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STABILITY OF PARALLEL TRIANGULAR SYSTEM SOLVERS*
NICHOLAS J. HIGHAM'

Abstract. Several parallel algorithms have been proposed for the solution of triangular systems. The stability of
four of them is analysed here: a fan-in algorithm, a block elimination method, a method based on a factorized power
series expansion of the matrix inverse, and a method based on a divide and conquer matrix inversion technique. New
forward error and residual bounds are derived, including an improvement on the bounds of Sameh and Brent for the
fan-in algorithm. A forward error bound is identified that holds not only for all the methods described here, but for
any triangular equation solver that does not rely on algebraic cancellation; among the implications of the bound is
that any such method is extremely accurate for certain special types of triangular systems.

Key words. triangular system, matrix inversion, parallel algorithms, fan-in operation, numerical stability, round-
ing error analysis
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1. Introduction. The standard substitution algorithm for solving triangular systems has
optimal serial complexity, for each element of the n x n coefficient matrix must partake in at
least one operation and so there must be O (n?) operations. However, the parallel complexity
of solving a triangular system is potentially as low as O (log n) time steps!, as can be seen by a
fan-in argument. Work on parallel solution of triangular systems has proceeded in two direc-
tions. Several authors have developed parallel implementations of substitution for distributed-
memory multiprocessors, some recent contributions being by Heath and Romine [9], Li and
Coleman [16], Romine and Ortega [20], and Eisenstat, Heath, Henkel, and Romine [8]. On
the other hand, several methods with lower parallel complexity than substitution have been
proposed over the last twenty years. These methods all require O (n*) processors to achieve
their minimal complexity and they perform O (n*) operations.

The numerical stability of substitution is well understood, but that of the parallel methods
is not. In this work we analyse the stability of four parallel methods for solving triangular
systems: a fan-in algorithm, a block elimination method, a method based on a factorized power
series expansion of the matrix inverse, and a method that computes the inverse by a divide and
conquer technique. Sameh and Brent [21] obtained an error bound for the fan-in algorithm,
but there appears to be little or no published error analysis for the other methods. We derive
informative error bounds for all the methods, obtaining, in particular, stronger bounds for the
fan-in algorithm than those of Sameh and Brent. For easy reference, Table 1.1 summarizes
the main bounds.

In §2 we summarize existing error analysis for substitution and a parallel method called
the partitioned inverse method. We state a forward error bound (see (2.11)) that holds for a
wide class of methods, including all those described here, and explore its implications.

Error analysis for the fan-in algorithm, block elimination, power series, and divide and
conquer methods is presented in §§3-6, along with some numerical examples. Finally, we
give some conclusions in §7.

2. Background. For the error analysis we use the standard model of floating point arith-
metic

flx £ y)=x(1+a)xy(1+p), ], 1Bl < u,
fl(xopy) = (xopy)(1+38), |8 <u, op=+%,/,
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TABLE 1.1
Main error bounds.

| Backward error/residual ~ Forward error

Substitution (2.3) 2.6)

Fan-in (3.3) (2.11), (3.5)
Block elimination “4.4) 4.3)
Power series 2.13) 5.2)
Divide & conquer (B) (6.1), (6.4) (6.6)
Divide & conquer (D) (6.2), (6.5) (6.6)

where u is the unit roundoff. This model is valid for machines that lack a guard digit in
addition and subtraction. We place a hat over computed quantities.
Under this model it is straightforward to show that for A, B € R"*" and x € R",

2.1 Fl(Ax) = (A + AA)x, |AA| < nu|A| + Ou?),
.2) flI(AB) = AB+E, |E| < nu|A||B| 4+ O®u?).

(Absolute values and inequalities are interpreted componentwise for matrices.) These two
results are the basis of all the analysis below. In the analysis we are not concerned with the
precise values of constants and will denote by ¢, or d, a low degree polynomial in n and log n.

It is useful to recall what is known about the substitution algorithm. The computed
solution X to Lx = b, where L € R"*" is lower triangular, satisfies (see, for example, [22,
p. 150] or [12])

2.3) (L+ALX=b, |ALI < ((n+ Du+ O0@W?)IL|.

This result says that X has a small componentwise relative backward error (X ), where for
an approximate solution y to a general system Ax = b,

w(y) =min{e : (A+ AA)y =b+ Ab, |AA| <e€|A|, |Ab| <¢€|b]}.
No larger than w(y) for the 1- and co-norms is the normwise relative backward error
n(y) = minfe : (A+ AA)y =b+ Ab, ||AA|| <e€|All, [|AD| <€lbll}.

These two backward errors are easily computable for a given y, because they can be expressed
in terms of the residual r = b — Ay [18], [19]:

|7
2.4 w(y) = max —————,
i (|Allyl + |bDi
lid]
@5) ) =
= VAT + o
The norm is any subordinate norm, and in the formula for w(y), £/0 is interpreted as zero if
& = 0 and infinity otherwise. If, in the definition of w(y) or n(y), we do not perturb b, then
the formulas (2.4) and (2.5) remain valid when b is replaced by 0. We will use the infinity
norm throughout.
Corresponding to (2.3) we have the forward error bound

2.6) = Xleo (4 1yu cond(L, x) + 0G4,
lIxlloo
where
L7YIL
cond(L, x) = L I1ElIx lleo

* lloo
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is the Bauer—-Skeel condition number. The maximum value of cond(L, x) is cond(L) :=
cond(L, ), wheree = (1,1, ..., )T,

It is also instructive to consider the partitioned inverse method for solving Lx = b. Any
lower triangular matrix L € R"*" can be factorized L = L,L,...L,, where L, differs from
the identity matrix only in the kth column:

I
Lik
Q@7 L, = by 1

Ink 1
The solution to a linear system Lx = b may therefore be expressed as
(2.8) x=L"'=MM,_,...Mb,

where M; = Li"l. When evaluated in the natural right to left order, this formula yields a
trivial variation of a column oriented version of substitution. The partitioned inverse method
generalizes this evaluation by grouping the factors L,L,...L, = G1G>...G,, where each
G; is a product of consecutive L; terms and 1 < m < n. Then x is evaluated as

x=G,'GL,...G'b,

where each Gi‘1 is formed explicitly and the product is evaluated from right to left. The
partitioned inverse method is of practical interest for the parallel solution of large, sparse
systems with multiple right-hand sides; in this context m is chosen as small as possible subject
tothe G,."1 being sparse [1]. Higham and Pothen [15] show that, under a reasonable assumption
on how the Gi'1 are formed, the computed solution X satisfies (L + AL)X = b, where

29) |AL| < cnu((m —D(LI-D+Y |G.~||G;‘|IG,-|) + 0.
i=1

When m = n, so that G; = L;, we can use the result
(2.10) \LAILT I Li] < 31Li|

to recover (2.3). Inequality (2.9) is shown in [15] to imply ||AL|leo < cup||Llloo + Ou?),

where p is a scalar satisfying 1 < p < mk (L), so normwise stability is guaranteed if L is
well conditioned.

An interesting theme among the methods we describe is that they all satisfy a componen-
twise forward error bound of the form

(2.11) Ix =X < cauM(L)7'|b| + O(u?),
where the comparison matrix M (A) = (m;;) is defined for A € R"*" by

_Mlail, =,
mij = {—Iaijl, i #J.
Note that M (L) is an M-matrix, that is, M(L)~! > 0. A bound of this form holds for any
solver that does not rely on algebraic cancellation. A precise way to state this condition is

that the solver computes x; = f;(L, b) where, for all i, f; is a multivariate rational function
in which the only divisions are by diagonal elements of L and such that when L = M (L) and
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b = 0 there are no subtractions in the evaluation of f;. For such a solver, it is not difficult to
see that

| FI(fi(L, b)) — fi(L,b)| < cauf;(M(L), |b]) + O(u?),

where f; denotes f; with all its coefficients replaced by their absolute values, and where
fi(M(L), |b|) is a rational expression consisting entirely of nonnegative terms. This bound
is simply (2.11) expressed in different notation. An example (admittedly, a contrived one) of
a solver that does not satisfy (2.11) is, forn = 2,

xp=bi/liy, x2= (b2 — b)) +la1) + bilit — balay)/(Unaa).

We will not give a formal proof of (2.11) in the general case, but will obtain it as a consequence
of the analysis for each individual method below. For substitution, (2.11) is straightforward to
prove by induction on the components of x (the proof is a minor modification of Wilkinson’s
proof of (2.11) for the case where L = M (L) and b > 0 [25, pp. 250-251]). For the partitioned
inverse method, (2.11) also holds, though this is not pointed out in [15].

The upper bound in (2.11) cannot be rephrased or bounded in terms of L™ or ko (L),
because, for any L, |L~'| < M(L)™!, and |M(L)7'||/||L~"|| can be arbitrarily large (for a
parametrized example with n = 3, see [11]).

There are several interesting consequences of (2.11). First, if L is an M-matrix (so
that L = M (L)) then (2.11) shows that the algorithm under consideration is componentwise
forward stable, in the sense that the forward error is of the same order of magnitude as that
caused by componentwise perturbations of order c,u to the vector b (and, a fortiori, a bound
of the form (2.6) holds). If, in addition, b > 0, then (2.11) becomes |x —X| < c,u|x|+ O @3,
which shows that X approximates x to almost full relative accuracy in all components (at least,
modulo the O (u?) term). If [;; = 1 and |lijl < 1foralliand j (as holds for the matrices L
from LU factorization with partial pivoting) then M (L)~! has elements of size at most 2" 2,
50 [lx = Xlloo < 2" 'cpul|bllco + O (u?).

For general L, (2.11) implies the normwise forward error bound

Ix =%loo _ I MEL)NILIIx] lloo

2.12) <
llxlloo ! % lloo

+ 0®W?).

This bound is no smaller than (2.6), and potentially much larger, but is of comparable size if
ML) <L
Another consequence of (2.11) is the residual bound

(2.13) IL% — b| < cuulLIM (L)™' |b| + O @u?).
This bound shows that the underlying algorithm is componentwise backward stable if L is an

M-matrix and b > 0, or, more generally, whenever M(L)~'|b| < d,|x|. We have also the
normwise residual bound

(2.14) ILX — blloo < cautll ILIM(L)™"1B] lloo + O (u?),

from which it follows that the underlying algorithm is normwise backward stable if p(L, x)
is of order 1, where

HLIM@L) " bl oo ILIMELY ™ LIIx] lloo
L, = -
w(L, x) Llelxlo  —  ILlwlxl
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3. Fan-in algorithm. The fan-in algorithm solves Lx = b by evaluating the product

(2.8) in [log(n + 1)1 steps by the fan-in operation. For example, for n = 7 the order of
calculation is specified by

x = ((M7Me)(MsM,)) (M3 M) (M1 b)),

where all the products appearing within a particular size of parenthesis can be evaluated in
parallel. In general, the evaluation can be expressed as a binary tree of depth [log(n +1)]+1,
with products M1b and M; M;_, (i =3,4,...,2[(n —1)/2] 4 1) at the top level and a single
product yielding x at the bottom level. This algorithm has been proposed and analysed by
Sameh and Brent [21], who show that it can be implemented in % log? n 4 O(log n) time steps
on én3 + O(n?) processors. (The algorithm requires about 1n3/10 operations, so is of no
interest for serial computation. Some interesting comments on the practical significance of
log n terms in complexity results are given by Edelman [7].) Sameh and Brent also give an
error analysis. They show that the computed solution ¥ satisfies

3.1 (L+ALX=b,  [[ALllc < ttnkoo(L)*||Llco + O (u?),

where o, = }‘nz log n + O(nlogn). This bound is larger by a factor at least ko, (L)? > 1 than
the normwise equivalent of (2.3) for substitution.

We will derive a componentwise residual bound that is stronger than (3.1). To avoid
complicated notation that obscures the simplicity of the analysis we take n = 7. It is not hard
to see that the result we obtain is valid for all n. We assume that the inverses M; = L] are
formed exactly, as the errors in forming them affect only the constants in the bounds. Applying
(2.1) and (2.2) we find that the computed solution X satisfies

(32) T = ((M1Ms + A16)(MsMs + Ass) + Aqesa) (MsMa + A)(My + A)b),

where

|ALi—1] < caulMi| M|+ O@W?), i=5,7,

|A6sa] < catt(| M7 Me||MsMy) + | M7 MsMsMy|) + O (u?),
|A%| < cau(IMs||My| + |M3Ma]) + O ),
|AL] < cauMy| + O@WP).

Premultiplying (3.2) on the left by L, we find that the residual r = LX — b is a sum of terms
of the form

L(M7 e Mj+1)Aj,""kMk_1 e Mlb = L1 e LjAj,m'kLk e L7x.

All these terms share the same upper bound, which we derive for just one of them. Unfor-
tunately, it is not possible to exploit (2.10), because all but one term in the overall residual
bound contains a product of the form [M; ... M||M;_1 ... M;|, which cannot be simplified
using (2.10). For j = 5, k = 4 we have
|L1 e L5A54L4 e L7x| < c,,uILl e L5||M5||M4||L4 . L7x| + 0(u2)
=cnu|Ly...Ls||L¢L7L™ Ly ... Ly
X|L5L6L7L_1L1L2L3||L4 ...Lyx| + O(uz)
< cuu|L||L7YILIILTYILIx] + O ),
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where we have used the property that, for any L € R"™", |Ly|...|L,| = |L|. The overall
residual bound is therefore of the form

(3.3) ILX — b| < dyu|L|IL™Y||LIIL7YIL|x]| + O w?),
or, on taking norms,
(3.4) ILT — blloo < duull ILIIL™Y|LIIL™YIL|Ix| loo + O @?).

By considering the binary tree associated with the fan-in algorithm, and using the fact
that the matrices at the ith level of the tree have at most 2/~! nontrivial columns, it is easy to
see that we can take d, = a nlogn, where a is a constant of order 1; d, is smaller than ¢, in
(3.1) by a factor of order n.

Sameh and Brent’s bound (3.1) can be obtained from (3.4) by using the submultiplicative
property of the norm and invoking the backward error formula (2.5). However, (3.1) is a
much weaker bound than (3.3) and (3.4). In particular, a diagonal scaling Lx = b —
D\LD, - Dy 1x = Db (where D; is diagonal) leaves (3.3) (and, to a lesser extent, (3.4))
essentially unchanged, but can change the bound (3.1) by an arbitrary amount.

One special case in which (3.3) simplifies is when L is an M-matrix and b > 0: Lemma
3.4 of Higham [12] shows that in this case |L~!||L||x| < (2n—1)|x|,s0 (3.3) yields |Lx —b| <
(2n — 1)%d,u|L||x| 4+ O(u?), and we have componentwise backward stability (to first order).
More generally, (3.4) shows that the algorithm is normwise backward stable if

ILILTLNL L] oo
I Llloo 1 lloo

is of order 1, which is guaranteed if L is well conditioned.
A forward error bound can be obtained directly from (3.2). We find that

6(L,x) =

Ix —X| < d,ulM;||Ms| ... |1My|1b| + O(u®)
=duM(L)'b| + O W?).

This is of the form (2.11), so all the comments made about (2.11) apply to the fan-in algorithm.
In addition to the normwise forward error bound (2.12), we have the bound

Ix =Xloo _ , NALTHILD x| lloo
—_ “n
llxlloo 1% lloo

which is an immediate consequence of (3.3). Either bound in (2.12) and (3.5) can be arbitrarily
larger than the other, for fixed n. An example where (3.5) is the better bound (for large n)
is provided by the matrix with /;; = 1, for which |L~1||L| has maximum element 2 and
M (L)~!|L| has maximum element 2"~1.

It is easy to find numerical examples where the fan-in algorithm produces a large com-
ponentwise or normwise backward error. In one experiment in Matlab (for which u =~
1.1 x 10716) we used direct search [14] to construct such an example. The resulting sys-
tem Lx = b is of order 7, and has b = fl(Le), where x = e = (1,1, ..., 1)T. The results
for the fan-in algorithm, substitution, and other methods to be described below, are given in
Table 3.1. The exact solution, which we used to compute the forward errors, was obtained
using a beta test version of Matlab 4’s Symbolic Math Toolbox. In this example the new
residual bound (3.4) is sharp, while Sameh and Brent’s bound (3.1) is extremely pessimistic,
being a factor approximately 10?® larger than (3.4). Since 8(L, x) ~ u(L, x), the normwise
residual bounds (2.14) and (3.4) are of similar size. We mention that the instability of the

(3.5)

+0®W?),
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TABLE 3.1
Backward and forward errors for system of order 7.

Koo(L) = 1.23e+18, cond(L, x) = 8.07e+14, cond(L) = 3.02e+17.
u(L,x) = 1.74e+11,0(L, x) = 7.88e+11.

| @3) 1o(3) 1% =Flloo/Ixlloo
Substitution | 8.29e-17  4.03e-19 1.64e-01
Fan-in | 1.15e-03  7.76e-06 2.14e-01
Block elimination | 3.69¢-04  2.42e-06 1.88e-01
Power series | 2.17e-05  1.43e-07 1.91e-01
Divide & conquer (B) | 4.63e-04  2.96e-06 1.70e-01
Divide & conquer (D) | 3.85e-04  2.53e-06 1.89¢-01

methods can be made even worse by running direct search further in the construction of this
example.

A comment is required concerning two papers by Tsao [23], [24]. In these papers Tsao
compares the accuracy of substitution with that of the fan-in algorithm and concludes that “the
parallel algorithm as proposed by Sameh and Brent [1]? is essentially equivalent to the usual
sequential algorithm as far as round-off error is concerned.” This conclusion is incorrect.
What Tsao shows in [23] is that expressions for the forward error x — X can be obtained that
are of the same form for both substitution and the fan-in algorithm. A consequence of Tsao’s
expressions is that both substitution and the fan-in algorithm satisfy a bound of the form (2.11),
though this is not mentioned in [23]. Nevertheless, the numerical behaviour of substitution
and the fan-in algorithm can be very different, as is clear from Table 3.1.

The fan-in method is topical because the fan-in operation is a special case of the parallel
prefix operation and several fundamental computations in linear algebra are amenable to a
parallel prefix-based implementation [S]. Indeed, parallel prefix has now made its way into
undergraduate numerical analysis textbooks; see [3, §13.2], where a particularly clear explana-
tion is given. The important open question of the stability of the parallel prefix implementation
of Sturm sequence evaluation for the symmetric tridiagonal eigenproblem has recently been
answered by Mathias [17]. Mathias shows that for positive definite matrices the relative error
in a computed minor can be as large as a multiple of A%, where A, is the smallest eigenvalue of
the matrix; the corresponding bound for serial evaluation involves A, '. This condition cubing
effect is analogous to what we see in (3.5).

4. Block elimination algorithm. In addition to the fan-in algorithm, Sameh and Brent
[21] describe a parallel block elimination algorithm. It requires the same number of steps as
the fan-in algorithm but roughly twice the number of processors. Its advantage is that it can
be adapted to take advantage of band structure [4], [21].

The algorithm is best understood by considering the case n = 8. There is a preprocessing
step in which L is made unit triangular: L < D™'L, b < D~'b where D = diag(L). The
first stage of the algorithm forms, with L, = L, b) = b,

L2—_—.N1L1=diag([_}21 1]’[_}43 1]’[—}65 1]’[—}87 I])Ll

L
LY b

Ly Ly ’
o

L,'j € szz, bz = N1b1.

The next stage forms

2Reference [1] in Tsao’s paper is [21] in the present paper.
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_ T I I _ I _
fs = Moz = dizg ([—Lg) 12] ’ [—Lﬁ) 12]) 2= [Lg) 14]' bs = b,

and the final stage forms

Iy
x =by = N3b; = [ 3) ]b3.
‘“L21 Iy

Thus in [logn] stages L is reduced to the identity by row operations and b is transformed to
L™ 'b =x.

Error analysis for this algorithm can be expressed as follows. We take n = 2¥ and assume,
without loss of generality, that /;; = 1. Using (2.1), we have

F=Ne+ ANkt + Acr) .. (Ni+ ADb, Al < caulNi| + O),
which yields
_— o~ _— k _ _ —_ —~~
@.1) *=NiNiey...Nib+ Y Ni...NiysAiNioy ... Nib + O ().

i=1

We now need to relate ﬁi to N;. Observe that, from the description of the method above,
N; has the form N; = (p,s(L)), where each entry p,;(L) is a multivariate polynomial in the
elements of L. It is not hard to see that p,;(M (L)) contains only nonpositive terms (r > )
and that

Ni=N+E, |E|<cu(ps(ML)) = c,uN;(M(L)).

Thus (4.1) can be rewritten

k
4.2) T—x= Z Ne...Nip1(E; + ADNi_1 ... Nib + O(u?),
i=1

which gives

k
b =% < S NGl N [ (Ni (ML) + INDINi ] IV 1] + O @)
i=1

< 2¢uNe(M(L))Ni—r(M(L)) ... Ny(M(L))|b| + O (u?)
(4.3) =2c/uM (L)~ |b| + Ow?).

This bound is of the form (2.11), so all the comments made about (2.11) apply to the block
elimination method.

In [4], Chen, Kuck, and Sameh use the banded system variant of the block elimination
algorithm. They explain that a forward error bound can be obtained that is proportional to
o"/™ where o = max;,; |li;| (here l;; = 1) and m is approximately half the bandwidth.
An exponential bound of this form is weaker than (4.3), and obtainable from it, because, in
general, M(L)™! < W(L)™!, where W(L) = (w;;) is defined by wi; = [li| and |w;j| =
—max,; |l,s| = —0 (i # j),andifl; = 1 then max; ; |[W(L) !|;j = o (o + 1)" 2

From (4.2) the following bound for the residual can be obtained:

k
@4) |LE—b| <cju) INT'.. NTIN(ML)) + INDINT . ONTIx] + 0 ).
i=1
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This does not lead to a residual bound any more useful than can be obtained from (4.3). The
reason we can obtain more satisfactory residual bounds for the partitioned inverse method and
fan-in algorithms is that they employ a factorization of L that is based on structure, and hence
is little affected by replacing the factors by their absolute values. The factorization of L~}
used by the block elimination algorithm relies on algebraic relations that are destroyed if the

absolute values of the factors are taken, and so error bounds cannot be expressed solely in
terms of L and L™,

5. Power series method. Heller [10] describes the following method for solving Lx =
b, which he credits to Heller (1974 technical report) and Orcutt (1974 dissertation). Let

L = D(I — M) be of order n = 2%, where D = diag(L) and M is strictly lower triangular
(hence M" = 0). Then

x=U-M'Dp
=(UI+M+---+M"HD b

k-2

= +M*NYU +M*Ty...(I+M)D b,

The powers M2, M*, ..., M 2! are formed by repeated squaring. This method can be
implemented in log® n + log n time steps on n® + n? processors [10].
It is straightforward to show that the computed powers M; = fI(M?) satisfy

G.1) M;=M? +E, |E|<dulMP® +0@?.

This bound also holds if M? is evaluated as a product of 2/ terms MM ... M; a bound
that exploits the repeated squaring implementation is complicated to express and yields no
improvement to the final bound we will derive. The computed solution X satisfies

T=U+M" + A )T +M*7 +Ac0)...(L+ M+ A)D b,

where, using (2.1) and (5.1),

|Ai| < caull + M? |+ dau|lM* + O@u?)
<cu(l +|M*) + 0@?).

Therefore

k-1

x=F==S U+M*Yy. .. d+M"HAUT+M*"Y...(I + M)D b,

i=1

and so

Ix =% < (k= Deuld + IMP YT+ IMP7) ... + MDD b] + O?)
(5.2) = cluM (L)™' b] + O ?).

This bound is of the form (2.11). The comments made in the last paragraph of §4 are
applicable to the power series method too.
In the numerical example of Table 3.1 both the block elimination method and the power

series method are unstable, and the normwise residual bound (2.14) is reasonably close to
equality.
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6. Matrix inversion by divide and conquer. Borodin and Munro [2] and Heller [10]
discuss a divide and conquer method for inverting a triangular matrix based on the formulae

Ly © -1 Ly 0
L= [ 1 ] L X=L"'= 1 i
La Lz —LyLaLy' Ly

The diagonal blocks of L;; and Ly, are chosen to be of equal size (or sizes differing by 1 if the
dimension is odd) and the inversion of these blocks is done by the same method recursively;
the (2,1) block is evaluated by matrix multiplication. The method can be implemented in
O(log? n) time steps on O(n’) processors. If we are prepared to give up the O(log?n)
complexity then we can consider alternative ways to evaluate the (2,1) block of L~!. But, as
we now show, how this block is evaluated is critical to the stability of the algorithm. There
are, in fact, seven ways to evaluate X, = —L2"21 Ly Ll’ll. Here we use Matlab notation: A\B
denotes solving AX = B (by substitution when A is triangular) and A/B denotes solving
A = X B (by substitution when B is triangular). The seven ways are as follows.

A: X5 = —XpnlLlnXi,

B: X5 = —Lp\(LaX11),

C: Xo1 = —(L\L21) X141,

D: X21 = —(X22L21)/Ln,

E: X351 = =X (L2 /L),

F: X3y = —(L22\L2)/Ln,

G: X371 = —Lp\(L21/L11).
Methods A, B, and D correspond to Methods 2B, 1B, and 2C, respectively, of Du Croz and
Higham [6]. The latter three methods are not implemented recursively, but the same error
analysis applies to Methods A, B, and D here. For Methods B andP, under conditions on the
bottom level of recursion that are described below, the computed X satisfies [6]

(6.1) B: |LX —I| < culL||X| + O@W?),
(6.2) D: |XL—1I| < coulX||L| + O?).

These bounds are the best that we can expect and correspond to componentwise backward
stability. In general, a componentwise stable inversion method will satisfy either a right
residual bound of the form (6.1) or a left residual bound of the form (6.2), but not both bounds.
We give the proof of (6.1). Let A(A, B) denote a matrix bounded according to

|A(A, B)| < cu|Al|B] + O?).
Note that
fI(AB) = AB + A(A, B),
and if T is triangular then X= fI(T\B) implies
TX + A(T, X) = B.
For Method B we have
L2Xo1 + ALz, X21) = =L X1y + AL, X11),
that is,

|Lo X1 + Lo X1l < cuut(ILo2l| X1l + ILal1X11) + O?)
= cau(|L11X]),, + OWP).
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Therefore |[LX — I'| < c,u|L||X|+ Ou?) provided that |Li; X;i — I'| < cqu|Lii||Xii] + O u?)
for i = 1, 2, which is true, by induction, if these inequalities are satisfied at the bottom level
of recursion. The proof of (6.2) is entirely analogous. It is clear that the crucial part of the
analysis is bounding the (2,1) block of the left or right residual.

None of Methods A, C, E, F, and G satisfies (6.1) or (6.2). For example, for Method E
we have, with Y = L, /Ly,

YLy =Ly + AY, L),
X =—XnY +AXp,7Y).

Thus
XLy = —XnY Ly 4+ A(X2, )Ly,

that is,

Xo1Liy 4 XLy = —XnA®X, L) + A(Xp, V)L,
Hence we have the bound
1X21L11 + X22Lor| < 2¢,ulXnl|Y||Ln| + O u?)
= 2c,ulX2||La LMLl + O@?),

which has the term |L21L,'11||L11| instead of the term |L,;| that we require for a small left
residual. A bound for the right residual is even less satisfactory. Similar analysis for Methods
A, C, F, and G shows that for none of these methods can a small componentwise left or
right residual bound be obtained. Thus Methods B and D are the only componentwise stable
methods for computing L~! of the seven Methods A-G.

Now we consider using the computed inverse to solve Lx = b. We obtain

(6.3) T=fUXb)=Xb+f,  |f] <culX|lbl+ O,
so that
L =LXb+Lf.
For Method B, LX — I is bounded in (6.1), and we have
(6.4) |L% — b| < 2c,u|L||X||b] + O ).

This is the best residual bound we could expect because even if we multiply b by the exact
inverse we cannot avoid the term L f that contributes a term c,u|L|| X ||b| to the residual bound.
If IL7'||b| & |L™'b| = |x|, inequality (6.4) implies componentwise backward stability. For
Method D, which has a smallAleft resicy\aal, as shown by (6.2), the best residual bound we can
obtain for X is (by writing LXb = L(X L)x)

(6.5) LT — b| < 2¢,u|LI|X||L|Ix| + O@?),

which is weaker than (6.4) to the extent that |b] < |L||x|. Note that this bound is stronger
than the bound (3.3) for the fan-in algorithm (which has an extra term |L||L™!)).
Both Methods B and D satisfy the forward error bound

(6.6) lx —%| < duul|L7Y|ILIIL7IB] + O (P).
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This follows from (6.4) for Method B, and for both methods from (6.3) together with the
bound |L™! X| < cuu|L7Y|L||L7!| + O u?) from (6.1) and (6.2).

The inequality (2.11) can be shown to hold for each of Methods A-G, provided that the
inversion method used at the bottom level of recursion itself satisfies (2.11) when used as an
equation solver. The proof involves showing that |X L7 < c,uM(L)~!' + O(u?) (for each
method A-G) and then using (6.3).

We give a numerical example that illustrates the analysis. Here, L is the 12th power
of a random 25 x 25 lower triangular matrix from the normal N (0, 1) distribution (L is
generated in Matlab 3.5 by the statements rand (‘normal’) ; rand(’'seed’,71); L =
tril(tril(rand(25))~12).) This particular form of ill-conditioned and badly scaled
matrix had been found in [6] (by trial and error) to cause instability in some triangular matrix
inversion routines. For each of Methods A-G (all of which were recurred down to the level
n = 1), Table 6.1 shows the left (L) and right (R) componentwise and normwise relative
residuals, the left ones of which are given by

IXL =~ Tl
X Nlooll Llloo

The underlines in Table 6.1 indicate the residuals that we know must be small, by (6.1) and
(6.2). Most of the other residuals are large; those normwise ones that are not are small “by
chance” and are found to be large in other examples.

We also solved two linear systems: Lx = b, where b = fl(Le), and Ly = e. The
componentwise and normwise backward errors are tabulated in Table 6.2. The w(X) and
(y) values illustrate clearly that Method B can be superior to all the other methods as a
means for solving Lx = b, but that it may nevertheless be componentwise unstable (the
example in Table 3.1 shows that Method B can also be unstable in the normwise sense). The
small value of w(y) for Method B is predicted by (6.4), since |L7!||b| % |y| in this example.
Similarly, (6.5) correctly predicts a much larger value of w(y) for Method D than for Method
B, since |b| < |L||y|.

To summarize, only for Methods B and D can we guarantee a small componentwise left
residual (Method D) or right residual (Method B). For solving a linear system Method B is
preferable to Method D as it has a smaller residual bound. Thus the error analysis shows that
how the (2,1) block of L~! is computed in the divide and conquer method greatly affects the
stability of the computed inverse or the solution to a linear system.

minfe : |XL —I| <€|X||L]} and

TABLE 6.1
Residuals for 25 x 25 random L.

Koo(L) = 6.14e+44, cond(L) = 8.63e+43, cond(L™!) = 1.2de+41.
Method | L (comp.) R (comp.) [ L (norm) R (norm)
5.73e-05 8.23e-03 4.44e-06  9.01e-07
9.39¢-01 1.18e-16 1.05e-01 1.19e-20
9.51e-01 1.16e-03 3.44e-08  5.49e-18
1.11e-16 1.60e-02 6.68e-18  3.19e-06
1.18e-07 6.80e-01 3.06e-11 3.34e-07
9.51e-01 3.73e-03 3.63e-18 1.84e-12
1.27e-02 6.80e-01 3.66e-04 4.27e-18

QmMmUuQwp»

7. Conclusions. Whereas the substitution algorithm has perfect numerical stability, all
the parallel methods presented here can be unstable, depending on the data. As is often the
case in numerical linear algebra, these triangular system solvers gain parallelism at the cost of
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TABLE 6.2
Linear system backward errors.

cond(L, x) = 8.63e+43, cond(L ™!, x) = 1.24e+41.
cond(L, y) = 1.22e+16, cond(L™!, y) = 7.54e+28.

Method | o(F)  10o(X) | @(3)  10e(y)

A 4.51e-03 9.10e-07 | 4.48¢-03  9.02e-07
5.73e-08  7.74e-22 | 1.65e-16  2.13e-20
1.28e-05 8.39e-16 | 3.76e-08 5.49e-18
5.68e-01 5.85e-05 | 1.60e-02  3.19e-06
5.79e-01 3.98e-05 1.37e-01  2.78e-07
1.00e+00  5.54e-05 1.76e-03  9.06e-14
6.08¢e-01 2.42e-18 1.37e-01 1.64¢-18

Qmmooaw

stability [S]. The divide and conquer Methods B and D satisfy the strongest residual bounds
of the parallel methods we have considered, with stability for this class of methods depending
on precisely how the (2,1) block of the inverse is evaluated at each level of recursion. (We
omit the partitioned inverse method from this comparison since its bound (2.9) is difficult to
compare with the rest and depends crucially on the parameter m.) The fan-in algorithm has
the next best residual bound, (3.3), which can be of order ko (L)?||L|loo||% lco#. Methods B
and D and the fan-in algorithm are all guaranteed to be stable when L is well conditioned.

For the block elimination and power series methods we were unable to derive stronger bounds
than

(7.1 |x — %] < dauM(L) ' b] + OW?)

and the corresponding residual bound, which hold for all the methods considered here. It has
not been previously appreciated that (7.1) holds for the wide class of methods that do not rely
on algebraic cancellation. It is effectively a “universal” forward error bound for triangular
equation solvers.

In the numerical examples we have mainly reported backward errors and residuals. Since
triangular system solvers are normally used as part of a larger computation, backward stability
is probably the most important requirement. In our limited experience, the forward errors for
the parallel methods reported here tend to be at most «,(L)u, even when the backward error
is large. We have not found any numerical examples where the fan-in algorithm has a forward
error of order koo (L)3u, or even koo (L)?u.

While we have not attempted to gauge the average-case stability of these parallel methods,
we can offer the following summary of their behaviour. All the methods can be arbitrarily
unstable, but they achieve perfect stability when L is an M -matrix and b > 0 (by virtue of (7.1)),
and they often yield surprisingly stable and accurate solutions, even for very ill-conditioned
problems. Therefore the parallel methods should not be ruled out for practical use purely
on stability grounds, particularly as it is easy to compute the normwise or componentwise
backward error a posteriori to test the stability of a computed solution. We note that iterative
refinement in fixed precision is a possible means for stabilizing any of the methods (the theory
of [13, §2] is applicable). However, for all except the divide and conquer methods, iterative
refinement significantly increases the cost of the solution process.

To our knowledge, none of the fan-in, block elimination, and divide and conquer algo-
rithms has been implemented on a modern parallel machine and its speed compared with that
of substitution. It would be an interesting exercise to make such a comparison and therefore
to determine whether the parallel methods merit serious consideration as practical algorithms.
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