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ANALYSIS OF THE FINITE PRECISION
BI-CONJUGATE GRADIENT ALGORITHM
FOR NONSYMMETRIC LINEAR SYSTEMS

CHARLES H. TONG AND QIANG YE

ABSTRACT. In this paper we analyze the bi-conjugate gradient algorithm in
finite precision arithmetic, and suggest reasons for its often observed robust-
ness. By using a tridiagonal structure, which is preserved by the finite precision
bi-conjugate gradient iteration, we are able to bound its residual norm by a
minimum polynomial of a perturbed matrix (i.e. the residual norm of the exact
GMRES applied to a perturbed matrix) multiplied by an amplification factor.
This shows that occurrence of near-breakdowns or loss of biorthogonality does
not necessarily deter convergence of the residuals provided that the amplifica-
tion factor remains bounded. Numerical examples are given to gain insights
into these bounds.

1. INTRODUCTION

Since its introduction by Lanczos [16] and later re-discovery by Fletcher [7] in
its present form, the bi-conjugate gradient (BiCG) algorithm has evolved many
variations (e.g. CGS, BiCGSTAB, QMR, CSBCG [22, 25| [8, [2]), each of which was
specially designed to overcome some of its inherent difficulties (the need for adjoint
matrix vector product, potential breakdowns, erratic convergence behavior, etc.).
However, it has been observed by Bank and Chan [2] and Tong [23] that, in many
cases, BiCG may still be competitive (in terms of convergence and convergence
rates), especially when coupled with no or relatively poor preconditioners.

One major concern in using BiCG is two types of potential breakdown problems,
which can cause numerical instability. In addition, in finite precision arithmetic the
biorthogonality is lost, as is experienced by other Lanczos-type algorithms. As a
result, the finite precision BiCG iteration can deviate significantly from the exact
one. However, in many cases where such difficulties arise, BiCG exhibits exceptional
numerical robustness in practice as far as the convergence of the residual norm
is concerned [2, 23]. Specifically, very often, occurrence of near-breakdowns or
loss of biorthogonality does not deter convergence of the residuals. On the other

Received by the editor October 6, 1998.

1991 Mathematics Subject Classification. Primary 65F10, 65N20.

Key words and phrases. Bi-conjugate gradient algorithm, error analysis, convergence analysis,
nonsymmetric linear systems.

The first author’s research was supported by Research Grant Council of Hong Kong.

The second author’s research was supported by Natural Sciences and Engineering Research
Council of Canada. Part of this work was completed while this author visited Stanford University
during the summer of 1995. He would like to thank Professor Gene Golub for providing this
opportunity and for his great hospitality.

(©2000 American Mathematical Society

1559

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



1560 CHARLES H. TONG AND QIANG YE

hand, it has been observed by Golub and Overton [J} [10] that the preconditioned
conjugate gradient method with inexact preconditioner, which amounts to relatively
large perturbations to the CG recurrence, could still converge. These phenomena
suggest that the residual convergence property of BiCG (or CG) may be relatively
insensitive to perturbations in the recurrence, even though many other properties
such as biorthogonality are sensitive to them. However, there is no theoretical result
to explain such robustness. It is the purpose of the present paper to study the
sometimes surprising convergence behavior of BiCG in finite precision arithmetic.
We remark that our intention is not to suggest that BiCG will be robust in all
cases, as there are plenty of divergent examples of BiCG, but rather to understand
when and why BiCG iterations show more stability than expected.

In exact arithmetic, bounds on approximation errors (or residuals) of the BiCG
iteration have been obtained by Bank and Chan [2], showing the fast decrease of the
errors under certain conditions. Furthermore, it was also shown recently by Barth
and Manteufel [3] that the BiCG residual indeed gives optimal approximation from
Krylov subspaces, considered in a certain metric. Since proving these results [2]
relies on the Galerkin condition (i.e., bi-orthogonality) of BiCG, which is usually
lost in finite precision arithmetic, it is difficult to apply or generalize these analyses
to the finite precision case. Furthermore, occurrence of near-breakdown could cause
BiCG to generate completely different sequences for exact arithmetic and for a finite
precision arithmetic. Nevertherless, we will show in this paper that the convergence
property of residuals may still be preserved.

We shall prove a posteriori residual bounds similar to those in [2] for the exact
case, using an approach that is based on a tridiagonal structure implicit in the
algorithm. This approach was also used by Ye [27] to analyze convergence of the
Lanczos algorithms for eigenvalue problems. An advantage of analyzing BiCG using
its tridiagonal structure is that our results include the finite precision case and the
near-breakdown case, and explain its sometimes observed convergence under quite
general conditions.

Finite precision analyses of conjugate gradient-type and Lanczos-type algorithms
have played an important role in understanding these algorithms. The pioneering
work is due to C. Paige [19] 20] and A. Greenbaum [12]. Paige showed in [19, 20]
that the loss of orthogonality comes with but does not prevent convergence of the
Ritz values, i.e., useful results can still be obtained from the algorithm even when
the iterates deviate significantly from what would have been produced in exact
arithmetic. A generalization to the nonsymmetric case was given by Bai [1], and the
near-breakdowns and loss of biorthogonality were discussed by Day [5]. Greenbaum
established backward stability results in a generalized sense [12], showing that the
iterative residuals produced by the finite precision conjugate gradient algorithm are
equivalent to what would have been produced by applying the exact CG to a larger
matrix. Some estimates on the larger matrix were given, which may vary from step
to step. It would be interesting to see if Greenbaum’s backward stability results can
be generalized to BiCG; we are not aware of any such generalization. One analysis
is given by Cullum and Greenbaum [4], which relates BiCG type methods to QMR.
We note that a recent work by Greenbaum, Druskin and Knizhnerman [I5] on the
finite precision CG also uses the approach of bounding the residuals. Other recent
works on the finite precision CG include [I3], 14}, 18] 25].

The paper is organized as follows. In section[Z, we review the BiCG algorithm
and discuss its theoretical properties. We then present our results in section[3], with
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THE FINITE PRECISION BI-CONJUGATE GRADIENT ALGORITHM 1561

a roundoff error analysis in section Bl then various approximation bounds on the
BiCG residuals in sections and B3 We present our numerical experiments in
section M and concluding remarks in section [Gl

Notation. We shall use the standard notation in numerical analysis. In particular,
for the roundoff error analysis, absolute values and inequalities of matrices are
componentwise, i.e., |(ai;)] = (|ai;]), and (ai;) < (b;;) means a;; < bj;. AR B
denotes the Kronecker product of A and B, and A(A) denotes the spectrum of A.
AT denotes the Moore-Penrose generalized inverse of A. I,, is the n x n identity
matrix [eq, ..., e,] = I,. Pp denotes the set of polynomials of degree not exceeding
n.

2. THE BICG ALGORITHM

The BiCG algorithm for solving the linear system Ax = b is implemented as a
pair of coupled two-term recurrences as follows.

Input initial approximation z;

Initialize ry = p1 =71 = p1 = b — Axq;

=T . .
pP1 = rl 13
For n = ]_’27 ......
_ =T
On = Dy AP
an:&

On
Tn+l = Tn — anApn
Tn+l = Tn + anpn
7Zn+1 - 7Zn - anATﬁn
Pl = T 1 Tn1;
Bn—i—l = %
DPrnt1 = Tnt1l + Bnti1Dn
Pnt1 = Tnt1 + Bny1Pn
end for
The algorithm breaks down if either o, = 0 (called pivotal breakdown) or p, = 0
(breakdown in the underlying Lanczos process). Instability may be expected when
the iteration is close to breakdown (called near-breakdown). We shall assume in
this paper that no exact breakdown occurs.
The sequence generated by the algorithm satisfies the following biorthogonality
and biconjugacy conditions:

f'grm =0, ﬁgApm =0, for m#n.

rp+1 is called the computed residual, and in exact arithmetic, it is equal to the
true residual b — Az, 1. The biorthogonality of the residuals implies that 7,1 is
orthogonal to the dual Krylov subspace

Ko (AT ry) = span{ry, ATry, - (AT)" "1y}

This is also called the Galerkian condition.
Writing R,, = [r1, - ,7] and P, = [p1,- -+ ,Pn], we can derive from the recur-
rence the following matrix relations:

(1) AP, = R, L Ay — irnﬂeg and R, = P,U,,
Qp
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where A,, = diaglaq, -, anl,e; =1[0,...,0,1] and

(2)
1 1 =B
1 03

1 1 _ﬁn
-1 1 1

Combining the two equations in (), we obtain the governing equation
. 1
(3) ARn = RnTn - —7"n+1€z;,
Qp

where T}, = LA U, is an invertible tridiagonal matrix such that
elT=tey = eTU A, L er = el Apv = an,

wherev=1[1 1 --- 1]7. Similar results hold for the dual sequences p, and 7.

3. ANALYSIS OF THE FINITE PRECISION BICG

In this section we present the main results in several subsections. We begin with
an outline of the main ideas of this paper.

It is well known that the biorthogonality (or orthogonality in the symmetric
case) in a Lanczos-type algorithm is usually lost in finite precision arithmetic, and
thus the iterates computed in a finite precision arithmetic may differ significantly
from the corresponding exact quantities. In addition to this difficulty, BiCG may
encounter near-breakdowns, and as a result, large roundoff errors may occur at two
possible places. One is in the computation of a’s and 3’s, and the other is in the
computation of r’s and p’s. However, the errors in the computation of a’s and
(3’s do not translate into errors in the governing equation (3]), which depends on
computations in the local vector recurrence only, not on how accurate the a’s and
(3’s are. This is demonstrated in Sec. Bl by showing that (B]) is still valid to within
a small perturbation. So roundoff errors may cause the iterates to deviate from the
exact ones and loss of biorthogonality; but they may not destroy the underlying
tridiagonal structure in the BiCG algorithm. The importance of (@) was originally
pointed out by Paige for the Lanczos algorithm and by Greenbaum for the CG
algorithm.

We claim that the existence of this tridiagonal structure also plays a major role
in the convergence of the BiCG residuals in a finite precision arithmetic. We shall
prove in Sec. some bounds on the computed residual r, based on a perturbed
B) (see equation (Il below). The bounds are of a posteriori type and are in terms
of the residual norm of the exact GMRES applied to a perturbed matrix multiplied
by an amplification factor.

We mention that in finite precision arithmetic, the computed residuals r,, differ
from the true residual b — Ax,; however, they have the same magnitudes before
roundoff error accumulation dominates (cf. [I2, Theorem 2]). In investigating the
robustness of BiCG, we are only interested in the convergence of 7, because it is
the convergence of r,, that drives the convergence of the true residual b— Az,,. This
is also consistent with the analysis of the CG case [12].
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3.1. Roundoff error analysis of BiCG. We provide in this section a roundoff
error analysis of the BiCG algorithm in finite precision arithmetic. A similar anal-
ysis for the Lanczos algorithm has been given in [I]. Our analysis is based on the
following simplified model of roundoff errors in basic matrix computations [IT], p.
66] (recall that inequalities are componentwise)

(4) fllax+y) =ar+y+ue with |e| <2|az|+ |y|+ O(u),

(5) fl(Az) = Az +ug with |g| < N|A||z| + O(u),

where u is the machine precision unit, z,y € RY, and a € R. Note that O(u)
denotes a term containing u and can be bounded rigorously.

For ease of notation, we shall use r,, Ty, Pn, an, On etc. directly to denote the
computed quantities in finite precision arithmetic in the rest of the paper.

Theorem 3.1. Let u be the machine precision unit and let ry,, T, Pn, Qpn, Bn be the
computed quantities in the finite precision BiCG algorithm. Then

~ 1 ~
(6) AR, = R, T, — —rn“eg +ul,,
Qp

where Ry = [r1,--+ 7], Tn = LuA; U, (given in [3)) and A, = [01,--- ,8,] with
|6il

|ovi—1]

(7) 10 < (N +6)|A] + 7— + )Iril + (2N + 7)[Allpi] + O(u).

|ai]
Proof. At the mth iteration, to compute 7,41, we first compute Ap, and have
fl(Apn) = Apn + g with |g] < uN|A[[p,| + O(u®) by (). Then
Tn+1 = fl(rn - anfl(Apn)) =Tn — anfl(Apn) + g/
= Tn— apApy +ang + gla
where, by (),
19'] < ullrn| + 2|an||f1(Apn)| + O(u)).
Letting d,, = (ang + ¢')/(ula,|), we obtain

1

(8) — (rn41 — 1) = —Apn + ubs,

On
with [0y, [ < NJA[|pn|+[rn|/|on|+2|Apn|+O(u) < [ra|/|an]+(N+2)[A]|pn]+O(u).
Similarly
9) Prn+1 = Tnt1 + Bpg1pn +0bp,
with [0y, | < |rnga| + 2|Bnsillpn| + O(u). Writing Ag, = [0y, -+ ,0,,] and
Ap, =[0,0p,, - ,0p,], we obtain from the above

1
(10) AP, = RnLnA;,1 — a—r,H_leg +ulAg, and R, =DPU,+ulp,
n

where R,, etc., are defined in the same way as in section B. Combining the two
equations, we obtain
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1564 CHARLES H. TONG AND QIANG YE

with A, = AAp, + A, U,. Write A,, = [61,---,8,]. Then we have §; = Ad,, +
dr; — Op,_, Bi- So for i > 2, we have (with N’ = N + 2)

||

6 < Al + 2B lpiea] + (5 N Al
HBE 4 N Alpia]) + Ofw)
<A+ T+ Tl + Al + O+ 314N + ) + O(w)
< (O 1AL o+ P @8 4 3l + 0w

where we have used |r;—1| < |r| 4+ |ai—1]|Api—1] + O(u) and |Bipi—1| < |pi| +
|ri] + O(u). The same bound holds for the case ¢ = 1, and hence the theorem is
proved. O

Remark. We can conclude from bound (@) that the accuracy in the computations of
the coefficients a and § does not directly affect the perturbation uA,,. In particular,
occurrence of near-breakdowns may cause the computed a or 8 and hence the
iterates to be inaccurate, but it does not necessarily cause a large error J; (see
Example[2in Sec. @), and thus the fundamental equation () is still nearly satisfied.
Also note that |p;| < [A7Y|(|rs| + |riv1])/|eu]l + O(u), and therefore the relative
magnitude of the perturbation d;/||r;|| does depend on the magnitude of 1/a; and
Bi-

In our later analysis, it is more convenient to work with an equivalent form of
(@) with r; scaled to the unit norm. It will also become clear that only the relative
perturbation d;/||r;|| is of importance. Let

Dy, = diag{|[ra[l, -, [lrnll} and Zn = [21, -+, 0] = Rn D"
Then we obtain scaled () with ||z;]] =1 as
1 rpp1 o
11 AZ,=2,T, — — A
( ) n nin o, ||T1||en+u ns
where T, = D,/ T,D;" is an invertible tridiagonal matrix, o/, = |7 |low /||I71]| =

el'Tle; and

A =AD"t =81/l 6/ llrnl)-
This will be the only equation that we assume for BiCG in the rest of this section.
3.2. Bounds on ||r,41]| for the finite precision BiCG. In this section, we
present the main result on bounding the computed residual (Theorem BG). We

first give a few lemmas. Recall that P,, denote the set of polynomials of degree not
exceeding n.

Lemma 3.2. Assume AZ, = Z,T, — a%ﬂ;i’ﬁ el with eI’ T ley = o, and r; =
n

|r1]|z1. Then, for any polynomial p(z) = > ,_,xa”® of degree not exceeding n,
(12) p(A)Zl = an(Tn)el + CpTn+1,

where ¢p = —thp (01 -+ amre )t

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use
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Proof. We first prove by induction that for any k with 1 <k <n —1,
(13) AFZ,e1 = Z,TFe;.

Clearly it is true for &k = 1. Assume that (I3)) is true for some k < n — 2. First, we
have el TFe; = 0 (see 27, Lemma 3.1]). Then

AL Z ey = AZ,Trey = (Z,T, — ~ ”rl”mHeZ)T,’fel
= ZnT,’fHel.
Therefore (I3) holds. Consider now
A"Zner = AA"'Z,ey = AZ,T" ey
1 -

= (ZTLTTL — m'f’n_i_lez;)Tg 161

T T p— —

= ntp €1 CYl"'Oén”Tl” n+1,
where eI T""te; = ||r, /(a1 - - an_1|/r1]]) ! (see [27, Theorem 3.2]). Combining
the above with (I3]), we obtain (IZ]). O

Note that the above lemma also holds if T, is Hessenberg. In particular, if p is a
polynomial of degree n — 1 (i.e. ¥, = 0), then ([I2)) becomes p(A)z1 = Z,p(Ty)er,
a case that has been proved in [I7] [21].

From this lemma, we have the following identity concerning r,,41.

Lemma 3.3. Assume

1r 1
14 AZy = Z,Tp — — el
. SR YA
with LT Ye; = o, and r1 = |r1]|21, and assume that VT € RN is a matriz

such that VT Z, = I and VTr,11 = 0. Then for any polynomial p(z) of degree not
exceeding n with p(0) = 1, we have

(15) Top1 = (I — AZ, T, 'V )p(A)ry.
Proof. First, multiplying ([Id) by T}, 'e;, we obtain
(16) Pog1/lIrill = 21 — AZ, T, tey.
Write p(z) = 1+ zq(x), with ¢(z) = Zz;é Y412 a polynomial of degree not
exceeding n — 1. Then
ras1/llrll = 21— AZ, T, 'er — p(A)z1 + p(A)z

= —Aq(A)z — AZ, T, ey + p(A)zn

= —AZuq(To)er — AZ, T, et + p(A)zr

= —AZ(q(T,) +T; e +p(A)z

(17) = —AZ,T; ' p(Tn)er + p(A)z1,
where we note that by Lemma B2 Aq(A)zy = Aq(A)Zne1 = AZ,q(T,)er with
deg(q) < n.

Now, for the polynomial p, equation (I[2)) holds. Multiplying it by VT, we obtain
(18) VIp(A)z = p(T),)e.
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Finally, substituting p(7},)e; into the equation above, we have

Tl ([ — AZ, T VT )p(A)z.

7]l
Now, the lemma follows from using r = ||r1]|#1. O
Note that the matrix V' above exists if and only if 21,--- , 2,, 2n4+1 are linearly

independent. In the case of exact BiCG, this is the case because of biorthogonality.
Indeed, a natural choice for V is V71 = (RTTLRn)“RTTl, since by the biorthogonality
condition RTR, = D is a diagonal matrix, and RZr,,; = 0. Using this V, the
lemma leads to the known results for the exact BiCG [2].

When an biorthogonal basis is not explicitly available, the next lemma gives a
construction of V.

Lemma 3.4. Assume that z1, 22, , zn, 2ns1 € RN are linearly independent, and
write Zy = [z1 22 -+ zi). Then V' = [I, 0]Z},, (i.e. the matriz consisting of
the first n rows of Z:{H) has the property

(19) ViZ, =1 and Vy z,.1 =0.

Furthermore, its spectral norm is minimal among all the matrices having this prop-
erty.

Proof. From the definition of Vj, Z:{H = [Vo,v]T for some v. Since 21, -+ , 2p, Zni1

are linearly independent, [Vo,v)”[Z, zn41] = Z, 1 Zns1 = I. Then V{'Z, = I,
and VOTan =0.

Now, if V is another matrix having property ([I9), then VT [Z, 2,41] = [I 0].
Thus VI Zn1Zy, = [I 0127, = V' Hence [Vl < IV - 1Zni1Z) 4] <
V. O

We now present our main result on bounding the residuals.

Theorem 3.5. Assume equation (I1) and let Vi’ = [I, 0]Z} , € RN (the

matriz consisting of the first n rows of Z:[H). If 21,22, , 2n, Znt1 are linearly
independent, then
(20) [Pl < (14 Kn)  min - lp(A+64n)r,
PEP,p(0)=1
where K,, = ||[(AZ, —aA,)T, V|| and 6A,, = —ulA, Z, .
Furthermore, as n increases, €, = min,cp, no)=1||[P(A + dA,)r1|| decreases

monotonically.
Proof. Since z1,- -+, 2n, 2n41 are linearly independent, Z,Z, = I. Then §A, =
—uA, Zt e RN*N gatisfies §A,,Z,, = —uA,,. Thus ([I) can be rewritten as

1 ry
(21) (A+6A4,)20 = Z, Ty — ——"ELeT.

ag, [|r]]

Now for any p € P,, with p(0) = 1, we use Lemmas[33 and B4 to obtain
A+ AN Z, T VE) - p(A+6A,)r
AZ, —ul)T V) - p(A+6A4,)r.

Tn+1 = (I_

—~~

Thus
[rnsall < (1+ [[(AZn — uA) TV DIP(A + 64, .
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Since this is true for any p(x) with p(0) = 1, the inequality is true for the minimizing
polynomial, which leads to the bound.
For the second part, we show that for any polynomial p with deg(p) = k < m,

p(A+0Am)21 = p(A + 5Ax)2,
which leads to the monotonicity result

A+ 0A)z] < min A+ 0AR) 2.
min (A 64z S min lp(4+ 54|
T,iel
0
Lemma 32 (A+ 6A,,) 21 = Z,,Tie1 = ZyTier = (A+ 0Ay) 2. Furthermore,

For any i with 0 <i <k—1,T!e; = < > (see [27, Lemma 3.1]). Then using

(A4 642 = (A+6A,)ZnTF ey
1
= (ZpTm — ——rmi1el )TF e
N T M
o T,f_lel
- (T,
— 7.Tke, [y Tk 1,
e bl i
= (Zka ” ||7’k+1€k)Tk
A,
= (A—F(SA]C)ZkT:
= (A+0AL)" 2.
Thus, p(A + §An)z1 = p(A+ 0Ak)z1, and the proof is complete. O

Remark. For each n, €, = minyep, p0)=1 [|[P(A+0Ay,)r1]| is the nth residual norm
of exact GMRES applied to the perturbed matrix A + §A,,. Explicit bounds on
€, have been discussed extensively in the literature; see [24] for example. Our
numerical experiments show that the perturbation term dA, has little effect, i.e.

usually €, ~ minyep, p0)=1 [[P(A)r1].

Remark. If T, is not too close to being singular, and the elements of the basis

21,7+, Zn, Znt1 are not too close to being linearly dependent, i.e. ||T), || and || V5| <
Nz +1|| are bounded, then it follows from
(22) Ko < (VallAll + | Aa DI - Vol

that the residual norm ||7,41|| is within a moderate factor of €,,. Hence, convergence
of the BiCG residual can be achieved provided K, increases at a rate slower than
the rate at which ¢,, decreases (see the examples in Sec.[d). In particular, this is still
possible even when ||A,,|| is large (Example [ in Sec. @). We note that K,, could
grow out of bound; but this simply reflects the situations when BiCG diverges.
Unfortunately K, cannot be determined a priori.

Remark. If T, is close to being singular at some step n, then r,11 becomes (rela-
tively) large in that step; but if at the next step Tj,4+1 becomes well conditioned,
rn+2 Will be small. So occurrence of a nearly singular T, would cause local spikes
in the convergence curve but may not affect the global convergence trend even in
finite precision arithmetic, assuming that not all T;, are nearly singular.
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Remark. The above bound assumes linear independence among the r,, and ||Vo]
is a measure of the linear independence. It suggests the possible effect of the
linear dependence on the convergence, which is known, for example, for the exact
QMR (see [8]). However, this dependence on ||Vp]| is not essential, and in the next
subsection we give some results that avoid such an assumption at the expense of a
more complicated bound.

3.3. Bounds for the linearly dependent case. While it is well-known that loss
of linear independence among the 7, could cause deterioration of convergence in
BiCG, there are cases where the convergence has been observed even when the linear
independence of the r,, is completely lost (the case n > N being one such example).
We next present two bounds that avoid the linear independence condition and may,
therefore, partially explain the convergence in such situations.

First, recall that for A € R¥*N and B € R™*", the matrix equation AFE —
EB = Z corresponds to a linear system with A ® I,, — Iy ® B as the coefficient
matrix. It has a unique solution if and only if A(A) N A(B) = 0 or sep(4, B) =
l(A® I, — In ® B)7!|7t > 0 [TI, p. 389]. Note that sep(A4, B) depends on the
spectral gap of A and B.

Theorem 3.6. Assume equation ([[d) and let p be a complex number such that
sep(A — pl,Ty,) >> 0. Then

(23) [rnall < K min — ([[p(To)l[ + [p(A = pD) [Ira]l;
pEPn,p(0)=1

where

(lpl +sep(A = pl, Tn))v/n + af| An||r
sep(A — I, Ty,)

Proof. First, we rewrite (1) as

K max{1, |A—pl|-|IT, "}

(A—ul)Z, = 2,T, — 77",1“65 +ul, — uZ,.

ag [
Since sep(A — ul,T,) > 0, the matrix equation
(A—ulE, = E, T, —ul, + pZ,
has a unique solution E,, [11] p.389] with
| —uln +pZullr _ wlAnlr+ lulvn

FE < .
1Eallr < sep(A —pul,Tn) = sep(A—ul,Ty)
Then
1 7,
(A—pl)(Zy + En) = (Zn + En)Ty — o ||TJ1r|1| 62;.

Thus, for any p € P,, with p(0) = 1, we have by (1)
T = p(A = uD)(Zn + En)er — (A= pul)(Za + En) T p(Toen,

71|
and hence
17741
T < UZall+ 12al) lp(A = wD]
A= || (1Zall + 1B IDIT I Ip(T)enll,
which leads to the theorem, since || Z,|| + || Enll < v7 + || EnllF- .
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Again the bound contains two parts. K, depends mainly on |7, !|| if the pa-
rameter p has been chosen to create a large sep(A — pI,T),). The second part now
depends on minimization of p(7},) in addition to p(A — pI). Note that if p is simply
chosen to be 0, then we have a simpler bound depending on sep(A4, T, ); but this
gap is usually small because of convergence of the eigenvalues of T, to those of A.

We further consider a simplified special case where r; becomes nearly linearly
dependent because of the appearance of spurious Ritz values and Ritz vectors (in
the underlying Lanczos process). It is known, in the symmetric case, that gradual
appearance of spurious Ritz vectors leads to linear dependence [19] 20]. Our next
result will be formulated in terms of the Ritz basis, rather than in terms of the
basis Z,.

An eigenvalue 0 of T, is called a Ritz value and Z,u is called a corresponding
Ritz vector if T,u = Ou. By considering the basis of Ritz vectors rather than
Zn, the pattern of loss of linear independence becomes clear, i.e., the Ritz vectors
corresponding to the spurious Ritz values become nearly linearly dependent on the
others. For this reason, we divide Ritz vectors into two groups, one consisting of
n — [ Ritz vectors (Z,U; in the theorem below) that are well linearly independent,
and the other consisting of the rest, which are nearly linearly dependent on the first
group.

Theorem 3.7. Assume equation () and that z1,--- ,z, are linearly indepen-
dent. Let T,, = USU* be a Schur decomposition ordered such that the columns of
[Z,U1, znt1] are linearly independent, where

. n—l1 l n—=l 1
_ S11 Si2 n—1 _
S = ( 0 So ) L U= (Ui, Us).
Let Vi € ROVUXN e the first n — 1 rows of [Z,Uy, zns1]t. Then
(24) [rnall < (1 + Kn) min - [[p(A+645)7 ]|,

PEPn—1,p(0)=1
where 71 = (I — (A+84,)/601) - (I — (A+36A,)/0))r1, A(Sa2) = {01,...,60,},
Ky = |[(AZy —uA)ULSE V|| < (Vall Al 4+ al An DI - Vo
and A, = —ulA, Z; .

Proof. Let q(x) = (1—x/61)--- (1 —2/0;). Then for any polynomial p € P,,_; with
p(0) =1, p(z) = p(x)q(x) is of degree n and p(0) = 1. Then H(S22) = 0, and thus

A(8) = ( ﬁ(SOM) ]5({\9422) ) - ( ]5(%11) —7‘04 ) "

where M is some matrix. Now, as in the proof of Theorem B.H, we rewrite () as

1
(A+64,)Zy = Z, Ty — —"ELeT.
ap, [rl

Applying Lemma, (I2) to the above with p, we obtain
PA+04y)z = Znp(Th)er + crnp

[ZnUlv ZnU2]ﬁ(S)U*61 + Crn41

[ZnUl, O]ﬁ(S)U*el + Crpg1.
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Multiplying the above by V', we obtain
Vol (A +6A0)21 = [T, OJp(S)Uer,

where Vi{' Z,U1 = I,,_; and Vi 1,41 = 0 by Lemma B4 Also, noting that S—! is
block upper triangular of the same structure as S, we have

(A+64A,)Z, T p(Ty)er = (A+084,)[Z,Ur, Z,Us)S™'H(S)U*eq
(A+6A,)[Z,Un, Z,Us)diaglSyy', 01p(S)U*er
(A+0A,)[Z, Ui S, 0)p(S)U*eq
(A+6A4,)Z, Uy Sii Tn—i, 0Jp(S)U*ex
(AZ, —ulA ) UL ST VI P(A+0A,)z2.

Now, by (I7), we have

= AT 042 — (A SAN LT BT

(I — (AZ,, — ul,) U1 S Vo)p(A + 6A,) 2
Hence
[rntall < (1 + Kn)[[P(A + 6An) z1[[[[1]] = (1 + K [[p(A + 6 An )7 |-
which leads to the theorem by taking p to be the minimizing polynomial. O

Essentially, the above bound replaces Z,, (containing n vectors) in Theorem B.5]
which may become nearly linearly dependent, by Z,,U; (containing n — I vectors).
This eases the dependence of the bound on loss of linear independence among the
z;. In doing so, however, the degree of the minimizing polynomial is reduced to
n — [ and thus the convergence is expected to slow down.

4. NUMERICAL EXPERIMENTS

We present some numerical examples in this section. The purposes of these
experiments are to verify the bounds, and to observe how the different parameters
in the bounds affect the convergence behavior. All quantities in the bounds are
computed with quadruple precision.

We examine the following residual bound (Theorem B.5) in our numerical exper-
iment:

(25) il < (14 Kpen,

where €, = min,ep, po)=1 [|[P(A+IAn)r1| is the residual norm of GMRES applied
to A+ 04, K, = |(AZ, —uA,)T, VL] and §A,, = —uA, Z|.

Example 1. Our first example is a diagonal matrix A (N = 32) with A(4,q) =
1.01%. We consider injecting respectively 1% and 10% random perturbations in the
computation of 7,41 (but not in 7,41) and compare the residual norms with the
unperturbed case. Note that most known properties of BiCG except the perturbed
equation (] have been lost under the perturbations of this magnitude. In Figure
[0 we give the convergence curve for the perturbed (solid) and the unperturbed
(dashed) cases and the bound (the + sign) for the perturbed case. To further
analyze the various quantities in the bound, we give the magnitudes of K, and the
minimum polynomials €,, in Figure 2] and the values |7, }|| and ||Vo||, which bound
K, in Figure 3
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FiGURE 1. Perturbed BiCG convergence history and bounds in
Example [T (left) 0.01, (right) 0.1 perturbation (solid - with per-
turbation, dashed - no perturbation, ‘+’ - residual bound)
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FIGURE 2. BiCG bounds in Example[l} (left) values of K,,, (right)
GMRES residual norm €, (solid - 0.1, dashed - 0.01 perturbation)
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We first observe that the given bound is satisfied (see Figure[dl). We also observe
that with 1% injected error, the BiCG residual still converges to the desired pre-
cision, while it diverges for 10% injected error. Since €, converges monotonically
to 0 at essentially the same rate for both cases, the reason for the divergence in
the latter case is that the K, term grows faster than the GMRES contraction ¢,.
A further study on K, (Fig.[B) reveals that ||Vj]|, which is a measure of loss of
linear independence among the r;, plays a major role in determining convergence
or divergence. Therefore, it appears that with the smaller injected error (1%) and
relatively short iterations, the loss of linear independence is modest and ||Vp|| grows
slowly, so that the GMRES reduction €, can still drive the residual to convergence.
However, with the larger injected error (10%), the loss of linear independence is
much more severe and fast (||Vp|| increases to 1012), which results in divergence.

In a separate experiment, we inject artificial perturbations in the computation
of «; instead of r;. Similar behavior was observed. We omit the details.

Example 2. The second numerical example investigates the effect of near-break-
downs on the convergence of BiICG. The matrix used here is the following convection
diffusion equation discretized on a 31 x 31 uniform rectangular grid:

— Au+50(zuy + yuy) — 25u = f(r,y) on Q=][0,1]%

Near-breakdowns occur in this example, and we run BiCG in double and quadruple
precisions to show the impact of the roundoff errors. Figure Ml (left) shows the
convergence curves of BiCG in double and quadruple precisions, and Figure ] (right)
shows the magnitude of the Lanczos pivots

cos(rn, 7n) = 7y o/ (17nl2]l7nl2)

and the rounding error term u||A, || for the double precision case.

We observe that the two convergence curves start to deviate at around iteration
60, after a near-breakdown occurs (the Lanczos pivot drops to about 10~14; see Fig.
H). Indeed, the residual vectors as generated by the double and quadruple precisions
are completely different after this point. Despite this drop in the Lanczos pivot,
however, (3, remains small throughout, and so is the Frobenius norm of the error
term uA,,. This confirms the analysis of Theorem Bl namely, occurrence of near
breakdown does not necessarily cause large error u4\,, in the fundamental equation
(D). Thus, it does not come as a surprise that the iteration counts required to
achieve convergence are very close for the double and quadruple precision cases.
In other words, the residual vectors in double and quadruple precision may be
completely different, but their norms, bounded by similar quantities, may still be
comparable.

5. CONCLUSION

The analysis presented in this paper attempts to shed some light on the impor-
tant computational issue of how roundoff errors affect convergence of the BiCG
algorithm. In particular, we show that even in the presence of roundoff errors, the
BiCG residual bound can still be formulated in a way similar to the exact case in
terms of a GMRES residual norm. There is, however, an amplification factor K,
which cannot be bounded analytically without any a posteriori information. We
remark that this is also the case even in exact arithmetic (see [2]), and it seems to
be the nature of BiCG type algorithms that convergence cannot be determined a
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priori. The BiCG residual bound given here also suggests and explains that it is still
possible to achieve convergence even with relatively large errors in the recurrences,
as confirmed by some numerical results.
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