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ML(K)BiCGSTAB: A BiCGSTAB VARIANT BASED ON MULTIPLE
LANCZOS STARTING VECTORS*

MAN-CHUNG YEUNG' AND TONY F. CHANT

Abstract. We present a variant of the popular BICGSTAB method for solving nonsymmetric
linear systems. The method, which we denote by ML(k)BiCGSTAB, is derived from a variant of
the BiCG method based on a Lanczos process using multiple (k > 1) starting left Lanczos vectors.
Compared with the original BICGSTAB method, our new method produces a residual polynomial
which is of lower degree after the same number of steps, but which also requires fewer matrix-vector
products to generate, on average requiring only 1+ 1/k matvecs per step. Empirically, it also seems
to be more stable and more quickly convergent. The new method can be implemented as a k-term
recurrence and can be viewed as a bridge connecting the Arnoldi-based FOM/GMRES methods and
the Lanczos-based BiCGSTAB methods.
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1. Introduction. BiCGSTAB [24] is a popular Krylov subspace method for the
iterative solution of nonsymmetric linear systems. Its main features are that it is
transpose-free, makes more efficient use of matrix-vector products when compared to
BiCG [7, 12, 18], and is more stable than CGS [23]. In this paper, we introduce a new
variant of BICGSTAB which inherits all of these nice features. In addition, the key
new ingredient of our method is the use of multiple starting left Lanczos vectors which
has the desirable effects of lowering the cost per step and increasing the robustness.

BiCGSTAB is derived from BiCG which is a Lanczos-based Krylov subspace
method. In BiCG, the residual vector r; at the [th step lies in a Krylov subspace
Ki41(rg, A) and is chosen to be orthogonal to an auxilliary Krylov subspace K;(q1, AT).
In our variant of the BiCG method, which we denote by ML(k)BiCG, ; is still in
Ki4+1(ro, A); however, it is now chosen to be orthogonal to the union of k& Krylov sub-
spaces Kji1(qs, AT) and K;(qs, AT), where 1 < s <i < s <k and jk+i =1, gen-
erated from multiple (k > 1) linearly independent starting vectors ¢, u =1,2,... k.
Our motivation for using multiple left starting Lanczos vectors is to mitigate some-
what the ill conditioning of K;(qi, AT) for large [ by replacing a high degree Krylov
polynomial corresponding to one starting vector with a set of lower degree Krylov
polynomials generated from different, independent starting vectors. We think this
leads to better stability and robustness of the resulting iterative method. We derive
an efficient implementation of this idea, requiring only memory of previous k iterates
(i.e., a k + 1-term recurrence).

We consider the major contribution of this paper, however, to be an extension of
BiCGSTAB, which we denote by ML(k)BiCGSTAB, using multiple starting Lanczos
vectors. The derivation is similar to, but rather more complicated than, that of
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deriving BiCGSTAB from BiCG. ML(k)BiCGSTAB inherits from BiCGSTAB the
advantages of being transpose-free and is more efficient in using matvec per step than
ML(k)BiCG. Specifically, after I = jk + 4 steps, where i = 1,...,k and j = 0,1,...,
the residual vector 7; can be written as 7; = z/JjH(A)q[)Z(A)rO, where ¢; is the degree [
polynomial corresponding to the residual vector r; of ML(k)BiCG, and ;41 is a
degree j + 1 smoothing polynomial. Thus, the “degree” of 7; is [ + j + 1. To compute
71, exactly [ + 7 + 1 matvecs with A (and none with A”) are required. Thus, the cost
per step on the average is 1 4+ 1/k matvecs, but the cost per degree of the residual
vector of ML(k)BiCGSTAB is the same as that of BICGSTAB (2! matvecs to obtain
degree 21) and half as much as that of BiCG (I matvecs with A and [ matvecs with AT
to obtain degree [). Both ML(k)BiCG and ML(k)BiCGSTAB can be implemented
efficiently as k-term recurrences.

A way to view our method is through the conditioning of the collection of vectors
that the residual vector is required to be orthogonal to, which we believe controls the
stability of the method. For FOM/GMRES [15, 16, 18], these vectors are mutually
orthogonal and thus perfectly conditioned. For BiCG, these vectors are the Lanc-
zos vectors and they can be ill-conditioned. For our new ML(k)BiCG, these vectors
consist of a union of k sets of Lanczos vectors, generated by initial vectors which
are orthogonal, thus making them better conditioned than in the BiCG case. Our
new ML(k)BiCGSTAB method, being a product method derived from ML(k)BiCG,
inherits this increased stability. Thus, ML(k)BiCGSTAB can be viewed as an at-
tempt to merge the advantages of FOM/GMRES (stability) and BiCGSTAB (short
recurrence, transpose-free and efficient use of matvecs) while avoiding their respective
disadvantages: long recurrence and imperfect stability [20].

Our ML(k)BiCGSTAB method has a close relationship to the Lanczos-type method
for multiple starting vectors, proposed recently by Aliaga, Boley, Freund, and Hernandez
(ABFH) [1]. In fact, even though we have developed our methods independently of
the ABFH framework, our BiCG extension ML(k)BiCG can be easily derived from the
ABFH framework, using one right Lanczos vector and k left Lanczos vectors. Even
so, ML(k)BiCG deserves some attention on its own right, because we believe it is the
first attempt to use multiple left starting vector Lanczos-type methods for solving a
single linear system.! The main application of nonequal left and right starting vec-
tors cited in [1] is for computing transfer functions in multi-input/multioutput time
invariant linear dynamical systems. A more significant difference between our present
paper and [1] is that we have derived a BICGSTAB variant based on multiple starting
vectors, with the advantages stated above. We believe this is the first product Krylov
method based on multiple starting vectors.

The origin of the ideas behind the new methods presented here can be traced to
Ruhe’s vectorwise implementation of the block Lanczos method [14], in the same way
that [1] can be considered an extension of Ruhe’s method to non-Hermitian matrices
and nonequal left and right starting vectors plus look-ahead. As such, we believe our
methods inherit the advantage of faster convergence of the underlying block Lanczos
method.

Gutknecht [10] and Sleijpen and Fokkema [19] generalized BiCGSTAB to ver-
sions called BiCGSTAB2 and BiCGSTAB(k), respectively, in which they replaced
the GMRES(1) part in BICGSTAB with GMRES(k). The purpose of doing so was

!Freund and Malhotra [8] considered a QMR-type method based on the ideas in [1] for linear
systems with multiple right-hand-sides, but there the number of right and left Lanczos vectors are
the same.
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to increase the robustness and speed of convergence of BiICGSTAB [20, 21]. The
robustness of GMRES(k)/FOM(k) for BICGSTAB and BiCGSTAB(k) is exploited
in [20, 21, 22]. From our experimental results, ML(k)BiCGSTAB may be a good
alternative to achieve this goal of exploiting the robustness of GMRES(k)/FOM(k).

The outline of the paper is as follows. In section 2, we give our version of a
Lanczos-type method with one right starting vector and k left starting vectors. In
section 3, a BiCG-like method is derived from the Lanczos method in section 2.
Section 4 contains the main derivation for the ML(%k)BiCGSTAB method. Numerical
results are given in section 5.

2. A Lanczos method for k linearly independent left starting vectors.

Let A be an n x n real matrix and let k + 1 real vectors vg and q1, qa, - . . , q& be given.
We define
(1) pikri = (A7) @i

fori=1,2,...,k;5=0,1,2,..., and suppose the matrices

plvg pfAvy -+ plA=ly
pive plAvy - plAlly,

W, = . , 1=1,2, U
P;‘FUO P;‘FAUO PlTAl*on

are nonsingular, where v is the grade of vy with respect to A, i.e., the degree of the
minimal polynomial of vy with respect to A.

We now consider a sequence {v;}i=o.1, .., of vectors from the Krylov space

K (vo, A) = spanf{vg, Avg, A%vg, ...}
with the properties
(2) v € Alvg + Kj(vg, A) = Alvg + span{vg, Avg, . .. ,Al_lvo} C Kiy1(vg, A)
and
(3) v L span{p1,p2,...,pi}.

The existence and uniqueness of such a sequence is guaranteed by the nonsingularity
of the W}’s. In fact, if we express v; as

(4) v = Alvg + ’Y(()l)vo + ’Y%l)AUO + 4 71(?1Al_1vo )
then (3) is equivalent to Wiy = —f, where () = [Wél),%l), e ,”Yl(l_)l]T and f =
[pT Alvg, ..., pF Alvg)T.

Two simple facts can be derived for the sequence {v;}i=01,...: (a) v, = 0 and
(b) v; £ pi+1 whenever [ < v. To see (a), we note that v is the grade of vy and
hence AYvg € K, (vg, A). Property (2) is now reduced to v, € K,(vg, A) and thus
(a) follows by the uniqueness of v,. To prove (b), we assume that v; L p;+1. Then,
combining with property (3), we have v; L span{p1,...,pi41}, and hence Wi, 170 =
0, where () = [7(()[), e ,’yl(l_)l, 1]T and 'yi(l) are defined in (4), in contradiction with
the nonsingularity of W ;.
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Applying (4) to itself recursively, we can represent v; in terms of its previous
g, ..., V1 as follows:

v = Av—1 + B+ B v 4 b T g

Noting that v; L span{pi,...,p:}, vi £ pir1 and ATp; = pr1s, and examining in turn

pTo = pT Aviy + by pTo s + by pFos + -+ bV pTvg
fori=1,2,...,l—k—1, we find all the coefficients zero except h(l 1) hl(l 21), ce h;l@l_l),

where m; = max(l — k —1,0). Thus we obtain a k + 2 term recursmn relationship for
{vi}i=1,..., of the form

(5) vy = Avj_1 + h( 1 )’Ul_ + h 2 ’Ul o+ -+ h%?l)vml .
If we set V,, = [vg,v1,...,vp—1] and H, = (hj)i j=1,....v, the v X v Hessenberg matrix
with hjy1; = 15 hsyy = —hgj_zl) for m; +1 <4 < 75 hyj = 0 otherwise, and if we recall

that v, = 0, then the recurrence relations (5) can be written in matrix form as
(6) AV, =V, H,.

Moreover, set P, = [p1,pa,...,p,] and apply PI to (6) from the left,
(7) PTAV, = PTV,H, .

Because of (3) and the fact that v; £ p;11, PTV, is a lower triangular matrix with all
the entries nonzero in its diagonal. Comparing the corresponding principal blocks of
both sides of (7), we obtain a condition which guarantees the nonsingularity of H,:
if the matrices

p1TAU0 p1TA2U0 T p1TAlU0

S p3Avg plA%vy oo phAlyg 1

= . . ) = 1,4 Vv
plAvo pif A%y -+ pl Al

are nonsingular, so are the principal blocks of H,,.
Finally, we can see from (2) that

(8) Ki11(vo, A) = span{vg,v1,..., v}, [=0,1,...,v—1.

Since the dimension of K, (v, A) is v, the vectors {v;};=01,...,—1 are linearly inde-
pendent.
Summing up the above discussions, we conclude the following.

THEOREM 2.1. Let be given vectors vg, q1,q2, - --,GQk, P1,P2,---,Dv, and matrices
W, and S, as defined above. If the principal submatrices of W, are nonsingular,
there exist an n X v matriz V,, = [vg, v1,...,U,—1] of rank v, whose first column is vy,

and a v X v Hessenberg matriz H,,, which has upper bandwidth k and all the entries
hjy1,; =1 in its lower subdiagonal, such that

UlJ—Spa'n{p17p27"'apl}7 ’Ul,KpH_l, 120717"'71/_17
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and
(9) AV, =V,H,,

such that V,, and H, are unique. Furthermore, if the principal submatrices of S, are
nonsingular, so are the principal submatrices of H,.

Our procedure for generating the vectors v;’s and p;’s are closely related to the
multiple starting vector Lanczos method in [1]. In fact, the columns of V,, are exactly
the same as the right Lanczos vectors in [1]. However, the p;’s are different from the
left Lanczos vectors in [1]; in fact, they are not orthogonal to the v;’s. It turns out
we do not need the full bi-orthogonality property in deriving our extensions of BiCG
and BiCGSTAB.

3. ML(k)BiCG: A BiCG variant based on multiple starting vector
Lanczos. We now turn to the linear system?

(10) Az =b

and we shall derive, based on Theorem 2.1, an oblique projection method by borrowing
the techniques used in the derivation of the biconjugate gradient algorithm from the
nonsymmetric Lanczos procedure [12, p. 211]. Even though this is a well-known
procedure, in our case there is some difference from the standard case and therefore
we include the derivation here for completeness and clarity.

Suppose an initial guess z( to (10) is given. We set in Theorem 2.1 vy = b — Axy.
At the Ith step of our projection method, we seek an approximate solution x; with

(11) Ty € 2o + spanf{vo, vi,...,v_1}
and
(12) r=b— Ax; L span{p1,ps,..., 01},

where the v;’s and p;’s are as defined in Theorem 2.1.

Since PlTVl, a lower triangular matrix with all diagonal entries nonzero, is non-
singular, it follows easily that z; is uniquely determined by conditions (11) and (12)
and has the following expression:

(13) T = T + VlHl_lel .
The corresponding residual r; has the same direction as v;. Recall that P, = [p1, ..., pi],
Vi = [vo,...,u—1], H is the [ x] principal submatrix of H,,, and e; is the first column of

the I[x[ identity matrix. From (11) and (8), we have r; € vo—span{Avg, A%vy, ..., Alvg}
and hence r; # 0 if | < v since v is the grade of vg. Moreover, r, = 0 from (13) and
9).

Letting r; = &v; for some scalar & which is not zero whenever ¢ < v and setting
Ay = diag{&o, &1, .., & -1}, (13) can be rewritten as

—177—1
r =xo+ KA H ey,

2Throughout the paper we do not assume the matrix A is nonsingular except where specified.
We just require that the assumptions in Theorem 2.1 hold. In practice, A is usually large and sparse
in most problems [5].
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where Ry = [ro,r1,...,7—1]. Write the LDU decomposition of H;A;, which exists
and is unique due to the nonsingularities of the principal submatrices of H;A;, as

HA = LiDU;,
and define
G1= 190,91, q1-1] = RU ", z=D; 'L e .
Because of the lower triangular structure of L;D;, we have
| ®l—1
=

for some ;. As a result, x; can be updated as

(14) =20+ Gz =20+ G121 + g1 = T—1 + qgi—1
and hence
(15) Tr="Ti—1 — OélAgl—l .

On the other hand, since G;y; = RH_lUl:_ll, g1 can be computed from the previous
g;’s and 7; by the update

(16) g=ri+ 0091+ B g+ ﬁf;lL)Lgml7

where m; = max(l — k,0) and where —ﬁi(l), i1=my,...,l —1 and —ﬂl(l) =1 are the
nonzero entries of the last column of U ;.

To compute the coefficients a; and @»(l) in (14), (15), and (16), we need the A-
orthogonality of the vectors g; and p; and the orthogonality of the vectors p; and 7.
Since

PTAG, =PFARU; ' = PFAVINU; ' = PT(ViH, + viel )N U
= PIviH MU = PEVILIDUUT = PEVILD,

where e; denotes the last column of the [ x [ identity matrix, and since PlTV} is
nonsingular and lower triangular, we have

(17) pFAg; =0, i<y,
and
plAgi—1 #0.

Thus, utilizing this information, we examine the following equations derived from
(15):

PzTTl = PzTTlﬂ - OéleTAglq
and

pF Agy = pT A+ B 0T Agioy + BT Agi—s + -+ B9 pF Agn,
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for ¢ going from m; + 1 to [. Then we get

T
Prri—1

18 al _———

(18) L Agia

and

i—2 1
T A+l Y, B Ag,
piTAgifl

(19) g, = . di=ay 41,0,

Now, putting the relations (14), (15), (16), (18), and (19) together, we have the
following algorithm.
ALGORITHM 1. ML(k)BICG.

1. Choose an initial guess o and k vectors qi,qz2, - - -, Qk-

2. Compute ro = b — Axg and set p1 = q1, go = ro-

3. Forl=1,2,..., until convergence:

4. a=plria/of Agia;

9. T =Ti-1+ ugi-1;

6. ri=r-1—Ag-1;

7. For s = max(l — k,0),...,1—1

8. gl) = 7pz+1A (7"1 + Zf;tlnax(l—k,o) 6§l)gt) /pz+1Ags;.
9. End

10. g =r + le_:inax(l—k,O) /B‘gl)gs;
11.  Compute pi41 according to (1)
12. End
It is worthwhile to remark on two special cases where k=1 and k > v. If k =1,

then p; = (AT)lfl ¢1 and conditions (11) and (12) become

x; € xg + span{vg,v1,...,v-1}, r L Ki(q, AT),
which are exactly what the BiCG approximate solution xfiCG needs to satisfy. As
a result, Algorithm 1 is equivalent to the BiCG algorithm mathematically. On the
other hand, when k > v, (11) and (12) reduce to

T € To+ Span{vo,vl, v 7Ul—1}7 T uE 5pan{Q1aQ27 o aQZ}

for 1 <1 < w. If, at the lth step of the computations, we choose (pj+1 =) qi+1 = 71
while setting (p1 =) ¢1 = ro beforehand, then Algorithm 1 is mathematically equiva-
lent to the FOM algorithm.
From its derivation, we can state the following result about Algorithm 1.
THEOREM 3.1. Under the assumptions of Theorem 2.1, ML(k)BiCG does not
break down by zero division before step v, and the approrimate solution x, at step v
is exact to the system (10).

4. ML(k)BiCGSTAB: A BiCGSTAB variant based on multiple starting
vector Lanczos. The implementation of Algorithm 1 requires the use of AT to
compute p;41 in line 11. In practice, however, the transpose of A is not always
available; for instance, if the matrix is not formed explicitly and the matvec product
is given only as an operator. But this difficulty can be overcome by adopting the
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techniques in the derivations of CGS and BiCGSTAB. In this section, we give a
transpose-free version of Algorithm 1 which we call ML(k)BiCGSTAB.3

We first rearrange the outer for loop of Algorithm 1 into a form more convenient
for our development. Let [ = jk+1i and let the index ¢ vary from 1 to k and j starting
with 0. Then we convert the loop in [ into doubly nested loops in j and ¢, respectively.
By moving the case where i = 1 outside the i-loop, we rewrite the [-loop (omitting
lines 5 and 11) of Algorithm 1 as

1. Forj=0,1,2,...
2 ka1 = Digp 1 "G=Dktk/ Do 1 AGG— 1) ktks
3 Tikt+1 = T(G—1)kt+k — Yik+1AGG-1)k+k
4. Fori=1,2,...,k
5. For s = max((j — 1)k +14,0),. ..,jk—i—i—l

jlti kti
6 ng ) szrlA <r7k+l + Zt max((j—1)k+i,0) B(j )gt) /pZJrlAgS;
7 End

jk+i1—1 jk+1i

8. gjk:Jri = Tjk:+z ZJS Jlrnax((] 1)k+14,0) ﬁgj )935
9. Ifi<k
10. Qjktitl = p?k+i+1rjk+i/p;fk+i+1Agjk+i;
11. Tiktitl = Tik+i — Qktit1AGjk+i
12. End
13. End
14. End

in which Lines 5-8 can be again expanded into
1. For s = max((j — 1)k +14,0),. (j—l)k‘—l—k—l

jk+i (jk+i
2. A= T A (Tjk+z + Zt max(G-1yk4i0) B ) /Pii1Ags;
3. End

(jk+i k+k—1 k4i

4. 6(; 1)1)@+k ka+1A (Tﬂcﬂ + th max((j—1)k+i,0) 5(] )gt) /pka+1Ag(j—1)k+k§
5. For s=jk+1,...,jk+i—1

jk~+i Dk+k k+i
6. /ggj ) = _p3+1A(TJk+z + Zt7 ma)x((j 1)k+1i,0) ﬂ(J )

k+
+ Zt =jk+1 ﬂ(J ? )/ps-HAgs;

7. End

Dk+k (gk+1) k+i—1 k+1
8. Gjk+i = Tjk+i + Zg me)Lx+ —1)k+4,0) 55 gs + Zj—_gk—&-l 5(] N )
and further into
1. If5=0
((J’L) = —PlTATi/P{Ago;
Fors=1,...,i—1
8 = —pT A (Ti + 890 + 351 ﬁtZ)gt) /L1 Ags;
End
gi =71 + Z;}) 5§Z)gs§
Else
For s=14,...,k—1

(k+i)  _ _ T
Bi-1yess = _p(j—l)k+s+1A(Tjk+i

© 0N o W

3The derivation of ML(k)BiCGSTAB here may be simplified by adapting the approach to
Lanczos-type product methods used in [11], which includes the usage of the w- and w-tables.
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s—1 jk+1)
+2 s ﬁ(gj Dk+t9G-1 k+t) /p(] 1 k+s+1Ag(J ks>
10. End
k+ k+1) .
11. 58 1ll)c+k pka-i-lA (rjkﬂ + Z (; 1;k+tg(1 1)k+t) /pjT/c+1A9(j—1)k+k,
12. Fors=1,...,i—1

kJr kJr
13. @(?HSZ = —pJTk+s+1A(7“Jk+z + Zt i 5((; I)Zk-&-tg (G—1)k+t

s—1 k+
+ 21;1 ﬂj(fwrtl)g]k-&-t) /pjk+s+1Agjk+s§

14.  End
k jk+1 (gk+1
15. Gik+i = Tjk+i T D gy 58_1)@3 9(i—1k+s T Es 1 ﬂm )gyk+s»

16. End
Thus, the [-loop of Algorithm 1 is equivalent to the following triple nested loops.
1. For57=0,1,2,
Qjk+1 = p]Tk+17"(j—1)k+/c/pJ-Tk+1A9(j—1)k+k;
Tik+1 = T(G—1)k+k — Qk+1AG0G—1)ktks
Fori=1,2,...,k
Ifj=0
B8 = —pT Ari /pT Ago;
Fors=1,...,1—1
40 = T, A (ri+ 890 + St 6790 ) /9741 A9
9. End

R R

10. gz—m+zs -0 S)gs;
11. Else
12. Fors=14,...,k—1
(Jk-H) T
13. 6(] Dk+s — p(J( 1)k+9+1Arjk+i
k+z
+302 B k+tg(J 1)k+t/p(j Dot 149G-Dk+s5
14. End
k+1
15. 58 1)I)c+k P;FkHA(?“ij
(5k+1)
+ Z ? 1)k+tg(J 1)k+t) /pfk+1f49(jf1)k+k;
16. Fors=1,...,1—1
( k+) (jk+1)
17. 5J3€+sl 7pjk+s+1A(TJk+Z + Zt =i 5(? 1;k+tg(J 1)k+t
k+z
+300 J(gc-i-t 9Jk+t) /pjk+s+1Agjk+s§
18. End
k+1) k-+i
19. Gjk+i = Tjk+i + Zs i ﬂ(j 1 k+sg(1 1)k+s + Z ](?C-‘r@ )gijrs;
20. End
21. Ifi<k
22. Qjktitl = P;"Fk+i+1rjk+i/19;"rk+i+1Agjk+i;
23. Tiktitl = Tikti — Qjktit1AG k45
24. End
25. End
26. End

We now introduce an auxiliary polynomial ¢;(A) defined by the recurrence relation,
'(/}0()‘) =1 )
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where p; is a free parameter. This polynomial 1;(\) was first used by van der Vorst
in the derivation of BiCGSTAB [24]. If we express ¢;(A) in terms of the power basis,

W) = 0N 44 A+,

then it is clear that nj(-j) = p1p2---p; and n(gj) =1.

Next, we define the following vectors, analogous to those defined in BICGSTAB,
Tjkri = Vi (A)Tjktis  Tikgi = Vi1 (A)Tjkti

Qjkyi = Vi (A)gjryi Wikti = Vj+1(A)Gjkti

for i =1,2,...,k;7 =0,1,..., and set mp = wg = ro (= go). Our goal is to define
Tjk+i to be the residual of our new method. The other three vectors are needed in
deriving a recurrence for mji4,. By recalling (1), (12), and (17), we find that the
scalars ;’s and §;’s in Algorithm 1 can be computed via these new vectors. The
derivations are quite complicated and therefore we give the details in the Appendix
while summarizing only the results here. In fact, we have

qlTW(j—l)k+k

P
! Q1TAW(j—1)k+k;
for 0 < 7;
Cpriny = Pi 101 T jeti
kit -
! qzaq(wjk—&-i - ij+i)
for 0 < 4,1 <i <k
7 QI Uy
g =
0 ~ pigf Awo
for 1 <i<k;
@ qs+1 (m + 657 prAwo + X571 B (wr — wt))
° qs—i—l(ws - wS)
forl1<s<i<k;
k+1
ﬁ(Jk—H) B qs+1 (ijﬂ + Z (j l)l)c+t(w(J k4t — W(ji— 1)k+t))

=Dkt qs+1( (j—1D)k+s _W(jfl)kJrs)

for1<j,1<i<s<k-1,;
k=1 (jk+i
qf (ijﬂ‘ +Pj+1 Qi 58,1),1“14%3'71)1@“)

(Gk+1) o
Bi-tier =

pj+1Q?AW(j71)k+k
for1 <j,1<i<k

ko (ki (k+i N
45t (ij+i TP+ Y, /3((;_1;1)e+z W1kt T Dy Jiﬂ (Wit — ""jk+t))

ﬂ(ik+i)
ik = T
Jkts doy1 (Wik+s — Djkts)
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for1<j,1<s<i<k.
Moreover, the vectors ks, Tjk+i, @jk+s and wjr4; themselves can be updated
as follows:

Tiktl = T(G—1)k+k — k1 AWG_1)ktk

for 0 < j;

Tkl =  Pjp1 AT i1 + Tjrgr
for 0 < j;

- ~ Qjk4it1 -
Fihpitl = Fjepi =~ Wik — Djketi)
Pj+1
for 1 <i<k,0<y;
Tik+i+1 = Tjk+4i — Oljk+i+1ijk+i
for 1 <i<k,0<y;
' i-1
o = Tt wo+ Y 0@
s=1
for 1 <i<k;
_ i—1
wi = mi+ 05 (prAwy +wo) + > 8w,
s=1
for 1 <i<k;
N ket1) (jl+1)
Wikti = Tjktit Zﬁ((; 1lk+sw(] Dk+s T Zﬂjk_i_sz Wik+ts
for 1 <j,1<i<k;
) S (gk+1) A (gk:+z
Wik+i = Tjkti T Zﬁ(] Dhts (Pi+1AWG 1) kts + @G- 1)kts) + Bjkys Wik+s

s=1

for 1 < j,1 <4 < k. The details of the derivation of these equations can be found in
the appendix.
The formulas just derived constitute the main operations of the ML(k)BiCGSTAB

algorithm, which we summarize as follows:

1. Set my = wp =19

2. Forj=0,1,2,

(J1T7T(j—1)k+k ]
Q?Aw(jq)kﬂ ’
Tjk+1 = T(j—1)k+k — k1 AWG 1) ktk
Choose pj+1 # 0;
Tik+1 = Pj+1 ATkt + Tjks1;
Fori=1,2,...,k

3. Ajk+1 =

NS ot
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8. Ifj=0
9. Bl = _aim
0 P1(J1Tz4wo7
10. Fors=1,...,1—1
o (it A oA+ T A0 0 - 20)
11. (0 — _ ~ ! :
qs+1(ws — ws)
12. End
13. J)Z—:fri—i—/j w(+2 18,
14. w; = m; + ﬂo (PlAWO + WO) + Zé 1 g )Ws§
15. Else
16. For s=14,...,k—1
~ s—1 k+1
(jk+4) qST+1 (ijJri + Et:i ﬁ((]] 1)1)c+t(w(] k+t — w(g 1)k+t))
17. ﬁ(] Dkts T i —
Tar1 (WG kts — DG—1)k+s)
18. End
k—1 5(jk+i
" gukH) af (ij+z‘ T Pj+1 D ﬁ((j—l)l)c+tAw(]—*1)k+t) )
' =Dtk /Jj+1C11TAW(j71)k+k ’
20. For s =1,. =1
k+1 kJri
21. ﬁ](gﬁ»s ) _qs+1 (ijﬂ +pj+1 Zt i ﬁ(j 1)1)g+tAw(j*1)k+t
k+1) ~
+300C (?Ht (Wik+t — ij+t)) /q?+1(wjk+s — Qjkts);
22. End
~ k+1) k+1) ~
23. Wik+i = Tjk+i + ES i 68 1)k+bw(g 1)k+s Z (gc+s )wﬂf-‘r&
k41
24. Wik+i = Tjk+i + Zs i ﬂ((j J{)Hg (pj-‘rlAW(]—l)k-l-s + WG 1)kts)
k+1)
Z (?H_: Wik+s;
25. End
26. Ifi<k
T ~
L S
27. Qjk+it1 = ijHqZH ﬂer )
Qi1 (Wjkti — Dyt
- . jk+i+1 .
28. Tjhorirl = Tjhgs — —= o (Wik+i = Djk+i);
Pj+1
29. Tjktitl = Tjk+i — Ok+it1 AWjkts;
30. End
31. End
32. End

Some simplifications can be made to these operations, for instance, (a) resetting the
scalar ojpyiy1 in line 27 to be qﬁlﬁjk_i_i/qﬁl(w‘jk_‘_i — @Wjk4s) since ojpyip1 is used
only in lines 28 and 29 and the factor p;y; will be cancelled in line 28; (b) merging
lines 9-14 and lines 19-24 by adding a conditional control “if j > 1” in line 16 and
treating ﬂl( with [ < 0 as zero; such 6( Vs will appear in lines 19-24 when j = 0;
(¢) introducing the auxiliary vector

djk+i = Wik+i — Djk+i
which can be updated by using lines 13, 14, 23, and 24 as

(Gk+1) (JkJrZ
djk+l = Tjk+i — 7Tjk+z + Pji+1 ZB(J 1)k+gAw(J 1)k+s + Z jk+s djk—i—s .

s=1i s=1

?
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With these changes, we rewrite lines 8-30 as

1. Fors=4,....,k—1landj>1

1275

(Jk+z)
9 pukt) R (7”’““ i G- 1>k+td(j‘”’“+t) :
G=Dkts = a1 Dh+s 7
3. End
k—1 A(jk+1)
A ﬁ(‘ij) _ _Q? (ij—HZ t P+ 2= ﬂ(; 1 k+tAW(j—1)k+t> )
(G=Dk+k Pis1q] AW _1)ksk 7
5. Fors=1,...,i—1
k+i ki
6 ﬁ(3k+z) Qs+1 (ijﬂ +pj+1 Zt i ﬂ((j 1 l)€+tAw(J Dkt T P J(?H‘t )dij“t)
7. End m qs+1djk+s
. n
k+7, k+1
8. djkti = Tjk+i — Tjkti + Pj+1 Zs i ﬁgj 1)k+sAw(J Dk+s T Z (?Hs )dﬂ’““’
(5k+1) k+1
9. Wjkti = Tjg+i + ZS i 56 1)k+6(p]+1Aw(] Dk+s T W1 k+s) + Z (?ﬁs )wgk+57

10. Ifi< k

T ~
11 Qi 1Tjk+i
. jktitl = T do
Git1%jk+i
12. 7T]k:+z+1 = 7T]k+z - ajk-i—l—i—ld]k:-Ha
13, Mjktitl = Tjkti — Pit1Qk+it1AWjkt4;
14 End

in which lines 1-9 can be further rewritten as

1. 2q = Tjkt4; 20 = Tjkti; 2Aw = 0;
2. Fors=4,....,k—land j>1

T
3. B = _emtd
Tsr19GG—1)k+s
4. zg=zq+ ﬁd’ﬁ;}cﬂdu Dhts
> 2w =2u+f ?ler)Zlc-&-sw(J 1)kts
6. ZAw = ZAw + ﬁ(ij{;k_,’_sAw(J Dktss
7. End
A
Pi+141 AW(G-1)k+k
9. zw=zot ﬁ((jjk—;)k-&-kw(J Dk+ks

(gk+1
10. zaw = pjt+1 (ZAw + ﬁ(j J{)/ﬁ_kAw (G— 1)’€+k>

11. 2q = Tjkgs + 2Aw;
12. For s=1,...,1—1

T
i ds41%d
13. ,B(Jk—: ) _ _ .
gkt qs+1dyk+s
4. zg=2zq+ J(i;;l)dgkﬂ,
15. 2y =20+ B9 s
16. End

17. djpyi = 24 — Tjktis
18. wikti = 2w + 2Aw;

As the approximate solution x; at step [ (= jk+1i) of the ML(k)BiCGSTAB algorithm,

)
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we define

(20) Tikt1 = T 1)ktk — Pi+1Tik+1 + Q100G - Dktk
for 7 > 0 and

(21) Tjktit1l = Tjkti T Pj+10k+it1Wik+i

for j > 0,k >4 > 1. One can readily verify by induction that m; is the residual vector
of Zy, that iS, T = b— A.Tl.

We are now ready to state the ML(k)BiCGSTAB algorithm formally. As part of
the algorithm, we choose the parameter pj;; to minimize the 2-norm of the vector
Tjkt1 = Pjr1ATjet1 + Tjky1, 16, pjp1 = =7 ATk /| ATk |]?. Noting that
the data quw(j_l)k+k, qu+1d(j—1)k+s and qz+1djk+5 are repeatedly used inside each
loop of the control variable j, to save the computational cost we introduce a variable
Cj'k4i! s such that Cj'kti! = q;'17+1dj’k+i’ if 1 S i/ S k—1 and Cj'k+k = q{AWj/k+k if
1/ = k. Moreover, since m; is the residual of x;, we relabel m; as r;. We also relabel w;
and 7; as g; and u;, respectively.

ALGORITHM 2. ML(k)BICG.

1. Choose an initial guess xog and k vectors q1,qa, .. ., Q-
2. Compute ro = b — Axqy and set go = 1.
3. Forj=0,1,2,...

4 WD ktk = AGG-1)k+ks

5 Cl—Dk+k = @ W(G—1)k+ks

6. Qjht1 = Qi T(G—1)k+k/ CG—1)k+ks

7 Ujkt 1 = T(j—1)k+k — k1 W(j—1)k+kS

8 pit1 = —ujp o Aujryr /|| Aujrga |

9. Tjk+1 = T(G—D)k+k — Pj+1Ujk+1 T Qjk+19(—1)k+ks

10. Tik+1 = pj+1AUjk+1 + Ujk+15
11. Fori=1,2,...,k

12. 24 = Ujk4i; Zg = Tjk+i; 2w = 05
13. Fors=i,....k—1andj>1
4 (]k+z

14. ﬁ(g Dk+s qs+12d/c (j—1)k+ss

(5k
15. Zd = Zd + ﬁ%g J{)]}_i_éd(J 1)k+57

k+1i
16. = Zg +ﬂ(; 1) k;,—sg(] 1)k+s ;
k—i—z

17. Zy = Zy + ﬁ(j DktsW@G—Dk+s/
18 End

T (.. )
19. ﬂ((JkJ'l_l])C_Fk _ ql (rjk-i-l + p]—l—lzw) :

J " Pi+1CG—1)k+k
+z
20. = Zg + 5; 1)k+kg(] 1)k+k’
k+z
21 fw = Pj+1 (Zw + 5(; l)l)chkw(J 1)k+k)i
22. 2d = Tjk+i + Zw;
23. Fors=1,...,i—1
k+i

24. B = T et

(gk+1
25. Zd —Zd‘i‘ﬁi;;)d]k-s-s;

k+i
2. - ﬁ(ij; ' gkrs:
27. End

28. djk+i = 2d — Ujk+is
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29. Gjk+i = Zg + Zw;

30. i<k

31. Cikti = Qi1 djhyis

32. Qjkpit1 = Gy 1 Ujkti/ Cikris

33. Ujktitl = Ujkti — Oktit1dintis

34. Tjktitl = Tjk+i T Pi+10k+i+105k+is
35. Wikti = AGjkyis

36. Tiktitl = Tjki — Pj+10 ki1 Wik+is
37. FEnd

38.  End

39. End

The denominators in the ML(k)BiCGSTAB algorithm appear only in the eval-
uations of a’s and (’s and from the process of their derivations. These denomina-
tors differ from their counterparts in Algorithm 1 but cannot be zero if the denom-
inators in Algorithm 1 are not zero, assuming the p;’s defined in Algorithm 2 are
nonzero. Hence, under the assumption that p;y; # 0 for all j, we can see that if
Algorithm 1 does not break down by zero division at some step, then neither does
ML(k)BiCGSTAB at the same step. Moreover, since the residual vector 7"32‘19 4i s by
definition the vector 1/)j+1(A)rjlk +i» Where le-k 4+; and r?—k +; denote the corresponding
residual vectors in Algorithms 1 and 2, respectively, and since r}kH € Kjptiti(vo, A),
we have 7%, € Kjriiyji2(vo, A). Thus it is possible that 7% ,; vanishes when
jk+i+j+1>wv,or jk+i>v—j—1. On the other hand, r2 must be zero because
rl=0.

THEOREM 4.1. Under the assumptions of Theorem 2.1 and if pj+1 # 0 for all 7,
the ML(k)BiCGSTAB algorithm does not break down by zero division before step v
and an ezact solution* to (10) is obtained at or before step v.

A similar remark to the one at the end of section 3 can also be made here. Math-
ematically, ML(1)BiCGSTAB is equivalent to BiCGSTAB since it was established
based on BiCG by using exactly the same techniques used in deriving BICGSTAB.
In the case where k > v, we can obtain an exact solution in the first loop of j, i.e.,
j = 0, and the algorithm now can be regarded as a FOM algorithm (with the g;’s
appropriately chosen), for the reasons stated in the following. Since

ri € vy — span{Avgy, A%, ..., Alvg}
from section 3, we have
2 1. F F 42, F i F
ri =1 (A)r; € ry — span{Ary , A%ry, ..., A'ry },

where vg = b— Azg, rl’ = 11 (A)vy and r} and 72 are the residual vectors of Algorithm
1 and ML(k)BiCGSTAB, respectively, and 1 < ¢ < v. Thus if A is nonsingular and
since 11 (A\) = p1 A + 1,

2 . F F p.F i—1,.F
xi € xy + span{ry , Ary, ..., A" g},

where 22 denotes the approximate solution of ML(k)BiCGSTAB, defined by (20) and
(21), with residual r? and where zf’ = 7o — p1vo and rf’ = b — Azl If at step i
of the ML(k)BiCGSTAB algorithm, we choose q1(= A% = p1) = 1 (AT )1 (A)vg °

41f the coefficient matrix A is singular, the system (10) may have more than one solution.
5Note that pi1, the leading coefficient of w7()), is a function of q; according to Steps 4-8
of Algorithm 2, and here we suppose the equation g1 = 11 (AT )1 (A)vo has solutions for qi.
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and g (= A% = pi) = Y1 (AT)rZ_, for 2 <4’ < i, then

(rg)Tr? = (A (A)wo)Tr} = pir] = 0, 1<,
and

(1"1.2,)711"1-2 = (rf,)del(A)r-l = pz:+1rl-1 = 0, 1<¢ <i—-1

7

by (12). In other words,
r? L span{rt,ri, ... ,r2 1}, 1<i<vw.

As a result, the ML(k)BiCGSTAB (k > v) algorithm with the special choices for g;’s
described above is mathematically equivalent to the FOM algorithm defined by

F_ _F F 5 F i—1 F
x; € xy + span{ry ,Ary, ..., A"y}
and

T J_{ro,rl,..., i1},

where the initial guess zf and residual r{" are defined as above.
It is quite straightforward to give a preconditioned version of ML(k)BiCGSTAB.
Suppose we are solving the right-preconditioned system,

AM~ 'y =10, y=Mzx.

Directly applying the ML(k)BiCGSTAB algorithm to the system AM ~1y = b for the
y-variable and then recovering the z-approximation from the y-approximation with
the relation y; = Mux; yields the following algorithm.

ALGORITHM 3. ML(k)BICGSTAB WITH PRECONDITIONING.

1. Choose an initial guess xog and k vectors q1,qz, . . ., Q-
2. Compute ro = b — Az and set gg = 1¢-

3. Forj=0,1,2,...

4o G-k = M G Dkks

5. wi—1)k+k = AJG-1)ktk;

6. Cl—1)hthk = Q1 W(G—1)ktks

7. Qjky1 = G1 T(G—1)k+k/CG—1)k+k5

8. Ujk+1 = T(j—1)kt+k — OGk-+1W(j—1)k+k;

9. Ukt = M ujpga;

10 pjr1 = ~ufppy Al /|| A |5

11, Zjr+1 = TGtk — Pij+1Ujk+1 + Qjkr19(—1)kths
12, 7rjg1 = pit1AUjpgr + Ujkt;

13. Fori=1,2,...,k

14. 24 = Wjktiy Zg = Tjk+ii 2w = 0]

15. Fors=i,....k—1andj>1

16. ﬁgk—;kﬂ = qu+1Zd/C(j—1)k+s;

17. 24 = Zq + ﬁ(jk—;)karsd(j—l)k—i-s:'

18. Zg + ﬁ(;kTZI)H,SQQ Dk+s 5

19. Zy = Zw + ﬁ(jkt;kﬁ_é W(i—1)k+ss

o
e

End
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TABLE 1
Average cost per step of the preconditioned ML(k)BiCGSTAB and its storage requirement.

Preconditioning (M~ Tv) | 1+ 1/k | Vector addition 3
Matvec (Av) 1+ 1/k Sazpy 2.5k + 3.5+ 1/k
dot product k+2 Scalar operation kE+3—-1/k
Scalar-vector 1 Storage A+ M + 4kn + O(k) + O(n)
T
21 gkt 41 (rjk+i + Pj+1%w) |
: (G—1)k+k — K ] 3
Gt Pj+1C(j—1)k+k
(jk+i
22. =29 + 0 1)k+kg(J Dk+k 5
23 (Jk+1)
. Zy = Pj+1 | Zw + ﬂ(] Dk+kWG-1)k+k
24. 24 = Tjk+i + Zw;
25. Fors=1,...;i—1
k+i)
26. 65@; = qs+1zd/cjk+s,—
(jk+
27. 2qg =24+ 0 ?C+51)d]k+s;
Jk+1 i
28. 0+ B g
29. End
30. Ajjas = 2d — Ujktis
31. Gjkti = 2g + Zw;
32. Ifi<k
33. Cikti = Qi1 djiris
34. Qjlotitl = 1 Ujhti /Chpis
35. Ujhpitl = Ujkts — Qjkit1djhyis
36. Gik+i = M7 gjnri;
37. Tjkitl = Tjkti + Pjr10k4ir105k+i5
38. Wikyi = AGjkri;
39. Tiktitl = Tjk+i = Pj+10Gk+it1Wik+i;
40. End
41.  End
42.FEnd

With suitable changes of variables, it may be shown that both the left and split
preconditioning versions of ML(%k)BiCGSTAB also lead to Algorithm 3 provided that
q1,9q2,- - -,qx are appropriately chosen. For the concepts of left, right, and split pre-
conditioning, one is referred to [18].

Each loop of the control variable j in Algorithm 3 involves solving k + 1 systems
with coefficient matrix M, k + 1 matrix-vector multiplications with A, k% + 2k dot
products, 2.5k% 4 3.5k + 1 saxpy’s, 3k vector additions, k scalar-vector multiplications
and k% + 3k — 1 scalar operations. Since there are k steps in each loop of j, the
average cost per step can be calculated and is listed in Table 1. Regarding the
storage, the data {qi,...,qx}, {dj—1)kti>- - jkri-1}s {9G—1)kti> -+ -+ Gjkri—1} and
{WG—1)ktis - - » Wjki—1} are used in the process at step jk+i and hence they must be
stored. Since they dominate the memory when k is large, the storage of the algorithm
is about 4kn. We note that when k = 1 the cost is the same as BICGSTAB’s and for
large k, the cost tends to that of FOM.

5. Numerical Experiments. In this section, we shall illustrate the numerical
convergence behavior of ML(k)BiCGSTAB. We shall compare ML(k)BiCGSTAB to
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TABLE 2
Comparison of methods on a representative group of matrices from the Harwell-Boeing col-
lection. ML(25), ML(50), and ML(100) stand for ML(25)BiCGSTAB, ML(50)BiCGSTAB, and
ML(100) BiCGSTAB, respectively. The vector 7o in the BiCG and BiCGSTAB codes was set to be
ro. The numbers in the table are number of matvecs. “-” means no convergence within 20n matvecs

for BiCG and 10n for the other methods, “b” denotes breakdown, “o” denotes overflow.

| Matrizc | Order | BiCG | BiCGSTAB | GMRES(100) | ML(25) | ML(50) | ML(100) |

1138bus 1138 4748 5872 - 1966 1384 1395
bespwr06 1454 5810 14246 - 3167 2720 1899
besstk08 1074 15844 - - 3859 1902 1242
besstkl14 1806 29294 — - - 13315 6336
besstk19 817 — — - — — —
besstm?27 1224 — — — — — —
canl054 1054 9908 — - 4058 3126 2606
dwt1005 1005 1178 2934 - 673 625 645
erisl176 1176 1426 1530 1197 698 532 499
fsb414 541 2738 2640 - 728 469 403
gr3030 900 76 52 38 40 40 40
grell07 1107 - b - - 8676 3262
horl31 434 - - - 1945 1268 1048
impcold 425 - b - 1619 916 597
jagmesh2 1009 1726 2958 — 1152 995 1129
Jpwh991 991 100 58 49 55 53 55
Ins511 511 - - - - - —
lock1074 1068 o — — — — —
lshp1270 1270 2492 4458 - 1628 1591 1445
mahindas 1258 — b - — — -
mcfe 765 - — - — - -
nncl374 1374 - b - - - —

nos3 960 494 384 1968 251 249 246
orsirrl 1030 2068 3318 1270 838 781 772
platl1919 1919 — — - - - —
pores2 1224 — — - — — —
saylr3 1000 o — — o o o
sherman2 1080 — b - — — —
watt2 1856 19406 — 1131 - — —
west0989 989 — — - — - -

TABLE 3

A test run of BiCG and BiCGSTAB on a representative group of matrices from the Harwell-
Boeing collection. The vector 7o was set to be a random vector with iid entries from N(0,1). See
Table 2 for the meaning of the notations.

‘ Matriz ‘ Order ‘ BiCG ‘ BiCGSTAB ‘ Matriz ‘ Order ‘ BiCG ‘ BiCGSTAB ‘
1138bus 1138 10504 8164 Jpwh991 991 108 62
bespwr06 1454 - 13258 Ins511 511 - -
besstk08 1074 - - lock1074 1068 o —
besstkl4 1806 35184 — Ishp1270 1270 — 4662
besstk19 817 — - mahindas 1258 - -
besstm27 1224 — — mcfe 765 — —
canl1054 1054 10844 - nncl374 1374 - -
dwt1005 1005 - 2744 nos3 960 512 388
eris1176 1176 - 1648 orsirrl 1030 2214 3676
fsb414 541 2668 4142 plat1919 1919 - -
gr3030 900 82 55 pores2 1224 — —
grell07 1107 - - saylr3 1000 - -
horl31 434 - - sherman2 1080 - b
impcold 425 - b watt2 1856 - -
jagmesh2 1009 2894 3300 west0989 989 — —
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BiCG, BiCGSTAB, and GMRES(m)° [16] on a test suite of matrices from the Harwell-
Boeing collection [4]. For the implementation of these latter three methods, we used
the versions described in [2]. All the experiments were run in MATLAB 4.2¢ on a
SUN SparcStation with machine precision about 10716, As for the initial guesses and
right-hand sides, we always chose g = 0 and b = [1,1,...,1]7. For the initial vectors
41,92, - - -, gx in the ML(k)BiCGSTAB algorithm, we first chose k random vectors with
independent and identically distributed (iid) entries from a normal distribution with
mean 0 and variance 1 (N(0,1)) and then made them orthogonal to each other by
using the modified Gram—Schmidt algorithm [9]. The iteration was stopped as soon
as the true relative error ||b — Ax;||2/||b||2 was less than 10~7. Finally, all the figures
plot the true relative residual versus the number of matrix-vector multiplies taken.

We ran all four methods, on a representative group of matrices from the Harwell-
Boeing collection. The results are summarized in Tables 2 and 3. In Table 2, we
used 7o = 7o in the BiCG and BiCGSTAB codes and in Table 3, 7y was a ran-
dom vector with iid entries from N(0,1). We observe that, in terms of number of
matvecs, ML(50)BiCGSTAB and ML(100)BiCGSTAB are always better than the
other four methods, at least for this collection of matrices. The only exception is
the matrix watt2 where only BiCG and GMRES converged. We can also see that
ML(k)BiCGSTAB for k = 25 is almost as good as for k = 50, whereas k = 100 does
not give much improvement over k = 50 in most cases. We believe that the improve-
ment of ML(k)BiCGSTAB over BiICGSTAB can be attributed to the use of multiple
starting vectors. In principle, ML(k)BiCGSTAB can never be better than full GM-
RES, but as we can see from the table, it can be much better than restarted GMRES.
We can also see from the table that ML(k)BiCGSTAB and BiCG tend to converge and
diverge more or less on the same subset of matrices, but ML(k)BiCGSTAB typically
requires many fewer matvecs when they all converge.

Next, we present the convergence history for three matrices from Table 2. These
matrices are described below. We have used ML(30)BiCGSTAB in these examples.

Ezxample 1. This example is the first matrix named IMPCOLD from the CHEMIMP
group of the Harwell-Boeing collection. The order of the matrix is 425 and it has
1339 nonzero entries. In this example, no preconditioner was used and the conver-
gence curves are plotted in Figure 1(a). BICGSTAB encounter a breakdown after 450
matvecs.

Ezxample 2. The matrix is the second one named ORSIRR1 from the OILGEN
group. The order of the matrix is 1030 and the number of nonzero entries is 6858.
We first run the algorithms without preconditioning and then with ILU(0) precondi-
tioning. The results are shown in Figures 1(b) and 2(a), respectively.

Ezxample 3. This is the HOR131 matrix from the NNCENG group. The order
is 434 and it has 4710 nonzero entries. The ILU(0) preconditioner was used and the
result is plotted in Figure 2(b).

We observe that when all four methods converge (as in Examples 2 and 3),
ML(30)- BiCGSTAB requires approximately the same or fewer matvecs than the
other three methods. In fact, it can be significantly faster than the other three meth-
ods, as in Example 2. Moreover, ML(30)BiCGSTAB manages to converge when the
other three methods fail, as in Example 1.

SWe note that we have compared with only the basic versions of BiCGSTAB and GMRES.
There exist now many new variants of these methods which may perform better, e.g., BICGSTAB2,
BiCGSTAB(k), Deflated GMRES [6, 13], FGMRES [17], GMRESR [25], Mixed-BiCGSTAB-CGS
[3], etc.
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Fic. 1. (a) Ezample 1: with no preconditioning; (b) Example 2: with no preconditioning.

Finally, we present some numerical results to demonstrate the dependence of the
performance of ML(k)BiCGSTAB on the value of k. In Figure 3, we plot the number
of matvecs (scaled by 1/10n) versus k for the two matrices ORSIRR1 and HOR131. In
order to illustrate the improvement of ML(k)BiCGSTAB over BICGSTAB for k > 1,
we plot for £ = 1 the number of matvecs for BICGSTAB instead of for the mathe-
matically equivalent ML(1)BiCGSTAB. We observe that for both matrices there is a
dramatic improvement in performance as k increases from 1. This behavior is typical
for the matrices that we have tested and this can be partially observed from Table 2.
Thus the advantage of ML(k)BiCGSTAB can be realized even for small values of k.
On the other hand, we can also see that for large enough values of k (e.g., k > 10 for
ORSIRR1 and k > 30 for HOR131), the performance is not sensitive to the value of
k. Thus, it is not crucial to choose an optimal value of k as long as k is large enough.
We have also found that the performance is not sensitive to the specific choice of the
random starting vectors g¢;’s, provided that k is large enough. However, we should
caution that the performance could be sensitive to the choice of ¢;’s for small values
of k.

More testings are of course needed to better understand and assess the perfor-
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FiGc. 2. (a) Ezxample 2: with ILU(0) preconditioning; (b) Example 3: with ILU(0) preconditioning.

mance of ML(k)BiCGSTAB, but we hope we have at least demonstrated the potential

advantages of this new method.

6. Appendix. Here we give the detailed derivation of the coefficients «; and f;

of the ML(k)BiCGSTAB algorithm:

() J j
_ njj pJTk+17“(j—1)k+k _ Z;:ongj)szHT(jfl)Hk
k=G -

15 Pk 1A9G-Dk+k

s=0 ngj)q?Asr(j—l)k-&-k

S o DT AGG—

(J1T1/’j (A)T’(j—1)k+k

J

0 ngj)quSHg(j_l)Hk B Q1TA¢j(A)g(j—1)k+k

. Q{W(jfl)kﬂc
Q{Aw(j—l)mk

for 0 < j;
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F1G. 3. Number of matvecs/10n vs. k for the matrices (a) HOR131 and (b) ORSIRR1. “o”
denotes no convergence within 10n matvecs. For k = 1, we plotted the number of matvecs for
BiCGSTAB. Note that there is a dramatic improvement in performance as k increases from 1, but
that for k > 30, the performance is not sensitive to k.
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for1<j,1<i<s<k-—1,;
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J+1 k
u jk+1 u
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tPj+1 Zﬁ%ﬁ” Zﬂuj)quHA +19jk+t> /Pj+1 ZU&J)QSTHA +lgjk+s
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for1 <j,1<s<i<k.
The detailed derivation of the formulas for updating x4, Tjk+i, Djk+i and wWjp4q
are given below. We have used the formulas in Algorithm 1 in our derivations.
Tikt1 = Vi(A)7jkt1
= i (A)(rG-1)k+k — k1 AGG-1)ktk)

= TG-Dktk — V1 AWG_1)ktk

for 0 < j;

Tikr1 = Yir1(A)rjer
= (pj+14%;(A) + ¥ (A)7Tjk+1
= P AT g1 + Tjrga

for 0 < j;
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Wikri = Yjr1(A)Gjkti

k+ k+
= 'l/)j+1(A) (Tjk+l+zs zﬂ(j 1)Zl)c+sg(J 1)k+$+zs 1 J(?c-l-sz)gjk‘i'S)

k+1
= G (A + Do B0 (1 A+ Dy (A)g1kss

i—1 S(ik+
+2ema ]?c—&-;)'l/}]#*l( )Gjk+s

(jk+1) (Jk-H)

= Tikti + onm B s (P 1AW _1)kts + WG 1)krs) + 2asy Binrn Wikt

for 1 < j,1 <i <k, where I is the n x n identity matrix.
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