — VI AV2F = 0.
This gives
(2.3) Hyz" = Viir® = [r|[Vifot = r°let,

since in the Arnoldi process v! = r%/||r°||. The FOM kth iterate z* exist only if Hy
is non singular. The linear system (2.3) is solved using an LU or preferably a QR
factorization of the Hessenberg matrix Hy.

In GMRES the I norm of the residual is minimized at each iteration. This gives
the orthogonality condition (r*)T AV} = 0. The matrix relation of equation (2.1) can
also be written as

(2.4) AVi = Vi H®,

where H ,ie) is the (k + 1) x k extended matrix

(e) Hj,
H;” = .
k <hk+1,k(6k)T>

The norm of the residual can be written as

b — Az*|| = ||r° — AVi2"|],
= | P Visre! — Vi B 2],

= 1Irlle* = = 2.
The coordinates z* are computed by solving the least squares problem
(2.5) min | ]|’ — H, 2.

The theoretical solution is given by the pseudo inverse of H ,ie),

= 1 (Y )T )

In practical computations the solution of the least squares problem is obtained by
using a QR factorization of H ,Ee) using rotations. Contrary to FOM, GMRES cannot
break down as long as hy1,x # 0 since the least squares problem can always be solved.
If there exists an index m for which A;,41,,m = 0 we have found the solution of the
linear system. Note that the backward stability of MGS-GMRES has been proved in
[22].

3. Formulas for the error norm in FOM. Our first goal in this paper is to

give formulas for the I norm of the error € = 2 — zF. It is well known that the

relation between the error and the residual is A = r*.
As stated before we assume that the matrices Hy, 1 < k < n are nonsingular and
therefore all the FOM iterates exist. Whatever is the algorithm, FOM or GMRES,

r* =10 — AV} 2* and we have

(3.1) €)1 = (A71r0, A71r0) — 2(A7 190 Vi 2k) 4+ (Vie2®, Vi 2).



4 G. MEURANT

When we consider FOM we have the following result.

THEOREM 3.1. In the FOM method the square of the ly norm of the error ||€*||?
is given by
[ 12[(Hy et Hy tet) — (H et Hittel) 4 2hy o (H tets ) (H et H et
where (H e 1)* denotes the k first components of the k+1 st column of the inverse
of Hy,.

Proof. In FOM the vector of coefficients z* in the orthogonal basis is given by
Hy.2* = ||r°||e! and then the kth iterate is 2% = 2°+ Vj.2*. The first term on the right
hand side of equation (3.1) is (A=170, A71r%). We write % = ||rO|o! = ||70]|V,et.
Since with our hypothesis AV,, = V,,H,, and H,, = V,I AV, is assumed to be non
singular, we have V,,H,* = A~'V,,. Therefore,

(A70, A7) = [|r*(H, et H e,
By orthogonality of the matrices Vj the third term in equation (3.1) is (2%, 2¥). Hence,
(Viez®, Vi2®) = |70 |2 (H, et ]y teh).

It is more difficult to deal with the middle term (A~1r% V;2z¥). It seems that the
easiest way is the following. We write

(A710 Vi2P) = ||r0)) (b, VT A=T V. 2P),
and we remark that from equation (2.1)
VIATIV, = Hy ' — hyyr i Hy TP (0" T ATV
Therefore,
(A0 Vi 2k) = (|70 [(H tet, 2F) — hpgr e (H Mt €F) (A7 RoR T V2R,
We have
(A7 V2R = |0 |(A7 Vet T Ve H et ) = |00 (Vi LT Vi et ).
But,
(MLH;16k+17 Vka_lel) — ((H;lekdrl)k, Hk_lel),
where (H,; le**1)* denotes the vector of the k first components of H,, te**1. Hence,
(A7 Vi) = (O[T ) — b (H e P (T F ), H )

We have a factor —2 in front of this term. The first term on the right hand side can
be regrouped with (2%, 2%) to obtain the result. O

Note that if the Arnoldi process stops at iteration m with hn41,,m = 0 we can
replace n by m in the previous theorem. We also remark that at iteration k& we do
not know H.,,, so the norm of the error cannot be directly computed by the formula
of Theorem 3.1. This formula is somehow similar to what was obtained for CG in the
symmetric case in [20], Theorem 2.1.

Finally to close this section we remark that if the matrix A has a positive definite
symmetric part, then (Ae*, €*) defines the square of a norm of the error. It turns out
that, as it is the case for CG (see [21]), one can also obtain formulas for this norm.
They are in fact simpler than the formulas for the I norm of the error but we cannot
give them here due to the lack of space.
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4. Simplifications of the formula for the error norms in FOM. We do not
know the signs of all the terms in the formula of Theorem 3.1 and it has been shown for
the conjugate gradient case when A is symmetric and positive definite that it may not
be appropriate to compute differences similar to (H, 'e!, Hy'e') — (H, 'e!, H, 'e?)
in finite precision arithmetic; see [12], [18], [27] and [21] for a summary. It is thus
interesting to try to express the first term of the right hand side of the formula of
Theorem 3.1 as a function of the second one to avoid computing the difference. To

this end we write H,, block-wise as

_( He Wy
" hoe (1)

where k < n. Since H,, is upper Hessenberg and H}, is square we note that Y;! has
just one nonzero element hy1 5 in the top right corner. Thus YV,I' = g1 ret(e?)T.
The matrices Hy, of order k and Hj, of order n — k are square upper Hessenberg and
Wy, is generally a full rectangular matrix. Let S, = Hy, — Wi H n 1YkT be the Schur

complement; the inverse of H,, can be written as

e S ! =S, Wil
v\ -HSYESY BN+ HOY S W H )

Because of the special structure of Y;I' we have
Sk = Hi — hiyr k(Wi Hy tet) (e9)7,

so, S is a rank-one modification of Hy. By using the Sherman-Morrison formula (see
[13]) we obtain

_ _ k41 k _ ~ _
Sl=H '+ +1, _ H "W H e (eMTH .
g i 1= hyyr (ek, Hy 'WieH tet) " W) A

Note that if hk+17k(ek,H,€_1kalk_lel) = 1 then Sy is singular. Since we have as-
sumed that Hj is non singular, this would imply that H,, is singular contrary to our
hypothesis. The difference (Hj, 'e!, H, 'e') — (H, 'e!, H, 'e') can now be expressed
in the following way.

LEMMA 4.1.

Let wk = kaflglel and

- hk_;,_l’k(ek,Hk_lel)
= 1-— hk+17k(ek,H,;1w’“)'

Then,

(Hytel Hytel) = (Hytel, Hytet) = (hpsap(e, S tel))? (Hy et Hy et
+ 2y (H; et Hy ") + A2 (Hy w®, By M),

Proof. We are interested in the first column of H, ! and, in particular, in Sk_lel
for which we have

S,;lel = H,;le1 —|—'ka,;1ka[,;161 = H,;le1 —|—7kH,;1wk.
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The remaining part of the first column of H,, * which is —ﬁk_lYkTSk_lel can be written
as

N1 (eR, S et H el
Hence,
(Hy e Hyle') = (S tel, Sptel) + (huga (e, S teh)? (Hy el Hy ),
and
(Sitet, S tel) = (H 'et, Hytel) + 2y (Hy tet, Hy tok) + 42 (H, ', Hy k),

with w* = Wi H; 'el. O

Then, for the other part of the formula of Theorem 3.1, we are interested in
computing the & first elements of H, 'eF*! (which are denoted as (H, 'e*T1)F) where

eF*1 is here the k + 1st column of the identity matrix of order n.
LEMMA 4.2. Using the notations of Lemma 4.1, we have

H—lek-l—l k — _ Yk Hﬁl’wk.
( n ) hk+17k(€k,H]€_1€1) k

Proof. By construction the vector ~(H;1€k+1)k is the first column of the top right
block of the inverse that is, —S;lwknglel. Using the results for S,;l, we obtain

—Slzl Wkﬁlglel =

_ hi+1,6 v Fro1 _ -
H '+ ’ _ H YW, H e (eMTH | Wi H, Lel.
k 1_ hk+1,k(€k,Hk_1Wka_161) k k ( ) k k

Hence, since (e*)TH, "W, H; 'e! is a scalar, this is

i1 (eF, Hy "W H, tet)

1+ -
1 — hiy1(ek, H Wi H el)

] H,'WiH e' =

1
B 1 — hk+17k(€k,H]€_1wk)

Hk_lwk.

This last expression can be rewritten using 4 defined in Lemma 4.1. O

Finally we have the following expression for the square of the norm of the error
in FOM.

THEOREM 4.3. Assume the block partitioning of H, as in equation (4.1) and
denote wk = Wkﬁglel and

Ve = hi1n(e®, Hy et
1 — hypa k(eF, Hy twk)

Then

X1/ = {hnsan [(*, Hy tet) + ele®, Hy M) Y IH eI + 71 H w2
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Proof. We use the results of Lemmas 4.1 and 4.2. The third term in the right
hand side of the formula of Theorem 3.1 is given by

Qhpeqr i (Hy tet, e®) (Hy YR TR Htel) = =27, (H Mo, Hy tel).

We see that this term cancels with the same one but of opposite sign in the formula
of Lemma 4.1. O

Note that for ||e¥||? we now have the sum of two positive quantities. The quantities
which are involved are Hk,_lel, wk, Hk,_lwk and Hk_lel. Of course, at FOM iteration
k we do not know Hj, and w yet. Expressing everything in terms of v; the norm of
the error squared can be written even more simply as

(42) eF2 1002 = o2 {1 et 2 + 2

5. Relations with the residual norm. In this section we use an expression
for the norm of the residual of the FOM method to relate it to the norm of the error.
The following result was proved in [24].

LEMMA 5.1. The FOM norm of the residual is

(5.1) ™1 = 1l e | (H e ).

We see that the norm of the residual is small if hy1x or [(H,, el e*)| (or both)
are small. In particular if hy41 5 = 0 we have found an invariant subspace of A and the
solution of the linear system. The norm of the residual can be used in the expressions
for the ls norm of the error. The next theorem shows that we obtain a simple and
elegant formula for the norm of the error in terms of the norm of the residual.

THEOREM 5.2. Assume the block partitioning of H, as in equation (4.1) and
denote w* = Wi H; *e'. Then,

(5.2) ||€k||2 _ ||’I“k||2 ||Hl;1€1||2 + ||H1:1wkH2 )

[1 = Pk (eF, Hy twk)]2

Proof. This result is obvious using the definition of 7, equation (4.2) and
Lemma 5.1. O

From Theorem 5.2 we see that the (squares) of the norms of the error and the
residual are close if and only if the multiplying factor in equation (5.2) is close to 1.
Note that this factor depends on iterations k 4 1 to n through Hj and w*.

6. Estimates of the norm of the error in FOM. To approximate the norm
of the error in FOM we use the same technique as in [12] and [18] introducing a delay
d which is a strictly positive integer. At iteration k of FOM we approximate ||e¥~¢||?
by replacing Hy by Hy_4 and H,, by H} in the formula of Theorem 4.3. We now use
the partitioning

Hyp g Wi_q
H;, = ~ .
g ( Vl, Hia

Note that the notations are different from the previous ones since Hy is of order k
and Hj,_4 of order d. Then, at iteration k we approximate the square [|¢*~9||? of the
norm of the error at iteration k — d using the result of Theorem 4.3 by

Xio—a = 7017 [{Bn—asr—a (€574 H 2 ge) + ypma(eh ™ HiZ =) Y2 H i ge |2

1. k—d
+ 71%7d||Hk—1dw 121,
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with w*=? = Wk_df[,:del and

k—d 77—1 1
Pi—dy1k—a(e” % Hy—zet)
4 o1 h—d\
1 — hi—dy1,k—a(eF=4, H - wk=9)

Yk—d =

Note that xi_g is the sum of two positive quantities. A rationale for the choice of
this approximation is the following. Let us write the difference of the squares of the
error norms at iterations k — d and k using the formula of Theorem 3.1. Some terms
cancel and we obtain

=42 = et 2 = 1492 (el By ) — (H el Hilge!)
+ QhkfdJrl,kfd(H/;—ldela ") ((H,, Tl dttyhmd, le—ldel)

= 2hiak(Hy el ) (H e R Hitel) 3.
Adding and subtracting the term
207°01% hi—arrk-a(Hp e, e =) ((H e =4 i et
and using manipulations similar to those in section 4, we obtain

€52 = €41 = X+ 2 (2 (g ) (L et

— (H R L 6) — Db (Hy e ) (Hy ) ) )

It turns out that when FOM starts to converge we often have [|e¥||? < ||e¥~9|2
and, additionally, the sum of the last two terms is small, meaning that x;_g4 gives a
reasonable approximation of |e#~4|2.

Concerning the implementation, at iteration k we have to compute the last el-
ement of Hl;ldel7 fI,;ldel, wk=4 and Hl;ldwk_d. As for computing the iterate xk
we use rotations. The last element of H k__l 4€' is already known since this has been
computed to obtain the iterate 28~ or at least ||r*~¢| if the solution is computed
only at the end of the iterations. Computing ff,:del can be done with d— 1 rotations.
This is not expensive since usually d will be small. The most computationally expen-
sive part is obtaining H k__ldwk’d. This again is done using the rotations computed
in the Arnoldi process from step 1 to step k — d — 1. Moreover we have to apply
the rotations to the columns of Wj_4. But this has already been done during FOM
iterations k — d to k. The result is a part of the triangular matrix Ry that is used to
compute the solution at iteration k. We then have to take a linear combination of the
columns of Wj_4 and to solve a triangular system to obtain Hk__ldwk*d. Note that
these computations are more expensive than for CG where the estimates of the norm
of the error are essentially obtained for free; see [18], [21] and [27].

Let us consider a few numerical examples. In these experiments we use the FOM
method with a QR factorization to solve the linear system Hyz* = [|r°||el. More-
over, we use the implementation given in [28]. When computing the Arnoldi vector
v**1 one compares AvF with the result of the modified Gram-Schmidt step before
normalization. If the norm of the result is smaller than 7||Av*|| a reorthogonalization
is performed. In some of the examples described below this was used for the very
last iterations to avoid the near singularity of the matrices Hy. This must not be
considered has a limitation for the estimates of the norm of the error. If one does not
have to go up to the very last iteration, the estimates can be used with the backward
stable MGS-GMRES without any reorthogonalization.
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All the matrices which are considered are not normal. The first example E1 is the
matrix e05r0500 from the Matrix Market, arising from a driven cavity fluid dynamics
problem with a Reynolds number Re = 500. The order is n = 236, the condition
number is x£(A) = 1.16 105, the extreme singular values are min(o;) = 4.9 1075 and
max(o;) = 57.20. For this matrix there are complex eigenvalues with a negative real
part and it is not positive real. The right hand side comes from the Matrix Market
files. This computation was done without any reorthogonalization. The results are
displayed in figure 6.1. The solid curve displays the norm of the error computed
with the solution given by Gaussian elimination with pivoting. In the left part the
dotted curve is the norm of the residual. We see that the residual norm is oscillating
and increasing at the beginning. There is no decrease before iteration 150. The
error norm is smoother than the residual norm which is much smaller than the error
norm but they both start to decrease almost at the same time. The estimate of the
error norm with d = 1 is not very good at the beginning since it is smaller than the
error norm by several orders of magnitude but after 100 iterations it gives the right
error level. Moreover it captures well the large peaks in the error norm curve. The
oscillations of the estimate can be smoothed to some extent by increasing the value
of d as we will see with the next example. One may ask why the estimate is wrong at
the beginning of the computation. The main reason is that for d small |H, 'e!|| is a
bad approximation to the exact value. Moreover the vector wF=% = Wj_aH; " e’ is
not a good approximation of the exact unknown value when d is small and when we
are at the beginning of the computation in the case where no convergence takes place
even though this is not as critical as for ||[H,*,e!||. To get good estimates for the first
iterations we have to substantially increase the delay d. The right part of figure 6.1
compares the results with d = 1 and d = 100. Note that with d = 100 we can only
compute an estimate up to iteration 136. We see that with a large value of d we
capture quite well the level of stagnation of the error norm for the first 150 iterations.
However, using such a large value of d is generally not practical and moreover it
becomes useless when FOM starts to converge. Then, a small value of d gives a good
approximation of the error norm. It would be nice if one can choose d adaptively, but
this does not seem easy to achieve.

A=
SR gy
Moo A‘\r" o
1 | I ey
s wo ot
.
!

!/
W

L L L L L L L L
0 50 100 150 200 250 0 50 100 150 200 250

FiG. 6.1. FOM E1: logy of the error norm (solid), (left) estimate d = 1 (dashed), residual
norm (dotted), (right) estimates d =1 (dashed) and d = 100 (dotted)

The second example E2 is the matrix steaml from the Matrix Market from a
3D steam model of oil reservoir. The order is n = 240, the condition number is
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k(A) = 2.82 107, the extreme singular values are min(o;) = 0.767, max(o;) = 2.17 107.
The eigenvalues of the matrix are real and negative. We use a random right hand
side. For this example we use reorthogonalization for the very last iterations. The
results are given in figure 6.2 for d = 1 in the left part and for d = 10 and d = 20
in the right part. Similarly as in the previous example, the residual norm is widely
oscillating. However, the error norm is smooth but there is not much improvement
for more than 100 iterations. The estimate for d = 1 is oscillating and it captures
well the final decrease but we would like to obtain something better. Increasing the
value of d improves the estimate of the error norm as it can be seen in figure 6.2 with
d =10 and 20. The level of the error norm before the decrease is well reproduced by
these estimates.

1 L L L L ot L L L
0 50 100 150 200 0 50 100 150 200

Fic. 6.2. FOM E2: log,, of the error norm (solid) and residual norm (dotted), (left) estimate
d =1 (dashed), (right) estimates d = 10 (dash-dotted) and d = 20 (dashed)

The third example E3 is the matrix steam2 from the Matrix Market arising from a
3D steam model of oil reservoir. The order is n = 600, the condition number is k(A) =
3.78 105, the extreme singular values are min(c;) = 1238.55, max(o;) = 4.68 10°. The
eigenvalues of the matrix are real and negative. We use a random right hand side.
The results are given in figure 6.3 in the left part for d = 1 and in the right part for
d = 10. This example is interesting since even though the residual norm is oscillating
we have successively plateaus where the error norm is almost stagnating and short
sequences with a rapid decrease. This is an example for which it is misleading to use
the norm of the residual to stop the iterations since the norm of the error is much
smaller than the norm of the residual. With d = 10 the estimate is quite close to the
exact norm of the error except at the beginning of the iterations.

The fourth example E4 arises from the discretization of a 2D convection—diffusion
problem,

—Au+ 262(”32“42)@ =f
ox

)

in the unit square with Dirichlet boundary conditions using finite differences and
upwind differencing for the first order term. The cartesian regular mesh is 50 x 50,
excluding boundaries. Therefore the order of the matrix A is n = 2500. The condition
number is k(A) = 1359.18 and the extreme singular values are min(o;) = 7.55 1073,
max(c;) = 10.26. The real parts of the eigenvalues are positive. We use a random
right hand side for the linear system. Figure 6.4 displays the results for the error and
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F1G. 6.3. FOM E3: logq of the error norm (solid) and residual norm (dotted), (left) estimate
d =1 (dashed), (right) estimate d = 10 (dash-dotted)

residual norms and the estimate for d = 1 in the left part. The right part of the figure
compares the estimates for d = 1,10 and 20. There is not much improvement between
d = 10 and d = 20 since the estimate for d = 10 is already quite close to the error
norm. For this problem FOM converges quite well with a smooth residual norm.

L L L L L L L L
0 50 100 150 200 250 0 50 100 150 200 250

F1G. 6.4. FOM EJ: log, of the error norm (solid), (left) estimate d =1 (dashed) and residual
norm (dotted), (right) estimates d =1 (dashed), d = 10 (dash-dotted) and d = 20 (dotted)

7. Relations between FOM and GMRES. Before considering computing
the norm of the error in GMRES we look at the relations between the OR method
(FOM) and the MR method (GMRES). It is well known that there are simple relations
between the two, at least for the residual norms, see for instance [6], [8], [10] and [9)].
We will give an expression which involves the matrices Hy. We denote with an index
O (resp. M) the variables for the OR-FOM (resp. MR-GMRES) method. Let t* be
the last column of (HF Hy)~! and t¥ its last element, that is,

(7.1) ty = (e, (H{ Hy)'e®) = || H, Te"|?.
THEOREM 7.1. Let

2
W1k

1= ——5 7>
Ty he 1 ith
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and uF = 5k+1tk. Then,
k k k k
Ty =6 — (20)kViu”,
k k k k
EM = 60 + (Zo)kau 5

where z¥ is the coordinate vector of the FOM method, z& = ||r°|| H, 'e!.
Proof. Let y = h;H_l,kek. We have

e Hk
Hli):<yT)

OV ) = H Hy o+ yy”

and

Hence, [H\“)TH(®) is a rank-one modification of HT Hy. This means that we can use
the Sherman-Morrison formula (see [13]) to compute the inverse of [H\”|TH. We
have
((Hi Hi)"'y)(y" (H Hi) ™)

1+ (y, (Hg Hy) ")

([Hée)}THée))—l _ (H]szk)il .

Then, assuming that the initial residual is the same in both algorithms, the solution

2¥, is given by

zhr = 1PN [(HE Hi) ™" = S (Hy Hy) ' e®) (") (HE HR) ™Y Hi e

Noting that z& = ||7°||H, 'e! this shows that

2k =2k — (2E)eu”.

This proves the relation for #%,. Subtracting the solution  on both sides and changing
signs we obtain the relation for €5,. O
We now turn to the relation between the residual norms of FOM and GMRES.
THEOREM 7.2. Using t¥ defined in equation (7.1) we have

72) Ikl = —Arelt_
L+ hi itk

Proof. Denoting wy, = (zg) , for simplicity, from Theorem 7.1 we have
rhe=b— Azk, =1k +w AVuF,
where u* = §;,1t*. This gives
(7.3) 512 = (7B 1% 4 2wi (1), AViu®) 4+ w2 (AViuF, AVub).

Let us first consider (7%, AVyu*) in the second term. Using equation (2.1), the or-
thogonality of the basis vectors and the relation of r¥ and v*! we have

(6 AVi®) = =iy [0l (H et eh) (€8, uP).
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Multiplying by 2wy we obtain

2wk(7‘g, AVkuk) —2wkhi+1’k||TO||(kalel, ek)ékﬂt’,z,
= —2hi il (H et )0kt

—2[|r§|[*Ops1th-

Using again equation (2.1) the term (AViyu®, AViu*) is equal to
(Vkauk7 Vkauk)+2hk+17k(Vkauk, vkﬂ(ek)Tuk)+hi+17k(ka(ek)Tuk, vk+1(ek)Tuk).

The second term is zero because V;I v¥T! = 0. The first term is equal to (Hgu®, Hyu®)
but uf = 6k+1Hk_1Hk_Tek, therefore,

(Vi Hyu®, Vi Hyu®) = 63,1 (Hy ek Hy ey = 67,17
For the last term we have
2 k+1/, KNT, k . k+1/ k\T, k 2 kN2 2 2 kN2
i (W) TR 0" () TuR) = By (ug)? = i w0k (81)%
Hence, using the definition of d41,

(AViu®, AViu®) = 67 1t + hi+1,k51€+1(t£)27
= 512c+1t2(1 + hi-s-l,ktllz)a

_ 2 k
= hicy1 kOkt11E-

In equation (7.3) this last term is multiplied by w?. This gives
Wi (AViu®, AVid®) = ||r |2 (H et €9)2 R k0t = 176 )10kt
Putting all these results together we obtain
IRl = 112 (1 — dsaty).
But

2 k
1= bty =1-— M1l = !
L+ hipg s 1+hipg,th

which gives the final expression for ||7%,|%. O

The relation between [|7%,]|2 and ||r%||? shows that |k, ||? < ||r&||2. This was
obvious since GMRES is a minimal residual method. For the residual norms of FOM
and GMRES to be close we need to have either hyyq ; and/or tﬁ small. The result
of Theorem 7.2 can be related to previous results in the literature. Expressions for
the norms of residual vectors of FOM and GMRES and their relations using the sines
and cosines of the rotations were given in [6] and [8].
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8. Formulas for the error norm in GMRES. We use the relations between
the errors in Theorem 7.1 to obtain an expression for the error norm in GMRES.

THEOREM 8.1. Assume the block partitioning of H,, as in equation (4.1). Denote
wk = Wkl-:f,zlel and

o hk+17k(6k,H,€_161)
T = 1-— hk+1’k(6k7lelwk).

The vector t* being the last column of (Hng)_l, t’,z its last element defined in equa-
tion (7.1),

2
Pii1n

) =
T + hiﬂ,ktﬁ

and uF = 6k+1tk, we have

(8.1) [l II* = lleSI* + Ir° 22y (e”, Hy ' el ) (i w® u®) + (8, Hyte)? u®||?).

Proof. From Theorem 7.1 and denoting wy, = (25)x for simplicity we have

elfw = e’é + wi Viu®.

The norm of €%, is
e |1? = leglI” + 2wi (€6, Viu) + wi (Vieu®, Vieu®).
Since (Vyu*, Viuk) = (uF,u*) we are left with computing (ef,, Vyu*). We have
b = A7k = A0 vk
But 70 = ||r9||V,,e! and A=V, = V,,H,; . Therefore
ek =PV ], tet — Vizh,

This gives the decomposition of the error in FOM over the vectors v7 of the orthonor-
mal basis of the Krylov subspace. Multiplying by VkT we obtain

Ve = [IrlI(Hy tel)r — =5,

n

where, once again, (H, 'e!)* denotes the k first components of the first column of the
inverse of H,,. Then,

(€6, Viu™) = [P | ((H M eh)*, ul) = (26, u™) = [P [((H 1 eh)*, ub) = (H et u®)].

n

But we have seen in the proof of Lemma 4.1 that (H, 'e')* = H, 'e! + v, H, "w*.
Therefore

(€6, Vieu®) = 0|y (H 7w, u).

It is interesting to write the GMRES error norm as a function of the residual
norms.
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THEOREM 8 2. Assume the block partitioning of H,, as z'n equation (4.1). Denote
= Wi H, 'e' and let t* be the last column of (HF Hy)™" and t§ its last element
deﬁned in equation (7.1). Then,

h
k 2 k2 k 2 k+1k k
€ = |leo||” + 2||r Hy tw” t
e = Neb 1P + 2l | s ()
%2
+||7"X4||27
1+hk+1k

Proof. We already know that |5 ||? can be written in terms of ||r&]||2. Let us
concentrate on the last two terms. Using the definition of v and u* we have

||7’5||2 hiy1 -1k 4k
20 Pyi (Hy, tet, ) (H tw® o) = 2 - = (H w17,
3 1 — hgy1(ek, H 'wk) 1+ hk+1 A

Pit1k
=2||r%,|I? H okt
I P e s (T ),

The other term is

2 CH et €™)2 [l |1? = 01207 0 (Hy et )2 1812,

e e
- bl
(1+hk+1k )2

= ||k ||2ﬂ
1+hk+1k

O

Note that the last term in the formula of Theorem 8.2 is positive but unfortunately
we do not know the sign of the middle term. Therefore we cannot tell if ||e% || is smaller
or larger than ||ef||. However, we can express everything in terms of ||7%,| as in the
following Corollary.

COROLLARY 8.3. The square of the norm of the error in GMRES, ||€k||?, is
equal to mg||rh,||> where

IO R 0t (= e H )P (L Bt P
k — .

(1 — hysk(er, Hy fwh))? (1 + iy 4 t5)

Proof. From equation (5.2) we have

e 2 — (o 2 LE e+ I k2
(1= hicpr ek, By b
Taking the term

1wt
[1 — hk+1,k(ek,Hk_1wk)]2

1wt

Ik )12 - -
[1 — hk+1 k(e H w )]

= |y P (1 + hk+1 k)
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and adding it to the two last terms of Theorem 8.2, the numerator is

(L4 B gy 1t I Hy w2 4 200+ by ) (1 — g i (eF, Hy "w®)) (H o, 2F)
+(1- hk+1,k(6ka szlwk))gntkHQv

and the denominator is
(1= hiprp(€®, Hy ")) 2 (14 hi iy ty)-
This ratio is to be multiplied by ||7%,[>. The remaining term is

k
L+ Ryt
1 — R o(€F, Hy twk))

IITf’VIIIQ( S e
O

Fortunately 7, > 0. However it seems difficult to know if it is smaller or larger
than 1.

9. Estimates of the error norm in GMRES. To estimate the GMRES error
norm we use equation (8.1) and the estimate for the FOM error norm defined in
section 6. Using an integer delay d, the additional term for the estimate of the square
of the error norm at iteration k — d is

||7‘0||2[27k—d(Hk_,1d61a ekfd)(Hk—ldwkfdyukfd) + (I_[k—ldel’elcfd)ZHukfd”Q]7

where the definitions are similar to the ones in Theorem 8.1.

For the numerical experiments we use the same examples as in section 6. The
results for example E1 are given in figure 9.1. Of course the residual norm curve
is monotonic even though it is almost stagnating for more than 150 iterations. The
error norm curve is not monotonic but quite smooth and the estimate well capture the
error norm level at least after 100 iterations. The estimate is smoother than the one
for FOM. This shows that the additional term has some smoothing effect. One can
remark that the error norms for FOM and GMRES are close except that the FOM
error norm has small peaks. The residual norms are more different since the FOM
residual is widely oscillating.

We also compare our estimate with some estimates proposed by Brezinski (see
[4], [5]). The first one is

k||2

o r k_ k
EBTI_W7T =b— Az".

In all the formulas proposed in [5], this one corresponds to a formula proposed by
Auchmuty [3]. We also used the general formula in equation (9) in [5] that is,

hra = (e () ey,

with ¢g = (r¥,7%), ¢y = (r*, Ar¥) and ¢y = (Ar¥, Ar¥). We chose v = 4. These
quantities are shown in the right part of figure 9.1. We can see that on this problem
Brezinki’s first estimate underestimates the level of the error norm, but it reflects the
near stagnation of the error norm. The other estimate with v = 4 oscillates but is
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close to our result. Figure 9.2 compares the backward error (see [1], [7], [16]) defined
as

ko b — Az”||
B — )

T+ o]
to the relative norm of the error ||z — 2*||/||z| and our estimate normalized by the
norm of the exact solution. The backward error is almost always decreasing. In such
a case basing the stopping criterion on the backward error may also be misleading.

S e
. 1
i IR e R
3 <
R
XAERIN]
i

L L L L L
0 50 100 150 200 250 0 50 100 150 200 250

Fic. 9.1. GMRES E1: log,, of the error norm (solid), (left) estimate d = 1 (dashed) and
residual norm (dotted), (right) estimate d = 1 (dashed), Brezinski’s first estimate (dash-dotted) and
second estimate with v = 4 (dotted)

Fi1G. 9.2. GMRES E1: log,y of the norm of the relative error (solid), relative norm estimate
d =1 (dashed), backward error (dotted)

Figure 9.3 displays the results for example E2. The estimate with d = 1 is much
better than with FOM since the error norm is well approximated after 50 iterations.
Increasing d improves the result. The error norm curves of FOM and GMRES are
almost identical even though the residual norms are much different.

The results for example E3 are given in figure 9.4. Again the result with d = 1
is much smoother than with FOM giving a good estimate of the error norm. Using
d = 10 gives a very good estimate of the error. The error curves for FOM and GMRES
are not much different even though the one for FOM is less regular.
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L L L L L L
0 50 100 150 200 0 50 100 150 200

Fi1Gc. 9.3. GMRES E2: logy, of the error norm (solid) and residual norm (dotted), (left)
estimate d =1 (dashed) , (right) estimates d = 10 (dash-dotted) and d = 20 (dashed)

L L L L L L L L L 14 L L L L L L L L L
0 20 0 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

Fic. 9.4. GMRES E3: log,y of the error norm (solid) and residual norm (dotted), (left)
estimate d =1 (dashed) , (right) estimate d = 10 (dash-dotted)

Finally we consider example E4. Figure 9.5 shows that the estimate of the GM-
RES error norm with d = 1 is much closer to the exact error than in the FOM case.
Therefore, increasing d does not improve too much the estimate. In this example the
curves for the error norms in FOM and GMRES as well as the residual curves are not
much different.

10. Conclusions. In this paper we have given expressions for the error [ norm
in FOM and GMRES. We have shown how to use these results to compute estimates
of the error norm during the iterations. This is done by introducing a delay d and
computing an estimate d iterations before the current one. Numerical experiments
have shown that this generally gives good approximations of the error norm (even for
small values of d) particularly in the phase where convergence takes place. It would be
interesting to use these estimates to set up a reliable stopping criterion for FOM and
GMRES in combination with backward error-type criterion since using the residual
norm can sometimes be misleading. This technique can also be used for preconditioned
FOM or GMRES since we simply have to apply the formulas developed in this paper
to the linear system M ~'Az = M~'b when using a left preconditioner. We can
also use the same technique for restarted iterations like in FOM(m) or GMRES(m).
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L L L L L L L L L L L L L L L L L L L L
0 20 40 60 8 100 120 140 160 180 200 220 0 20 40 60 8 100 120 140 160 180 200 220

Fic. 9.5. GMRES E4: logyy of the error norm (solid) and residual norm (dotted), (left)
estimate d =1 (dashed) , (right) estimate d = 10 (dash-dotted)

However, the delay d which is used has to be smaller than m and it is not always
guaranteed that good estimates of the error norm can be obtained if m is small since
this constraints d.

Several remaining questions have to be addressed. First it would be important to
know if the expressions for the error norms are still valid in finite precision arithmetic
up to terms proportional to the unit roundoff. This question has been thoroughly
considered for CG in [27] where it was shown that some formulas which are equivalent
in exact arithmetic can have a different behavior in finite precision computations.
Numerical experiments seem to show that the proposed estimates still work in finite
precision but it would probably be enlightening to prove it. Secondly it would be
interesting to study if the exact expressions for the error norms can lead to a better
understanding of FOM and GMRES convergence.
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