AN ANALYSIS OF THE COMPOSITE STEP BICONJUGATE
GRADIENT METHOD
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Abstract. The composite step biconjugate gradient method (CSBCG) is a simple modification
of the standard biconjugate gradient algorithm (BCG) which smooths the sometimes erratic con-
vergence of BCG by computing only a subset of the iterates. We show that 2 X 2 composite steps
can cure breakdowns in the biconjugate gradient method caused by (near) singularity of principal
submatrices of the tridiagonal matrix generated by the underlying Lanczos process. We also prove
a “best approximation” result for the method. Some numerical illustrations showing the effect of
roundoff error are given.
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1. Introduction. In this paper, we give an analysis of the composite step bi-
conjugate gradient (CSBCG) method, for solving linear systems of the form

(1) Az =r

where A is a large, sparse, nonsymmetric and indefinite, but nonsingular matrix. The
CSBCG method was introduced in [4] as a method for improving the performance of
the biconjugate gradient (BCG) method.

As is well known [29], [24], [23], [21], [11], [17], [15], [16], the BCG method can
suffer from two sources of failure, both of which can be traced to the underlying Lanc-
zos process. One type, which we call Lanczos breakdown, is caused by a breakdown of
the underlying Lanczos process. The other type of failure, which we call pivot break-
down, is simply due to the fact that the BCG method implicitly computes and uses
the LDU factorization of an indefinite tridiagonal matrix arising from the underlying
Lanczos process. Since no pivoting is used, there is the possibility of encountering
small or zero pivots in this factorization. The use of small pivots often appears as
apparently erratic convergence of the method. When a small pivot is encountered,
typically the residual norm will increase by a large amount on one iteration, only to
be reduced by a similar amount on the next step, creating a “spike” in the conver-
gence history. Such spikes can cause large cancellation errors and render the method
numerically unstable. In looking at such convergence histories, often littered with
many such spikes, it is clear that simply using 2 x 2 updates to reduce the number of
these spikes should go a long way towards stabilizing the behavior of the method. It
is in fact this observation which forms the basis of the CSBCG method.

The CSBCG method is just a simple algebraic modification of the regular BCG
method which allows one to proceed from an iterate zj to the iterate xy o without
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explicitly computing 441 (or the residual riy1). We show that the use of composite
steps of size 2 is sufficient to prevent pivot breakdowns, assuming that the underlying
Lanczos process doesn’t breakdown. The cost is negligible; 2 x 2 composite steps cost
about twice as much as 1 x 1 steps, which are in turn essentially the same as steps in
the regular BCG method.

There have been several related approaches proposed in the literature to tackle
the various breakdowns of BCG. In the symmetric indefinite case, Fletcher [9] gave a
similar composite step method, although the actual stepping formulas differ in details
from ours even in this case. Also, the SYMMLQ method of Paige and Saunders [22]
eliminates pivot breakdowns by using an orthogonal factorization method to solve
and update the solution of the tridiagonal systems generated by the Lanczos pro-
cess. It should be noted that in the symmetric case, Lanczos breakdowns can be
avoided altogether, and therefore CSBCG is guaranteed not to breakdown (in ex-
act arithmetic) and can be considered as an alternative to SYMMLQ. For general
nonsymmetric matrices, Saad [25] proposed using Gaussian elimination with partial
pivoting explicitly on the Lanczos tridiagonal matrices. More recently, Freund and
Nachtigal [13] proposed the QMR method which eliminates the pivot breakdowns
by a “quasi-minimization” principle. Although the QMR method produces iterates
which are generally different from the BCG iterates, it can be viewed as an alterna-
tive method for stabilizing the BCG method. In [16], Gutknecht suggests another
alternative (unnormalized BioRes) based on using a three term recurrence which can
also overcome this type of breakdown.

Lanczos breakdowns are much more difficult to eliminate. Recently, there have
been a lot of work on the nature of the Lanczos breakdown [23], [17], [15], as well
as various look-ahead techniques for remedying it [13], [24], [21], [12], [18], [11], [17],
[15], [5], [6]. However, the resulting algorithm is usually much more complicated than
the BCG method and still not able to eliminate breakdowns that require look-ahead
steps with arbitrary size (incurable breakdowns).

Here is an outline of our paper. In Section 2, we consider the factorization of
general nonsingular tridiagonal matrices. There we show that such matrices can
successfully be factored without pivoting if one allows the occasional use of 2 x 2
pivots. This becomes the theoretical basis of the composite step method. In Section 3
we derive the CSBCG method from the underlying nonsymmetric Lanczos process.
Under the assumption that there is no failure of the Lanczos process, we see that the
use of 2 X 2 pivots or composite steps solves the problem of small or zero pivots in
the BCG method.

In Section 4, we present an analysis of the convergence of the CSBCG method.
With minor modification, our theorems can also be applied to the regular BCG
method. The theory applies for systems of the form (1) and allows general nonsingu-
lar preconditioners. The only assumption is that the underlying Lanczos process does
not breakdown. We show that the CSBCG method produces iterates that are within
a fixed constant factor of being optimal within the Krylov subspace, a so-called “best
approximation” result. The key to our analysis is the use of the Babuska-Brezzi inf-
sup condition. Using this condition, the convergence behavior of the CSBCG method
can be analyzed in a fashion analogous to the convergence of Petrov-Galerkin finite
element methods [1]. In fact, the analysis is easier in the present case because all the
spaces involved are of finite dimension.

To our knowledge, this is the first “best approximation” convergence result to
be given for the BCG method [11]. When specialized to the symmetric case, it is



similar in content, but not quite as sharp, as the well-known convergence results for
the conjugate gradient method [8]. One interesting point is that in the symmetric
case, our theory includes the case of a symmetric indefinite matrix preconditioned by
a symmetric indefinite matrix (as opposed to a symmetric positive definite precondi-
tioner).

It is important to emphasize that mathematically, the CSBCG method is re-
ally a relatively simple modification of the regular BCG method which allows the
computation of a subset of the iterates. In exact arithmetic, it perhaps should not
be regarded so much as a “new” algorithm as an interesting variant of an old one.
On the other hand, smoothing the convergence history through the reduction of the
number of spikes is practically a very desirable improvement in the procedure. In
Section 5, we present three of many possible implementations of the CSBCG method.
These three differ in their choice of the basis vectors for the two dimensional spaces
used for the 2 x 2 composite steps. We also discuss how we decide between taking
a regular or a composite step. In Section 6, we present some numerical examples
indicating the influence of roundoff error on the BCG and composite step methods.
Interestingly, while all three variants are identical mathematically, they often exhibit
different convergence histories when applied to the same problem. Practically, details
of implementation appear to be rather critical with respect to roundoff error. Trying
to determine the best (or a least a very good) implementation with respect to roundoff
from a large number of reasonable choices is an area of current interest for us.

2. The Factorization of a Tridiagonal Matrix. In this section we analyze the
possible breakdown in the factorization without pivoting of an nonsingular tridiagonal
matrix, and show how the problem can be corrected by the occasional use of 2 x 2
block pivots. This idea is similar to one used by Bunch [7] for the case of symmetric
indefinite matrices. Most of the analysis is elementary, and is included mainly for
completeness.

Let T}, be the n x n nonsingular tridiagonal matrix given by

a; B
T2 B2
Tn—2 On—1 ﬁn—l
Tn—1 70

THEOREM 2.1. Let Ty, 1 < k < n be the upper left principal submatrices of
a nonsingular tridiagonal matriz T,, as in (2). Then Ty_1 and T}, cannot both be
singular.

Proof. let

Pk = Det(Tk)

for 1 < k < n. It is easy to check [29], using expansion by minors, that the p’s satisfy
the well known recurrence relation

Pk = OgPr—1 — Br—1Tk—1Pk—2

for 1 < k < n, with the conventions p_1 =0, po = 8o = v = 1. If pg—2 = pr—1 =0,
then py = pp+1 = -+ = pp = 0, contradicting the supposed nonsingularity of T,,. O
The main result in this section is:



THEOREM 2.2. Let T,, be the nonsingular tridiagonal matriz given in (2). Then
T, can be factored as

(3) T, = L,D,U,

where L, is unit lower block bidiagonal, Uy, is unit upper block bidiagonal, and D,, is
block diagonal, with 1 x 1 and 2 x 2 diagonal blocks.

Proof. Theorems related to Theorem 2.2 appear in Bunch [7] and Gutknecht [15].
The proof is by induction. The cases n = 1 and n = 2 are clear. There are two
possibilities for the induction step. First, suppose a7 # 0. Then one has

T — 1 0 a; 0 1ot
" Cp—1 In—l 0 Tn—l 0 In—l

where
c [v1/010 ...0]
sz—l = [61/04100]
and
Q2 — % B2
V2 az 3

Tn—2 Qp—1 Pn-1
Yn—1 Qp,

Since Det(T,,) = aq - Det(T,,—1), Tn—1 is nonsingular and the induction hypothesis
yields

Tn—l = Ln—an—lUn—l
and it follows that
T — 1 0 oq 0 1 7‘%_1
" Cn—1 Ln—l 0 Dn—l 0 Un—l '

On the other hand, suppose that oy = 0. Then ;81 # 0; otherwise, T,, would be
singular. In this case we can use a 2 x 2 pivot and factor T}, as

o [ B 0 Dy 0 I, R,
" Cn72 In72 0 Tn72 0 In72

where
Dy — [ a; B ]
Y1 Q2
t o —t 0 0 0
Cn—Q - D2 [ Yo 0 0 :|
. [0 0 0
Rn—2 - D2 |: 62 0 0 :l



and

_ _ B2y2aa
as ajaz—v181 B

V3 ay B
Tn—2 CQOn—1 /Bn—l

Tn—1 (679

We have included terms with «; to illustrate its impact when «ay is “small” but
nonzero. In any event, Det(T,) = Det(Ds) - Det(T,,—2), so T,,—o is nonsingular and
it follows from the induction hypothesis that

Tn72 = Ln72Dn72Un72

o[ B 0 Dy 0 I, R,
" Cn72 Ln72 0 Dn72 0 Un72 ’

COROLLARY 2.3. Suppose T, is singular, but T,,_1 is nonsingular. Then

and

(4) T.,=L,D,U,

where Ly, is unit lower block bidiagonal, U, is unit upper block bidiagonal, and D, is
block diagonal, with 1 x 1 and 2 x 2 diagonal blocks, and in particular, the last block
of D,, is the 1 x 1 zero matriz.

Proof. We know that T,,_1 = L,_1D,_1U,_1 by Theorem 2.2. Thus

Tn _ |: Tnfl ﬁnflenfl :|

’Yn71€7;71 (077
_ Ln—l 0 Dn—l 0 Un—l Cn—1
A 0 dn 0 1
where
UytL_lD;_lrn—l = Yn—-1€En-1
Ly 1Dp_1cne1 = PBn-1€n-1
dn = Op — Tfoanflcnfl

t —1
= Qp — ﬁn—lf)/n—len_1Tn_1en—1~

Since T, is singular, 0 = Det(T},) = Det(D,,) = Det(D,,—1)d,. Since Det(D,_1) # 0,
it follows that d,, = 0. O

In the biconjugate gradient method, one does not have the complete matrix T,
given a priori; rather, it is (implicitly) computed in bordered form and simultaneously
factored. Only the most current part of the factorization is on hand, as earlier parts
are discarded (overwritten) when they are no longer needed (see Sec. 3). Corollary
2.3 insures that if T} is singular, it can still be factored, and we can recognize its
singularity by examining only the last diagonal entry (and potential next pivot) dy.
If di, = 0, then we can “wait” until the bordering (Lanczos) process provides the last
row and column of T, knowing that the 2 x 2 block

[dk Bk }
Yk Ok41
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will be nonsingular (by Theorem 2.2) and can be used as a 2 X 2 pivot.

We next prove a technical result concerning a special choice of the ;’s in T,
which leads to a particularly simple form of L,. We will use this result in Section 3
to make the connection between the Lanczos procedure and the BCG algorithm.

COROLLARY 2.4. Let Ty, denote the upper left principal submatriz of order k of
T,. Suppose that for those values of k for which Ty is nonsingular, the subdiagonal
entry v, of T, satisfies

(5) W= (e, Ty Ter)

Then the diagonal blocks of L, are either 1 x 1 or 2 x 2 identity matrices and the
subdiagonal blocks have the forms

©) L[ w [ ).

Proof. We shall only give a sketch the proof, which is based on induction. First
note, that for those values of k for which T} is nonsingular, by Theorem 2.2 we have
the factorization Ty = Ly DUy, where Dy, is nonsingular. The case of the first matrix
(Ly or Ly depending on whether the first block is 1 X 1 or 2 X 2) trivially satisfies the
corollary. We thus assume T}, is nonsingular, with Lj having subdiagonal blocks of
the form (6). We must show that if v, satisfies (5), then the next nonzero subdiagonal
block in L1 (or Liyo) has one of the forms given in (6).

First, it is easy to check that the vector hy satisfying Liphi = e; has blocks of
the form [1] and [10]*; note in particular that the entries d;/v; in any 1 X 2 or 2 x 2
subdiagonal blocks of Lj have no influence on hy. Since eLU, ' = et, (5) reduces to
one of the forms

MW = —di

o= ol TG

= (dg—10k — Br—176—1)/Vr—1

-1

depending on whether the last diagonal block in Ty was 1 x 1 or 2 x 2. Then we have
the factorization

Tyt =

[ T, 51@616}

wkei Qp41
o Lk 0 Dk 0 Uk Cl
Sl 1] 0 de || 0 1
where rt DyUy, = el LiDycr = Breg, and digt1 = a1 — i Dycg. Note that this

factorization exists even if Ty is singular, by Corollary 2.3. In any event, it follows
that

t trr—1 -1
rp = wepUy Dy
t y—1
= mepDy .

Thus the nonzeroes in 7, must have one of the forms

[ -1 ][ =1 di-r/ve—1 ]



depending again on whether the last block of Ty, is 1 x 1 or 2 x 2. 00

We remark that the condition dy = 0 forces a 2 x 2 step, but we have explicitly
included dj in the subdiagonal blocks to indicate what happens if a 2 x 2 step is
chosen when dj, is small but nonzero. In such cases, we need not assume -y, satisfies
(5), even though T} is formally nonsingular.

3. The Preconditioned Biconjugate Gradient Algorithm in Relation to
the Lanczos Algorithm. In this section, we develop the preconditioned composite
step biconjugate gradient method (CSBCG) from the underlying Lanczos process.
The Lanczos process and biconjugate gradient method are described in detail in [29],
[11] [25], [17], [15], [16], and elsewhere. Our treatment here was inspired by the
analysis given in Paige and Saunders [22] for the symmetric indefinite case.

We consider the solution of the problems

(7) Az = 1
(8) Az = 7y
by a preconditioned version of the biconjugate gradient method. Here A is an n x n
nonsingular matrix. Our real interest is in the solution of (7), but the system (8) is
also solved as a byproduct of the biconjugate gradient method. Implicitly we assume
Ty = i‘o = 0.
Let
Vi = [viva---vg]
W, = [wle...wk]
be n X k matrices, k < n, of rank k. We seek an approximate solution to (7) (respec-

tively (8)) in the subspaces spanned by the columns of Vj, (respectively W) using the
Galerkin equations

(9) W,ﬁAVkuk = W]:TO
(10) VIAW iy, = Vi
and setting

(11) Tk = Vkuk
(12) T, = Wiu

When A is symmetric, positive definite and one chooses rqg = 7y, and V}, = Wy,
then the Galerkin equations (9)-(10) and (11)-(12) become equivalent, and can be
found by formally minimizing the functional

f(uk) = (AVkuk — To)tAil(AVkuk — 7’0).

Let B be an n x n nonsingular preconditioner for A; in this derivation we are
not assuming that B is necessarily symmetric, positive definite. The Krylov subspace
corresponding to Vj, is generated by the Lanczos process

Vo = 0
(13) Bvl = To
vjBvjz1 = Av; —ojBvj — Bj_1Bvj_1



for 7 =1,2,..., and that corresponding to W}, is generated by

wWo = 0
(14) Btwl = fo
’YjBtwj+1 = At’w]‘ - OéjBtUJj - ,Bj_lBtwj_l

The normalization constant vo = 1; the «; for j > 1 are nonzero scalars specified
later. The scalars a; §; for j > 1 are defined by

wt Av;
o = L
ijvj

_ L wia By

ﬁj = 7 wﬁij )

and are chosen so that Vj, and Wy are biorthogonal in the sense that
(15) W{BV, = Ay,

where A is a nonsingular diagonal matrix. For completeness, we set 5y = 1. Note that
the assumption that the Lanczos process does not fail is equivalent to the assumption
that Ay is nonsingular.

Rearranging (13) and (14), we have

(16) AVy = BV Ti1 By
(17) Ath = Bth+1Tk+1Ek

where T}, is the k x k tridiagonal matrix

ar
Mo B
Tk- — . .
Ve—2 k-1 Br-1
Vk—1 g
and F}, is the £ + 1 x k matrix
_ | I
me=[ 5]
and I is the k x k identity matrix.
From (16) and (17), it follows that
WEAV, = WiEBViy 1T By
= Aka
and similarly that
VEATW,, = ATy

From this it follows that the matrix AgT}) is symmetric. Moreover, from Theorem 2.2
and Corollary 2.3, T, can be factored as Ty = Ly DUy, where Ly is unit lower block

8



bidiagonal, Uy is unit upper block bidiagonal, and Dy, is block diagonal with either
1 x 1 or 2 x 2 diagonal blocks. This factorization is defined as long as the Lanczos
process is well defined, even if Ty happens to be singular. From this factorization and
the fact that A;Tj is symmetric, one can easily derive that A,Ty has a triangular
factorization given by

(18) Aka = U}é (Aka) Uk

where U,ﬁ = AkLkAgl, and Ap Dy is symmetric and block diagonal.
We now define the sequences of direction vectors px and pg by

P, = [pip2--psl
(19) = ViU,

By = [pip2bul
(20) = WU "

Suppose that T} is nonsingular. Then, from (9) and (10), we have Tpu, = e;.
Similarly, Tyt = e;. Thus
rr = Viug
= Vka_lel
P.D; 'L e
Pkck

T = Wk’f&k
= WiT; 'er
= Py

where ¢, = D,;nglel.

We now derive the standard equations for the biconjugate gradient method. When
T}, is nonsingular, we define «; by (recall that v, was left arbitrary in (13) and (14))

Ve = —(e;.T); er) ™

Note that for this choice of ~g, the structure of the lower triangular matrices Ly is
given by Corollary 2.4; in particular, all nonzero off diagonal elements of L; which
are actually needed for the CSBCG algorithm are equal to —1.

Then

r, = 1ro— Avyg

ro — AViuy

ro — BVit1Tk1 Eug

(ro — BVier) — (yrekur) Byt
= f(’yke}iTk_lel)kaH

= DBugy.

Similarly, we have

re = fQ—At.’Z‘k

t
B We+1,



showing that the Lanczos vectors are the preconditioned residuals. Thus we define

Ry, = [rori---ri—1]
(21) = BV,

Ry = [fof1- 1]
(22) = B'W,.

Notice using (21)-(22) that the left and right “residuals” are defined even for iteration
steps for which T} is singular, although the scaling is arbitrary for those steps.
From (15), we see that

(23) WER, = RV = REB™IRy, = Ay
Next note that, by using (18),
PIAP, = U'WlAVU
(24) = U.'MTU!
= AyDyg

showing the direction vectors are biconjugate. If all blocks are 1 x 1, this is just the
usual relationship. If some blocks are 2 x 2, direction vectors corresponding to a 2 x 2
subspace are not biconjugate to each other. However, the biconjugate relationship is
maintained at the subspace level. Note that AgDj is symmetric.

The basic Lanczos iteration summarized in (16) may be rewritten in terms of the
residuals and direction vectors as

(25) APU}, = Rjs1 Ty Er.

We now assume that the lower right block of Ty is 1 x 1. If it remains a 1 x 1
block or becomes the first member of a 2 x 2 block in T2, then the residual 7 will
be updated on this step. Otherwise, if the lower right block of Ty is 2 x 2, then
the residual will not be updated on this step by the biconjugate gradient method.
For steps when the residual is updated, the lower right block of Dy is 1 x 1, Dy is
nonsingular, and Dyy1Uk11FEx = ExDiUg. Thus (25) can be written

(26) APyD; ' = Ryi1 L1 Eg.
Similarly, from (17),

(27) A'P,D;t = Ryq1Liy1 Ex.
We also have from (19)-(20)

(28) PU, = B7'Ry,
(29) P.U, = B'Ry.

Equations (26, 27) give the updates of ry and 7 in the BCG algorithm in terms
of the entries in Dy and Liy1. whereas equations (28), 29) give the updates for py
and Py, in terms of the entries of Ug. We next derive the inner product relationships
for computing these entries. Using (23)-(24), (28)-(29) and (18), we have

U, = (P;Apk)*l{PgA(Bfle)}
(30) = (PtAR) T {PLA"(B™' Ry }
= AJ'LiA,

10



and from (23)-(24) and (26)-(27)
(31) A = PﬁRkLk = pﬁRkLk = RiBile
Equation (31) can be combined with (24) to obtain

D' = (PLAR)™ {P;RkLk}

(32) (PLAP,)™! {ﬁ,ﬁRkLk}

(PtAP,)™! {R;B*Rk} .

The coefficients for the residual updates in (26)-(27) can be obtained from one of
the possibilities given in (32). Possibilities for computing coefficients for the direction
vector updates in (28)-(29) are given in in the first two lines of (30). One can also
obtain these coefficients as ratios of diagonal elements in Ay, using the last line of
(30) with some form of (31).

4. A Best Approximation Result. In this section, we prove a best approx-
imation result for the composite step biconjugate gradient method. Our analysis is
based on the the Lax-Milgram Theorem as developed by Babuska and Aziz in [1].

Let Vi, = span(vy,va,...,v;) and Wy = span(wy, wa, ..., wy) denote the Krylov
subspaces generated by the Lanczos method in (13) and (14) respectively. Let

(33) Ilolllf = "M
lwlll = w'Mpw

where M, and M, are symmetric and positive definite, denote the (possibly different)
norms associated with V,, = R™ and W,, = R". As in the other sections, we consider
the solution of (7).

THEOREM 4.1. Suppose that for all v € V,, and for all w € W,,, we have

(34) |w* Av| < T||[o]]]l[w]]]e,

where I is a constant independent of v and w. Further, suppose that for those steps in
the composite step biconjugate gradient method in which we compute an approzimation
T, we have

(35) inf sup wtAv > 8, > 6 >0
v E Vg w € Wy
olll- =1 jw|lle < 1

(36) lle = @lll- < (1+T/9) inf |||z —vfl],.
ve Vg

Proof. Our proof is a simplified (and specialized) version of arguments used in
proving Theorems 5.2.1 and 6.2.1 in [1]. Inequality (35) is the famous Babuska-Brezzi
inf-sup condition as it applies to the current situation.

From the Galerkin equation (9) we have for w € W,

(37) wlA(z — x1,) = 0.
11



Let v € Vi, be arbitrary. Then from (37)
(38) whA(zy, — v) = w'A(z — v)

for all w € Wy,. We now take the sup of both sides of (38) for all |||w]|] < 1. We
use (35) to bound the left hand side, noting x; — v € Vg, and (34) to bound the right
hand side. Thus we obtain

(39) oxlllzk — vlllr < Tz = vlf]-
Using the triangle inequality and (39) we obtain

(40) [z = zxlllr < |l = vlll + [[lex = vlll» < (L +T/0)[||lz = o]

Since v € Vi in (40) is arbitrary, (36) follows immediately. O
COROLLARY 4.2. Let (84) and (35) hold. Then

(41) & = Zxllle < 1 +T/6) inf [[|Z —wl|le.
wWEW)

Proof. The proof is analogous to the proof of Theorem 4.1. O

Equation (34) is a standard continuity assumption for the linear operator A. The
inf-sup condition (35) asserts the nonsingularity of A for the case k = n, and of ATy
for those steps in which we solve for an approximate solution x,. If v € Vi, then
v = Vi for some ¢ € R*. Similarly, w = Wy for for some @ € RF. We define
Tk = AT}. Then for this v and w,

w! Av = W WEAVD = Ty 0

so that (35) could be formulated directly in terms of 1) &, although it is less convenient
for the proof.

The inf-sup condition gives a lower bound on the (generalized) singular values
of A and its restrictions to the subspaces Vi and Wy. To see this, we first consider
the case k = n for simplicity. A straightforward calculation shows that §,, is a lower
bound on the generalized eigenvalues for

(42) A'M; T Av = N2 M,v
or, equivalently,
(43) AM, P Alw = N2 Mw.

If k < n, a similar calculation shows §j, is a lower bound for the eigenvalues of

(44) Te (WEMW) " Tt = N2(VEM, Vi) ©
and
(45) Te(VEM V) ™ T = N2 (WEM W) 1.

Finally, the continuity condition (34) gives an upper bound on the eigenvalues in
(42)-(43) (and (44)-(45) as well).

When A is symmetric and positive definite, a natural choice for M, and M, is
M, = M; = A. Then one has trivially I' = § = 1. Estimate (36) is not sharp for this

12



case (but only by a factor of 2), as it does not make use of the additional minimization
property present when A is symmetric and positive definite.

For the case of general nonsymmetric and indefinite A, the situation is less clear.
For any choice of M,, we can take M, = AM_ 1A', This yields I' = 6, = 1, but
not necessarily simple estimates for J; for k < n. An obvious example of this type is
M, = (A*A)Y/? and M, = (AA")'/2. A potentially better choice is

(46) M, = B'W,A;'U(D?)Y2U,A;'WEB
M, = BV,A'UL(D2)V?U.A'WVIBY,

where D,, = A,D,. With these definitions, T' = 6, = 1 for all k for which xy
is defined. Therefore, in these two norms, each iterate xj computed by CSBCG is
“optimal” to within a factor of 2 in error. Note that

A= BV, A;'T, A\ WEB

so that when A and B are symmetric and positive definite, and V,, = W,, as in the
conjugate gradient method, we have M,, = M, = A.

Let e, = x — x) and €, = & — T}, denote the error. Then standard manipulations
[8] show that

(47) e = Pk(BilA)eo

where Py, is a polynomial of degree k such that P, (0) = 1. An immediate consequence
of Theorem 4.1 is
THEOREM 4.3. Let e, = x — x) as above. Then

(48) llex[llr < (1+1/0) inf | Po(M2BTTAM2) | [[leol ||

where the inf is taken over all polynomials of degree k such that P, (0) =1, and || - ||
is the usual £ matriz norm.
Proof. Estimate (48) is an immediate consequence of Theorem 4.1 and (47). O
COROLLARY 4.4. Let €, = T — T as above. Then

~ . 1/2 H— —-1/2 ~
(49) lekllle < (1+T/6)inf || Pu(M,* BT A, ) | ][0l

where the inf is taken over all polynomials of degree k such that Py (0) = 1.

Proof. The proof is similar to Theorem 4.3. O

It doesn’t seem possible to derive any simple estimates for the rate of convergence
without making further assumptions. For example, when A and B are symmetric and
positive definite and M, = A, we must estimate || Py(A/2B~*AY/?) ||. The standard
approach is to use Chebyshev polynomials and bounds for the generalized Rayleigh
quotient 2t Az/z!Bz. This leads to the estimate

k
VK -1
llewll]r < 4 (\/m leol]|r

where K is the (generalized) condition number of A/2B~1A'/2. This is the standard
result [8], except for the factor 4, which is due to our use of Theorem 4.1.
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For the general case, we note that

| PUMYPBTAMS ) | = | MYPPUBT AYM |
| (M} 2V, Pu(T)(MY2V) |

giving some alternative formulations which might prove useful in obtaining bounds.
We note here the appearance of the nonsymmetric matrix 7T;, rather than the symmet-
ric matrix 7),. For example, if the eigenvalues of T}, can be enclosed by an ellipse in
the complex plane which does not contain the origin, then an estimate for the rate of
convergence can again be made in terms scaled and translated Chebyshev polynomials
in the complex plane as in Manteuffel [19], [20].

Since T, is real, its eigenvalues will be real or complex conjugate pairs. We assume
that all eigenvalues lie strictly in the right half of the complex plane, so that their
convex hull will not contain the origin. Suppose all the eigenvalues are enclosed in an
ellipse centered at the point d in the complex plane, with foci at d £ ¢. We assume
the ellipse does not contain the origin and that A is an eigenvalue of T,, lying on the
boundary of the given ellipse. By symmetry, we may assume that d is real and that
c is either real or purely imaginary. Then Manteuffel’s estimates imply

k

d— A+ ((d— )2 — c2)L/2
lleolll-

d+ (& — )12

llexlll- < €

where C is a constant independent of k. Manteuffel gives an algorithm for comput-
ing optimal choices of the parameters d and ¢ from knowledge of the convex hull of
the spectrum of T,. He used them as the basis of an adaptive Chebyshev acceler-
ation algorithm, whereas we require them for theoretical purposes only, to improve
our estimate for the rate of convergence of the composite step biconjugate gradient
method.

5. Implementation. In this section we consider some practical aspects of the
composite step biconjugate gradient algorithm. We assume that A, B, rg, 79, g = 0,
and o = 0 are given. An implementation of the composite step algorithm, based on
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equations (26)-(29) is given by:

Algorithm CSBCG:
Yo =l 7o ||
Bpiy =7o/10;  B'py =70/1bo
o =Ap;; G =A"p

P1 :ﬁﬁro
k<1
Begin LOOP:
Ok = Dk
Sk = OkTk—1 — PkQk; Sk = OkTk—1 — PkQk
&k =|| sk ||

Bzpyy = si/&k: B'Ziy1 = 5k /6k
Yk+1 = Azipy1s Uk = A'Zpa
0k+1 = 2]tg+18k

Cht1 = Zh 1Ykt

If 1 x 1 step, Then

ar = pr/ok

Prt1 = Ops1/0%

Br = pr+1/pr

Tp = Tp—1+ QkPr; T = Tp—1 + agPk
Tk =Tk—1— Qgqr; Tk = Tp—1 — OkGk
Y =i |l

DPh+1 = Zh+1 + Bebr;  Drt+1 = Zu+1 + Brbr
k1 = Y1 + Beqr; Qo1 = Jer1 + Brdr
k< k+1

Else

—1
{ Qg } _ [ Ok —Or 11/ Pk } [ Pk }
Q41 —Ok+1/pk Ch+1 0

Tpyl = Tp—1 + QP + Q126415 Tyl = Tp—1 + QP + Qg1 2841
Tk+1 = Tk—1 — Okqk — Ok+1Yk+1; Th+1 = Tk—1 — Oqr — Qpr1Yk+1

Y1 = Tt ||
Bziyo = kg1 /Vkt1;  B'Zrio = Frg1 /Ut
Ph+2 = ZhyoTh+1

{ B }:[ Pr+2/ Pk ]
Br+1 Pr+20% /O

Dkt2 = Zk42 + PPk + Bry12p+1; Prt2 = Ziy2 + Bebr + Brt1Zk41

Qet2 = Aprt2; GQrro2 = A'Dryo
k+k+2
End If
End LOOP

At this point we make more precise the correspondence between the more abstract
matrix formulation of the CSBCG algorithm given in Section 3 and that given here.
For 2 x 2 steps, the two direction vectors used by CSBCG are py and zp11, (and
Pr and Zp41) the current BCG direction vectors and the next Lanczos vectors. In
Section 3, it was more convenient to call them simply pp and pgy1 (respectively pi
and Pr41), but here that notation would lead to some confusion. Similarly, for 2 x 2
steps, the two residual vectors in Ry, are denoted sj and rg4; rather than r; and rg41,

and those in Ry, are denoted by 5 and 7r41.
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The residual update coefficients, denoted by «j here, are computed using the
third form of (32). These formulae are symmetrical with respect to their use of the
vectors corresponding to the systems for A and A?, and reduce to the usual choices
for the regular conjugate gradient method when A and B are symmetric and rg = 7.
For 1 x 1 steps, The diagonal block of PfAP, of (32) is given by o}, here, and the
diagonal entry of R B~ Ry = Ay, in (32) is given by py.

For 2 x 2 steps, the relevant 2 x 2 block of ]5,§AP;c in (32) is given by

PrApr  PpAze | _ o —Ox11/pr
oAbk Zoa Az =041/ pr Cry1
The off diagonal entries of the 2 x 2 block are computed using the identity
PeAziir = ZApy
- 5124-1%
—Zia (sk — okre—1)/pr
—0i/ .-

. The relevant part of the diagonal matrix RZB’le = Ay in (32) is given by

Thoa B e | _ [ pw
5t B lrp_q 0 |-
The coefficients for the direction vector updates, here denoted by S, are given
by the third form in (30), Uy, = A 'L%Ay; that is, as ratios of the diagonal elements

of Ax. As with the coefficients oy, these are symmetrical formulae which reduce to
the usual choice for the conjugate gradient algorithm in the symmetric case. For 2 x 2

steps we have
[ Br }_{ Pr+2/ Pk }
Br+1 Pr+2/Pr+1

where we have (formally) made the identification pxy1 = Og+1/0%.

Note that the vectors sg, §i are scaled versions of ry, 7y respectively (sx = opri
and §; = oyTr) when 7y and 7 are defined for the 1 x 1 update. Thus for 1 x 1
updates, these vectors could be computed from simple rescaling, rather than from
the more standard formulae given in algorithm CSBCG. Also note the nonstandard
update formulae for gr41 and gi4+1 for the case of a 1 x 1 step. These vectors are
updated by recurrence relations rather than the more standard qr11 = Apg41 in
order to save a matrix multiplication. Either yx41 or yxi1 is required to compute
Ckt1, the (2,2) element of the current 2 x 2 block. This element is typically needed
in the process of deciding whether to use a 1 x 1 or 2 x 2 update. Using a recurrence
relation for gx4+1 and Gi+1 allows us to recycle this matrix multiplication. Also note
that in this implementation, a 1 x 1 step requires one multiplication by A and one
by A?, and one preconditioning by B and one by B. A 2 x 2 update requires two
of each of these matrix operations, and approximately twice as many inner products
and vector-scalar multiplications, so that the algorithm is balanced, in the sense that
a 2 x 2 update costs approximately twice as much as a 1 x 1 update. Thus there is no
significant efficiency advantage to be gained by chosing 1 x 1 or 2 x 2 steps. Finally,
we note that when A and B are symmetric, and rq = 7o, then, xy = Zx, pr = Dk,
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etc., and algorithm CSBCG can be simplified to a composite step conjugate gradient
algorithm, saving about half of the computational work.

Before preconditioning, we scale the right hand sides such that the vector precon-
ditioned by B has unit length. We do this in a simple attempt to keep the components
of the direction vectors near the center of the floating point number range. The math-
ematical theory is clearly independent of such scalings.

We next consider the issue of deciding between 1 x 1 and 2 x 2 updates. Our goal
is to choose the step size which maximizes numerical stability. We have experimented
with several decision processes based on the sizes of the elements in the 2 x 2 matrix

Ok =041/ Pk
—Ot1/pk Cht1

and deciding locally whether to choose the 1 x 1 pivot o} or to use the matrix itself
as a 2 X 2 pivot. Such schemes usually make reasonable decisions with respect to
the matrix factorization, but, based on our numerical experience, are somewhat less
satisfying with respect to the behavior of the CSBCG algorithm itself. Thus we are
led to develop a heuristic based on the magnitudes of the residuals. If the (potential)
residual from a 1 x 1 update satisfies || r ||<|| 7x—1 ||, then we choose a 1 x 1 update.
Otherwise, we consider the (potential) residual 741 for a 2 x 2 update, and choose a
2 x 2 update if || rg+1 ||<|| 7% |- We don’t directly compute r and 7541 but rather
scaled versions to guard against small pivots. Thus we have || r || |og| = &k || k41 ||
is not immediately available, but we compute (as necessary) a scaled version, where
the scaling factor is the determinant of the 2 x 2 pivot. The following code fragment
implements our test:

If fk S 1/)k—1|(7k|, Then
1 x 1 Step
Else
Ok = okCrrr — (Ors1/pr)?
Vi+1 = 0kTk—1 — pkChr1qk — Ok+1Yk+1 ||
If Vk+1|0k\ < €k|5k|7 Then
2 x 2 Step
Else
1 x 1 Step
End If
End If

This test mathematically simplifies to choosing a 2 x 2 update when

(50) | 7[> max {[] re—y | [| 7 113 -

When (50) is satisfied, taking two 1 x 1 steps would result in a “spike” in the conver-
gence history of the residual norm. By making a 2 x 2 update in such circumstances,
we effectively cut off such spikes. We emphasize that CSBCG does not make the
residual norm decrease monotonically, i.e. it can’t eliminate all spikes, only those
that are due the small pivots in T}.

A second implementation issue concerns the choice of basis vectors for the two
dimensional subspaces used in 2 x 2 update steps. The “natural” choice is (pg, 2k+1)
and (Pg, Zk+1) that we used in algorithm CSBCG. This basis consists of the k-th
direction vectors for the biconjugate gradient iteration, and the (k 4 1)-st Lanczos
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vectors. However, there is clearly a great deal of freedom is choosing the basis for
these spaces. One interesting class of basis vectors that we have considered are those
of the form (pg + 7211, 261 + wpr) and (P + 7Zka1, Zea1 + WPk), Where 7 # w ™!
is chosen such that the resulting 2 x 2 matrix in Algorithm CSBCG will be diagonal.
This requires that

(Pr + TZk41) Az + wpi) = TChp1 + wor — (14 7w)0ks1/pr = 0

giving a one parameter family of basis vectors.

One member of this family corresponds to the choice 7 = 0, w = 011/ (prok)-
For this choice, the basis vectors are (pg,pr+1) and (Pg, Pr+1), the direction vectors
for the standard biconjugate gradient method. Using this choice of basis vectors,
algorithm CSBCG becomes

Algorithm CSBCG/BCG:
Yo = 7o ||
Bpy =ro/vo;  B'pr = 7o /1o
a=Ap1; G =AM

p1 = Piro
k<« 1
Begin LOOP:
Ok = Phak
Sk = OkTk—1 — PEqk; Sk = OkTk—1 — Pkqk
& = sk |l

Bzpir = si/&k: B'Zpy1 = 5 /6k

9k+1 = iltCJrlSk

Prt1 = Opy1/0%

Br = prt1/pr

Pk+1 = 2k+1 + BkPk;  Dk+1 = Zk+1 + Bkbr
Qo1 = APit1; Qi1 = A'Prga

If 1 x 1 step, Then

ag = pr/ok
Tk = Tk—1 + QkPL;, Tk = Th—1 T gDk
Tk = Tk—1 — Okqk; Tk = Tk—1 — Okqk
Y =i |l
k+—k+1
Else

_ st

Ok+1 = Pry19k+1
Qg | Pk
41 Ok+1/0k41

Tpp1 = Tp—1 + (aDr + Ok 1Prs1);  Tryr = Tu—1 + (QrPr + pr1Prt1)
Thtl = Th—1 — (QhGk + Oy 1Grr1);  Tho1 = Th—1 — (e + Qy1Gr11)
Vg1 =|| i1 ||
Bzgyo = Tht1/Vks1;  B'Zryo = Frg1 /it
Pht2 = 2y 0Tkt
Br+1 = Prt2/Prt1
Pk+2 = Zk+2 + Br+1Pk+15  Pht+2 = Zk+2 + Br+1Dk+1
Qo2 = Apryo;  Grr2 = A'Pryo
k+—k+2
End If
End LOOP
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Initially, this may appear to be a poor choice. After all, pxy1 and pr41 are com-
puted using the small pivot oy, and it is the division by o we seek to avoid in making
a 2x 2 update. Furthermore, since (50) is satisfied for a 2 x 2 update, there is certainly
strong cancellation in the computation of agqr + @gr1gr+1 in the 2 x 2 update step
in algorithm CBBCG/BCG. At the moment we do not have a theoretical justification
for this choice, but can only say that despite our own misgivings, empirically it has
proven to be a very robust choice. We will present some evidence of this in the next
section. In any event, the simplifications afforded by this choice of basis vectors help
make clear the connection between the CSBCG method and the standard biconjugate
gradient method.

Another set of basis vectors corresponds to the choice w =0, 7 = 0x11/(PrCit1)-
We will call this the Look Ahead Lanczos basis. A version of algorithm CSBCG using
this basis is given below.
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Algorithm CSBCG/LAL:

Yo =| 7o ||
Bpy =70/v0;  B'p1 =To/10
o =Ap;; G =Ap
p1 = Piro
k+1
Begin LOOP:
Ok = Dqk
Sk = OkTk—1 — Pkqk; Sk = OkTk—1 — Pk
& =|l sk ||

Bzpy1 = si/&r;
Y1 = AZp1;
Opr1 = 215k
Chy1 = 2ltc+1yk+1
If 1 x 1 step, Then

ag = pr/ok
Pr+1 = Ory1/0%
Br = pr+1/pk

Tk = Tk—1 + OkPk;
Tk = Tk—1 — QkqEk;
Vi = 7 ||
Pk+1 = Zk+1 + BrPr;
Qk+1 = Yk+1 + Brar;
k+—k+1

Else
Tl = O/ (PrCri1)
fr =Dk + Thy120415
9k = Qk + Th+1Yk+1;
HE = fﬁgk
Q= pk/Mk
Th1 = Tp—1 + Ok fr;
Tk41 = Tk—1 — OkJk;
Yrg1 = Te11 ||
Bzpyo = Thy1/ Vst
P2 = Zj 4 aTh+1
L]

Br+1

Qiv2 = Apryo;
k—k+2

End If

End LOOP

This choice has several interesting properties. First, for 2 x 2 update steps, the
residuals are updated using only one of the basis vectors. In some sense this minimizes
the potential for cancellation, in contrast to algorithm CSBCG/BCG. Also for this
choice, as well as other cases where p; and pi are mot chosen as basis vectors, the
matrix AgT} in (18) becomes truly block tridiagonal, with an additional off diagonal

t~ _
B*Zp41 = 81 /&
~ _ t~
Uet1 = A Zp1

T = Tp—1 + axPr
Tk = Thk—1 — Ok

Dht+1 = Zk+1 + Brbr
Gr+1 = Gkt1 + Brdr

frx = Pr + Tht1 2641
Gk = Qi + Tkt 1Tk+1

Tpy1 = Tp—1 + [
Tk+1 = Tk—1 — OkJk

B'Zjto = Thg1/Vks1

Prt2bik/Ok41
Pr+2 = 2k+2 + Brfr + Brt12p+1:
Q2 = A'Pryo

Pk+2/pk }

Prt2 = Zra + Befr + Bri1Zr
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entry (bulge) in the second co-diagonal band to mark each 2 x 2 update. This is a
characteristic property of the Look Ahead Lanczos method, and helps make clear the
connection between CSBCG and the Look Ahead Lanczos process [24], [21], [12].

6. The Effect Of Roundoff Error. In this section, we will present a few
numerical results for the CSBCG methods discussed in Section 5. Here we will focus
mainly on one aspect of the numerical behavior, the properties of CSBCG with respect
to roundoff error. In exact arithmetic, CSBCG computes selected iterates of BCG and
hence has the same convergence rate as BCG. Several more general illustrations of
the effectiveness of the CSBCG method are given in [4]. In [27], biconjugate gradient
and many related methods [26], [28], [21], [11] [10], [12], [13] are compared on a series
of test problems.

All of our examples concern the model convection diffusion equation

—Au+ Pu, =1

in Q@ = (0,1) x (0,1) with the Dirichlet boundary condition v = 0 on 9. This
problem is discretized on an adaptively created triangulation with 492 vertices [2]
using continuous piecewise linear finite elements and Petrov-Galerkin methods based
on the divergence-free upwinding scheme described in [3]. The standard nodal basis
functions were used for the finite element space. We consider the cases § = 10,
leading to a relatively easy problem, and 8 = 100, leading to a more difficult problem.
Although many good preconditioners are available for this problem, we used none
(B =I) because we are mainly interested in studying the effects of roundoff error.

For each problem (5 = 10 and 8 = 100) we generated six different minimum
degree orderings [14] of the equations using the minimum degree routine from [2].
Because of the wide variety of tie breaking strategies and the nonuniqueness of a min-
imum degree ordering, a minimum degree code called with a minimum degree ordering
often won’t recognize it as such, but instead will return with a different minimum de-
gree ordering. This property was used to generate the six different orderings. One
linear system differs from another by a permutation make P which converts Ax = r
into (PAP')(Pz) = (Pr). Since B = I, such permutations can have no effect on the
preconditioning. The only significant effects are on the ordering of the calculations
in forming the products Av and A'd, and in the ordering of the sums in the inner
products used in computing parameters for the algorithms. To enhance the effect of
roundoff, all calculations were performed in single precision arithmetic, except where
otherwise noted. All calculations were done on a DECstation 5000/240 using the
standard F77 compiler.

We compared four different algorithms: the composite step methods CSBCG,
CSBCG/BCG, and CSBCG/LAL as given in Section 5, and the standard biconjugate
gradient method (BCG). The algorithm BCG was implemented using the same code
as for CSBCG/BCG, with the pivot test modified to always choose 1 x 1 update
steps. Mathematically, the three CSBCG variants should produce identical iterates,
and these should be a subset of the iterates produced by BCG. Any further differences
must therefore be attributed to roundoff.

We chose to measure error in the H!(Q) norm, given by

o= [ 190+ do.

If U € R™ corresponds of the finite element function wuj,, then there is an n x n
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(stiffness) matrix M such that
/Q |Vup|? +ui de =U'MU =|| U |3, .

We begin with the initial conditions zg = £g = 0 and rq = 75. We iterated either
200 steps (where a step could be either 1 x 1 or 2 x 2) or until the error x; — T
satisfied

| 2k — oo IS 107" || @oo [Iar -

We measured the number of correct digits by the formula

kameM}

(51)
| oo 11

digits = —logy, {

In Table 1, we record the results for the case § = 10.

TABLE 1
Results for g = 10.

i BCG CSBCG CSBCG/BCG CSBCG/LAL
iterations digits | iterations digits | iterations digits | iterations digits
1 41 4.48 23/9 4.48 23/9 4.48 23/9 4.48
2 32 4.48 23/9 4.43 23/9 4.48 23/9 4.48
3 32 4.48 23/9 4.48 23/9 4.48 23/9 4.48
4 32 4.48 23/9 4.48 23/9 4.48 23/9 4.48
5 32 4.48 23/9 4.48 23/9 4.47 23/9 4.47
6 32 4.48 23/9 4.48 23/9 4.48 23/9 4.48

The index 7 refers to different minimum degree orderings. For the composite step
methods, under the column labeled “iterations”, we record the total number of steps,
and the number of 2 x 2 steps. In this example, all the composite step methods took
23 steps, of which 9 were 2 x 2 steps, for the equivalent of 23 + 9 = 32 steps of the
standard biconjugate gradient method.

There is really not much surprise in these results. All six problems were the same
system of equations up to the application of a permutation matrix. All methods did
approximately the same amount of computation and all obtained essentially the same
answers, the sole exception being the BCG method for the first ordering.

In Table 2, we present the results for the case § = 100, the more difficult problem.

Here we note that there are substantial differences in the behavior of the algo-
rithms. In the cases when an algorithm took 200 steps without satisfying (51), we
included, in parenthesis, the number of correct digits at the 200-th step. In these
cases, the procedure had stalled sometime before step 200, and was no longer making
significant progress towards a solution.

One rather striking feature of the results is the extent to which convergence de-
pends of the ordering of the equations. Different orderings introduce different roundoff
errors into the computation of inner products, which in turn influences the update
coeflicients based on those inner products. This seems to have affected all the algo-
rithms.
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TABLE 2
Results for 8 = 100.

i BCG CSBCG CSBCG/BCG CSBCG/LAL
iterations digits | iterations  digits | iterations digits | iterations  digits
1 72 4.21 200/21 (2.97) 58/18 4.01 200/24 (1.49)
2 7 4.05 200/28 (0.89) 46/19 4.07 200/22 (1.38)
3 71 4.07 200/39 (-0.26) 56/24 4.26 200/17 (0.32)
4 96 4.11 71/26 4.04 92/31 4.12 200/17 (-1.53)
5 75 4.16 200/17  (-0.15) 54/17 4.11 200/25 (-1.02)
6 120 4.34 200/28 (-0.62) 54/20 4.15 200/9 (-1.78)

For this example, the standard BCG algorithm looks surprisingly good. Despite
a very erratic and oscillatory convergence behavior, it is in fact working steadily
toward convergence. This observation is consistent with the behavior of the BCG
algorithm in the extensive tests of Tong in [27]. It is unknown to us how the iterates
of the algorithm compare to those computed in exact arithmetic, but we doubt that
they are close. On the other hand, failure to compute accurate direction vectors,
poor approximation of a Krylov subspace, loss of orthogonality and near failures in
the Lanczos process do not necessarily translate into failure of the BCG algorithm,
since the only quantity of interest obtained from the calculation is the solution vector
k. And it seems, at least in this case, the BCG does a good job of computing an
approximation to z, while perhaps doing a poor job in other respects.

Among the CSBCG algorithms, the CSBCG/BCG variant seems to be the most
robust on this problem. We attribute this to the fact that this implementation is
closest to the standard BCG algorithm in its computation of subspaces, and whatever
good properties are inherent in these spaces seem to be inherited by the CSBCG/BCG
variant. On the other hand, the convergence history of the CSBCG/BCG algorithm,
while not monotonic, does not have the severe oscillations of the BCG method; the
spikes have been clipped by the criteria (50).

The other two CSBCG variants do not perform well on this problem. The reader
should not infer from this that these algorithms are inferior. With good precondition-
ers, double precision arithmetic, etc., one would expect them to perform comparably
to CSBCG/BCG. Since this is the scenario in which such procedures are typically
used, the effects of roundoff error will tend to be minimized. In Table 3, we report
the results for the second problem using double precision arithmetic.

TABLE 3
Results for B =100, double precision

i BCG CSBCG CSBCG/BCG CSBCG/LAL
iterations digits | iterations digits | iterations digits | iterations digits
1 51 4.39 37/14 4.13 39/13 4.39 37/14 4.47
2 51 4.39 37/14 4.10 37/14 4.34 34/17 4.21
3 51 4.41 38/14 4.42 39/13 4.36 35/16 4.35
4 51 4.42 36/15 4.00 37/14 4.29 35/16 4.08
5 51 4.32 37/14 4.22 38/13 4.43 37/14 4.40
6 52 4.42 36/16 4.17 38/13 4.35 36/15 4.39
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Here we see that all methods solve all problems in the equivalent of 51-52 BCG
steps. However, the convergence histories differ for different orderings, and between
different variants for the same ordering, so roundoff error still is having some influence.

It is also likely that the behavior of all methods with respect to roundoff error
could be improved. For example, in the CSBCG/LAL algorithm, the coefficient Sy 1
for 2 x 2 update steps is computed by the formula

(52) Brt1 = prratin/Okt1-

We experimented with replacing (52) with the mathematically equivalent formula

(53) Brr1 = P20k /0ks1 — Prr2Ok+1/ (0 Cot1)-

leaving all other aspects of the implementation unchanged. The results of this single
change, which affects only the 2 x 2 updates, are reported in Table 4.

TABLE 4
CSBCG/LAL using different formulae for Bi1

i CSBCG/LAL CSBCG/LAL
using (52) using (53)
iterations  digits | iterations digits

1| 200/24  (1.49) | 200/42  (1.73)
2 | 200/22  (1.38) | 58/20  4.40
3] 200/17  (0.32) | 51/19  4.04
4] 200/17  (-1.53) | 57/24  4.22
5| 200/25  (-1.02) | 53/20  4.00
6| 200/9 (-1.78) | 55/20  4.26

Here we see a decided improvement in the behavior of CSBCG/LAL. We do not
know if (53) is generally better then (52) with respect to roundoff error. Indeed,
our initial intuition suggested that (52) would be superior. However, the point of
this demonstration is less to suggest a particular algorithm or formula than it is
to illustrate the sensitivity of BCG-like algorithms to roundoff error, with slightly
different implementations producing drastically different results in situations where
roundoff error plays a significant role. CSBCG algorithms are especially vulnerable
because of the large number of choices one has in their implementation. One has the
choice of criteria for deciding between 1 x 1 and 2 x 2 update steps, the choice of
basis for the 2 x 2 updates, as well as a multitude of reasonable looking formulae for
computing the update coefficients. As in the case of the BCG algorithm, it might be
that the “best” algorithm is not one which necessarily produces the “correct” sequence
of direction vectors, good approximation of the Krylov spaces, or even satisfies the
biorthogonality properties best; it is the method which produces the best x; at the
least cost.
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