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Abstract.

We consider the LBLT factorization of a symmetric matrix where L is unit lower triangular and
B is block diagonal with diagonal blocks of order 1 or 2. This is a generalization of the Cholesky fac-
torization, and pivoting is incorporated for stability. However, the reliability of the Bunch-Kaufman
pivoting strategy and Bunch’s pivoting method for symmetric tridiagonal matrices could be ques-
tioned, because they may result in unbounded L. In this paper, we give a condition under which
LBLT factorization will run to completion in inexact arithmetic with inertia preserved. In addition,
we present a new proof of the componentwise backward stability of the factorization using the inner
product formulation, giving a slight improvement of the bounds in Higham’s proofs, which relied on
the outer product formulation and normwise analysis.

We also analyze the stability of rank estimation of symmetric indefinite matrices by LBLT
factorization incorporated with the Bunch-Parlett pivoting strategy, generalizing results of Higham
for the symmetric semidefinite case.

We call a matrix triadic if it has no more than two non-zero off-diagonal elements in any column.
A symmetric tridiagonal matrix is a special case. In this paper, we display the improvement in
stability bounds when the matrix is triadic.

1. Introduction. A symmetric matrix A € R"*" can be factored into LBLT,
where L is unit lower triangular and B is block diagonal with each block of order
1 or 2. The process is described as follows. Assuming A is non-zero, there exists a
permutation matrix IT such that

s n—s
HAHT = S A11 Agl
n—s Aoy Aoy |’

where Aj; is nonsingular, and s = 1 or 2 denoting that A;; is a 1x1 or 2x 2 pivot.
The decomposition is

il P [ 1 e
Aot As | T | Agt A I 0 A 0 I, ’
where A = Agy — AglAfllAQTl e R(m=5)x(n=5) ig the Schur complement. Iteratively
applying the reduction to the Schur complement, we obtain the factorization in the
form PAPT = LBL", where P is a permutation matrix, L is unit lower triangular,
and B is block diagonal with each block of order 1 or 2.

Choosing the permutation matrix II and pivot size s at each step is called diag-
onal pivoting. In the literature, there are four major pivoting methods for general
symmetric matrices: Bunch-Parlett [4], Bunch-Kaufman [3], bounded Bunch-Parlett
and fast Bunch-Kaufman [1] pivoting strategies. They correspond to the complete
pivoting, partial pivoting, and rook pivoting for LU factorization, respectively. In

addition, there is a pivoting strategy specifically for symmetric tridiagonal matrices
by Bunch [2].
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The Bunch-Kaufman pivoting strategy and Bunch’s method may lead to un-
bounded L. Therefore, the reliability could be questioned. Nevertheless, Higham
proved the stability of Bunch-Kaufman pivoting strategy [9] and Bunch’s method
[10]. His proofs consist of componentwise backward error analysis using an outer
product formulation and normwise analysis. In this paper, we present a new proof of
componentwise backward stability using an inner product formulation. In addition,
we give a sufficient condition under which the LBLT factorization of a symmetric
matrix is guaranteed to run to completion numerically and preserve inertia.

With complete pivoting, LU factorization and Cholesky factorization can be ap-
plied to rank estimation. The stability is analyzed in [8]. Given A € R™*™ of rank r,
the LU factorization needs 2(3n—2r)r?/3 flops, whereas Cholesky factorization needs
(3n—2r)r? /3 flops but requires symmetric positive semidefiniteness. To estimate the
rank of a symmetric indefinite matrix, we can use LBLT factorization with Bunch-
Parlett pivoting strategy (complete pivoting), which needs (3n—2r)r2/3 flops. The
stability is analyzed in this paper.

A matrix A is called triadic if the number of non-zero off-diagonal elements in
each column is bounded by 2. Tridiagonal matrices are a special case of these. The
triadic structure is preserved in LBL” factorization, so the sparsity is sustained [7].
In this paper, we show the improvement in backward error bounds for matrices with
triadic structure.

This paper is organized as follows. Section 2 and Section 3 give the componentwise
backward error analysis of LBL” factorization and the application to solve symmetric
linear systems, respectively. In Section 4 we discuss the stability using normwise anal-
ysis. Section 5 analyzes rank estimation for symmetric indefinite matrices by LBL”Y
factorization with Bunch-Parlett pivoting, as well as rank estimation for positive def-
inite or diagonally dominant matrices by LDLT factorization with complete pivoting.
Section 6 gives the concluding remarks.

Throughout the paper, without loss of generality, we assume the required in-
terchanges for any diagonal pivoting are done prior to the factorization, so that
A := PAPT where P is the permutation matrix for pivoting. We denote the identity
matrix of dimension 2 by Is.

2. Componentwise Analysis. The stability of Cholesky factorization in LLT
form, which requires a positive definite or semidefinite matrix, is well studied in [8]
and [11, Chapter 10]. In this paper, we focus on LDLT factorization and LBL”
factorization. The improvement of the stability because of the triadic structure is
also discussed. We begin with basics for rounding error analysis.

2.1. Basics. We use fI(-) to denote the computed value of a given expression,
and follow the standard model

Fl(x opy) = ( op y)(1+6), for 5] < u and op = +,—, x, /.

where u is the unit roundoff. This model holds in most computers, including those
using IEEE standard arithmetic. Lemma 2.1 gives the basic tool for rounding error
analysis [11, Lemma 3.1].

LEMMA 2.1. If |6;| <uw and 0; = £1 fori=1,...,k then if ku < 1,

k
H(l + 51,)177', =1 + ek; |9k| S €k,

i=1
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where

k
€ =7 —uku for k> 0.

The function € defined in Lemma 2.1 has two useful properties':
€m + €n + 26m€n < €myn for myn >0,
and
cen < €on for ¢ > 1.
Since we assume ku < 1 for all practical k,
er = ku + kuey = ku + O(u?).

These properties are used frequently to derive inequalities in this paper.

2.2. LDLT Factorization. We now investigate the stability of LDL” factor-
ization for symmetric matrices. The factorization is denoted by A = LDLT € R"*"
where D = diag(di,ds,...,d,) and the (i,7) entries of A and L are a;; and [;;, re-
spectively. Note that a;; = aj; and l;; = 0 forall 1 < i < j < n, and {;; = 1 for
1 < i < n. Algorithm 1 is computationally equivalent to the LDLT factorization in
inner product form.

Algorithm 1 LDLT factorization in inner product form
fori=1,...,ndo
forj=1,...,i—1do
(%) Lij = (aij — Zi;ll dielirlir)/d;
end for A
(%) d; = a;; — 2;11 dklii
end for

For a positive definite symmetric matrix A = LLT € R™*™,
A= LLT| < eqar LIIET)

where L is the computed version of L [11, Theorem 10.3]. Here and throughout this
paper, we use a hat to denote computed quantities, and inequality and absolute value
for matrices are defined elementwise. We begin with developing a bound for LDLT
factorization given in Theorem 2.3 with proof via Lemma 2.2. The result is extended
to LBLT factorization in Subsection 2.3.

LEMMA 2.2. Lety = (s — ZZ;: arbrcr)/d. No matter what the order of evalua-
tion, the computed § satisfies

n—1

yd + Z arbrer = s+ As,
k=1

IThe two properties were listed in [9] and [11, Lemma 3.3], but with “2eme€,” replaced by “emen”.
Here we give a slightly tighter inequality.
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where

n—1

|As| < enllgd] + ) larbrex]).
k=1

Proof. The proof is analogous to that of [11, Lemma 8.4]. Using Lemma 2.1, one
may obtain

n—1
GA(L+00) = s = > arbrer(1+6),
k=1

where |0§Lk)| < e, for k=0,1,...,n—1. The result follows immediately. O
THEOREM 2.3. If the LDL™ factorization of a symmetric matriz A € R"*" runs
to completion, then the computed LDL™ satisfies

|A— LDL"| < e,|L||D||LT).

Proof. By Lemma 2.2, no matter what the order of evaluation in (x) and (s*) in
Algorithm 1,

J J
(21) |aij — Z dklikljk| § €; Z |dklikljk|
k=1 k=1
for 1 < j < i < n, where we define ly=1fori=1,...,n to simplify the notation.

The rest of the proof is by collecting all (2.1) into one matrix presentation. O

Theorem 2.3 shows that an LDLT factorization is stable if |L||D||L] is suitably
bounded. However, even with pivoting, the LDLT factorization of a given symmetric
matrix may not exist, and |L||D||LT| could be catastrophically large. See Subsec-
tion 4.1 for a sufficient condition for the stability of LDLT factorization.

The LDLT factorization of a symmetric triadic matrix has L triadic, but the last
row in L can be full [7]. Therefore, the bounding coefficient €,, in Theorem 2.3 cannot
be reduced with the triadic structure. Instead, we write the bound as

(2.2) |A— LDLY| < C o (|L||D||LT)).

Here and throughout this paper, o denotes Hadamard (elementwise) product. Let
[Clls = 32, j leijl, where ¢;; denotes the (4, j) entry of C. To show the improvement
of stability because of the triadic structure, we compare ||C||s for a general symmetric
matrix with that for a triadic symmetric matrix.

By (2.1), we obtain ¢;; = ¢j; = ¢; for 1 < j <i < n. Therefore,

€1 €1 €1 e €1
€1 €2 €9 crr €9

(2.3) A-LDLT|<| @ @ @ @ | o(L||D|LT)).
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Then
n o n n—1
||C||S = ZZCU = 2(22 + 1)€n—i
=1 j=1 =0
n—1
< €(2i+1)(n—1) < 62’7501(214-1)("—14)
i=0 =
1 3 2 2

(24) = 6%n(n+1)(2n+1) = 6(271 + 3n + n)u + O(U )

Note that (2.3) is approximately tight allowing any order of evaluation in (%) and ()
in Algorithm 1. Before investigating the case of A as a triadic symmetric matrix, we
introduce the following lemma.

LEMMA 2.4. For any triadic and lower triangular matric L € R™*", LLT has
at most Tn — 14 non-zero elements for n > 4. The bound, Tn — 14, is attained by
L=23+7Z+1, where Z € R™"™ is the shift-down matriz.

Proof. Let L = L+ b, where L and D are the off-diagonal and the diagonal part
of L, respectively. Then LLT = (L + D)(L + D)T = LLT + DLT + LD + D?, in
which LD contributes at most 2n — 3 non-zero elements in the lower triangular part.
Now we inspect fi/T, in which each column of L multiplying LT may contribute one
off-diagonal element in the lower triangular part, except the last two columns of L.
Therefore, LLT contributes at most n — 2 non-zero off-diagonal elements in the lower
triangular part. There are at most (2n—3)+4 (n—2) = 3n—5 off-diagonal terms in the
lower triangular part. However, the two non-zero off-diagonal elements contributed
by the third to last and fourth to last columns in L must be in the bottom-right most
3x 3 block of LLT, which have collisions if the bottom-right most 3 x 3 block of L
is full. As a result, there are at most (3n — 5) —2 = 3n — 7 non-zero off-diagonal
elements in the lower triangular part for n > 4. Along with the n diagonal elements,
there are at most 2(3n — 7) +n = 7n — 14 non-zero elements for n > 4. Note that
D? and LLT can contribute n and 2n — 3 non-zero terms to the diagonal of LLT,
respectively. Overall, there are at most 2(3n —5) 4+ (3n — 3) = 9n — 13 non-zero terms
forn>4.0

If A € R™™*" is symmetric triadic, then A has at most 3n non-zero elements. and
so does its factorization LDLT (or LLT). However, because of rounding errors, the
computed LDLT (or LLT) may have more non-zero elements than A. Nevertheless,
by Lemma 2.4, the number of non-zero elements in LLT or LDL" is bounded by
Tn — 14 for n > 4.

For 1 < j <¢ < mn, ¢;; depends on the number of non-zero terms cfkfikijk in (2.1).
By the proof of Lemma 2.4, there are at most 9n — 13 non-zero terms in LDLT for
n > 4. Therefore,

(2.5) ICIls =Y eij < €on13 = Inu+ O(u?).

i=1 j=1

Comparing (2.5) with (2.4), we see the improvement of componentwise backward
error because of the triadic structure. Note that the analysis is independent of the
order of evaluation in (x) and (**) in Algorithm 1.

2.3. LBLT Factorization. Now we analyze the LBLT factorization of a sym-
metric indefinite A € R™*". The factorization is denoted by A = LBLT € R"*",



6 2. COMPONENTWISE ANALYSIS

Bl Lll
By Loy Lo
where B = ) and L = ) ) for i =
Bm Lml Lm2 te me

1,...,m. Each B; is a 1x1 or 2x2 block, with L;; =1 or L;; = I3, respectively. The
rest of L is partitioned accordingly. Algorithm 2 is computationally equivalent to the
LBLT factorization in inner product form.

Algorithm 2 LBL7 factorization in inner product form
fori=1,...,m do
for j=1,...,i—1do
' B
() Lij = (Ayj — Y4y L Be L) B

end for A
(**) Bi = Aii - ;;:11 LikBkLgl;
end for

In Algorithm 2, each multiplication by Bj_1 in () with B; € R?*? can be com-
puted by solving a 2 x 2 linear system, denoted by Fy = z. We assume the linear
system is solved successfully with computed 7 satisfying

(2.6) |AE| < €.|E|, where (E+ AE)j =z

for some constant e.. In [9], Higham showed that with Bunch-Kaufman pivoting with
pivoting argument o = %ﬁ ~ .64, if the system is solved by GEPP, then €. = €12;
if it is solved by explicit inverse of F with scaling (as implemented in both LAPACK
and LINPACK), €. = €150. In a similar vein, the assumption (2.6) also holds with the
other suggested pivoting argument o = 0.5 to minimize the elements in magnitude
in L and o = @ ~ 0.62 for triadic matrices [7]. Since Bunch-Parlett, bounded
Bunch-Parlett and fast Bunch-Kaufman pivoting strategies satisfy stronger conditions
than the Bunch-Kaufman, condition (2.6) still holds. In [10], Higham showed that
with Bunch’s pivoting strategy for symmetric tridiagonal matrices [2], if a 2x2 linear
system is solved by GEPP, then €. = €5, 5. A constant €. for the 2x2 linear system
solved by explicit inverse with scaling can also be obtained. We conclude that all
pivoting strategies in the literature [1, 2, 3, 4, 7] satisfy condition (2.6).

LEMMA 2.5. Let Y = (S — ZZ;I AxBrCy)E™Y, where E and each By, are either
1x1 or 2x2, such that the matriz operations are well-defined. If E is a 2X2 matriz,
we assume condition (2.6) holds. Then

m—1
|AS| < max{ec, eam—3}(|S| + [VIIE| + > [Ax]|BilICk)),
k=1
where
m—1
YFE + Z ArBpCp, =S+ AS.
k=1

If E is an identity, then max{e., €4m—3} can be replaced by €4, —3, since €. = 0.
Proof. Let
m—1
Z=5- Z ABiLC), and therefore Y = ZE~ 1.
k=1



2.3 LBL7T Factorization 7

If By, is a 2x 2 matrix, then each element in A, B C} can be represented in the form
S>% | aibici. Therefore, each element in Y7 ," Ay B,Cj, sums at most 4(m — 1) terms.
By Lemma 2.2,

m—1
(2.7) |IAZ| < esm—3(|S| + Z |Ak||Bi||Ci|), where Z = Z + AZ.
k=1

If F is a 2x 2 matrix, then applying (2.6) by substituting y = Y(i:4, 1: 2)T and
z=7(i:i,1:2)T, we obtain Y (i:i,1:2)(E + AE;) = Z(i:i,1:2) with |AE | < e.|F]
fori=1 and i =2 (if any). To simplify the notation, we write

(2.8) Y(E + AE) = Z, where |AE| < ¢.|E|.

In the rest of the proof, keep in mind that AE' can be AE; or AFE5 for the first or
second rows of ¥ and Z, respectively. By (2.7) and (2.8),

m—1
AS|=[YE—(S— Y AByCy)|=YE—Z+Z—Z|
k=1
=|-YAE+AZ| < |V||AE| + |AZ|
m—1
< €| V||E| + eam—s(IS| + D [Ak]|Brl|Cx])
k=1
m—1
< max{ec, eam—3}(|S] + [VI[E[ + Y [Ax||Br||Cr))-
k=1

If E is a 1x1 matrix, then we apply Lemma 2.2 and obtain |AS| < e4m_s(|Y||E]+
oy [ARNIBR||Cr))- O
THEOREM 2.6. If the LBLT factorization of a symmetric matriz A € R™ ™ runs

to completion, then the computed LBLT satisfies
|A— LBL| < max{ec, eam-3}(|A| + |L||B||LT]),

where we assume condition (2.6) holds for all linear systems involving 2 X 2 pivots,
and m is the number of blocks in B, m < n.
Proof. Applying Lemma 2.5 to (%) and (xx) in Algorithm 2, we obtain

(2.9)  [Ay - ZLmBkLJkI < max{e, €4j-3}( IAu|+Z|LmIIBkIIL )
k=1 k=1

for 1 < j < i < m, where IA/M- = 1 or I, depending on whether B; is 1 x1 or
2x2 for i =1,...,m. The result is obtained by collecting all (2.9) into one matrix
presentation. [

Similar to the coefficient €, in Theorem 2.3 for LDL” factorization, the bound-
ing coefficient max{e., €4m_3} in Theorem 2.6 for LBLT factorization can hardly be
reduced because of the triadic structure. Instead, we bound ||C||s, where

(2.10) |A— LBLT| < Co (JA| + |L||B||LT)).
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Each c¢;; depends on the number of blocks before itself, which is at most j — 1 for
1<j<i<n. By (29), ¢;j <max{ec,eqj_3} for 1 < j <i <n. Therefore,

n o n n—1
IC|ls < Z ZCU =n’e, + 2(21 + 1)egn—iy—3 + O(u?)
i=1 j=1 i=0

1
(2.11) < n?e. +e n(dn?—3n+2) T O(u?) = §(4n3 +3(c— 1)n? + 2n)u + O(u?).

3

Because of the rounding errors, the computed LBLT ofa symmetric triadic matrix
may have more non-zero elements than LBL”. The triadic structure is preserved in
the L [7]. By Lemma 2.4, the number of non-zero blocks in LBLT is bounded by
7m — 14, and the proof shows that there are at most 9m — 13 block terms for m > 4,
where m is the number of blocks in B. By (2.9), for m > 4,

(2.12) IClls < 4((Tm — 14)ec + ex0m—13)) < 4(Tc+ 36)nu + O(u?).

Therefore, LBLT will still be sparse, but not necessarily triadic.

Comparing (2.12) with (2.11), we see the improvement of componentwise back-
ward error because of the triadic structure. Note that the analysis is independent of
the order of evaluation in () and (%) in Algorithm 2.

3. Solving Symmetric Linear Systems. In this section we use LBLT fac-
torization to solve a symmetric linear system Ax = b. After a possible permutation,
which is omitted for notational convenience, we obtain LBL” 2z = b. Then we may
solve three simplified systems, Ly = b for y, Bz = y for z, and LTz = 2 for .

If A is triadic, then each column of L has at most two off-diagonal elements and
we can solve Ly = b and LTz = z, traversing columns of L.

3.1. LDLT Factorization. The computed solution & to an n xn symmetric
positive definite system Az = b using LL” factorization satisfies [11, Theorem 10.4],

(A4 AA)E =b, |AA| < esnyq|L||ILT].

Theorem 3.3 gives this bound for LDL” factorization, with proof via Lemmas 3.1 and
3.2. The result is extended to LBL™ factorization in Subsection 3.2.

LEMMA 3.1. Let g be the computed solution to the lower triangular system Ly = b
by forward substitution with any ordering of arithmetic operations, where L € R™ ™
is nonsingular. Then

(L+AL)j =b, |AL| < €,|L).

If L is unit lower triangular, then there is no division so |AL| < €,_1|L|. The bounds
for upper triangular systems are the same.

Proof. Similar to the derivation leading to [11, Theorem 8.5]. O

LEMMA 3.2. Vm,n,k >0 withm+n+k < 1/u,

€m t €n + € + Emen + €€l + €€l + EmEn€r < Empntk-

Proof. Without loss of generality, let k& < m. Then

€m + €n + € + €En€n + €n€r + Em€r + EpeEner
< (€m + €n + 2€men) + €1 + €mer + €mener

< €Em+n + €x + Em+n€k + Em+n€k < Em+ntk-
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d
THEOREM 3.3. Suppose the LDL™ factorization of a symmetric matriz A € R™<"
runs to completion and produces a computed solution T to Ax =b. Then

(A+ AA)E = b, |AA| < eg, 1| EIDIIL7).

Proof. By Theorem 2.3, A+ AA; = LDLT with |AA;| < e,|L||D||LT|. By
Lemma 3.1,

Then
b= (L+AL)D+AD)(L" + AR)z
= (LDLT + ALDL” + LADL” + LDAR +
+LADAR+ ALDAR + ALADL" + ALADAR)3.
Since LDLT = A+ AA;,
|AA| = |AA; + ALDLT 4+ LADLY + LDAR +
+LADAR + ALDAR + ALADL™ + ALADAR]
< |AAi| + |AL||D|[LT| + [LI|AD||LT| + |L||D||AR|
+|L||AD||AR| + |AL||D||AR| + |AL||AD||L"| + |AL||AD||AR]|
< (€n+ €n—1+ €1+ €n1+2€160-1 + €n_16n—1 + €16n—165—1)|L||D||L7T|
< (en + €20-1)|LI[D||LT] < €3p1|L||D||LT].

The second to last inequality is derived by invoking Lemma 3.2. O
Now we define C' by

(3.3) (A+ AA)z =b, |AA| < Co|L||D||ILT].

We follow the notation in the proof of Theorem 3.3. By (2.2) and (2.4),
Ala s 1
[Adi| < Cyo (ILIIDIILT), [ICrls < (207 4 3n® 4 nju+ O(w?).

In the unit lower triangular system Ly = b, L(1:k, 1:k)y(1:k) = b(1:k) is a kxk unit
lower triangular system for k£ = 1,...,n. Repeatedly applying Lemma 3.1, we obtain

(E + AL)Z) = b7 |AL| < diag(EO; [S PR 6nfl)|f/|'
Therefore,

|AA| = |AA; + ALDLY + LADLY + LDAR| + O(u?)
< |AAy| + |AL||D||LT| + |L||AD||L"| + |L||D||AR| + O(u?)
< (Cy + diag(eo, €1, - . ., en_1)ee’ + (€1 + en_1)ee’) o (|L||D||LT|) + O(u?).
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Finally,
IClls < ICulls + || diag(eo, €1, - ., en—1)ee” [|s + enllee” [[s + O(u?)
1
(3.4) = 6(11713 +n)u + O(u?).

Now suppose that A € R™ ™ is symmetric triadic. Following the notation in
the proof of Theorem 3.3, the bound (3.2) can be reduced to be |AR| < e|L7|,
and therefore the bound in Theorem 3.3 becomes (A + AA)Z = b with |AA4] <
€ant2|L||D||LT|. The bound on ||C|s in (3.3) can be tightened with the triadic
structure as follows.

|AA] < |AAL| + |AL|D||LT| + |LI[AD|ILY| + |LI| DI|AR| + O(u®)
< [AAi] + ena [LIDIILT| + e1|L|| DIILT| + 2| LI[D[|LT| + O(u?)
< C1 o |[LIIDIILT| + ens2| L|ID|ILT] + O(u?).

By (2.5), [|C1]|s < 9nu+ O(u?). By Lemma 2.4, there are at most 7n — 14 non-zero
elements in LDLT for n > 4. Therefore,

(3.5) ICIls < ||Cylls + (Tn — 14)epyo + O(u2) < (Tn® 4+ 9In)u + O(u?)

Comparing (3.5) with (3.4), we see the improvement of componentwise backward
error because of the triadic structure. The analysis is independent of the order of
evaluation in () and (#x) in Algorithm 1 and the order of substitution to solve the
unit triangular systems.

3.2. LBL" Factorization. Now we extend Theorem 3.3 for LDL” factorization
to Theorem 3.4 for LBL™ factorization.

THEOREM 3.4. Suppose the LBL” factorization of a symmetric matriz A € R™<"
runs to completion and produces a computed solution & to Ax =b. Then

(A+AA)E =0, |AA| < (max{ec, ean—3} + eanse—2)(|A| + [ L[| B|ILTY),

where we assume condition (2.6) holds for all linear systems involving 2x 2 pivots.
Proof. The proof is analogous to that of Theorem 3.3 but with two differences.
First, since condition (2.6) holds, (3.1) is replaced by

(B+AB)z =, |AB| < e|B|.
Second, we invoke Theorem 2.6 instead of Theorem 2.3 and obtain
|AA1| < maX{€c;€4n—3}(|A| + |i||B||ET|)

The result is not difficult to see after a little thought. O

Theorem 2.6 and Theorem 3.4 coincide with a theorem by Higham [9, Theorem
4.1][11, Theorem 11.3] described as follows.

THEOREM 3.5 (Higham). Suppose the LBLY factorization of symmetric A €
R™ ™ runs to completion and produces a computed solution to Ax = b. Without
loss of generality, we assume all the interchanges are done with Bunch-Kaufman piv-
oting strategy (i.e., A := PAPT where P is the permutation matriz for pivoting).

Let LBLT be the computed factorization and T be the computed solution. Assuming
condition (2.6) holds for all linear systems involving 2 x 2 pivots, then

(A+AAy) = LBLT and (A+ AAy)i = b,
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where
|AA;] < p(n)u(|Al + |L||B||LT]) + O(w?), i = 1,2,

with p(n) a linear polynomial.

Three remarks are in order. First, Higham’s proof is via the LBL” factorization
in outer product form [9], whereas our proof uses inner product form. Second, we
give a precise bounding coefficient. Third, Lemma 3.2 eliminates the O(u?) terms.
The result is also true for the Bunch-Parlett, fast Bunch-Parlett, and bounded Bunch-
Kaufman pivoting strategies, because they satisfy stronger conditions than the Bunch-
Kaufman.

We may also bound ||C||s, where C' defined by

(3.6) (A+AA)z =b, |AA| < Co (JA] + |L||B||LT)).

By (2.11), ||Ci]ls < 2(4n® + 3(c — 1)n® + 2n)u + O(u?), where |[A — LBLT| < Cy o
(|A| + |Z||B||LT). Similar to (3.4), we find that

IC]ls < IC1]ls + l|diag(eo, €1, - - s en—1)ee” [|s + (ec + €n—1)]ee” ||s + O(u?)
17 4c—5
(3.7) = (L3 X

5 + TnQ +2n)u + O(u?).

Now suppose that A € R"*" is symmetric triadic. By (2.12), [|Ci][s = 4(7c +
36)nu + O(u?). By Lemma 2.4, there are at most 7n — 14 non-zero blocks in LDLT
for n > 4. Each block has at most 4 elements. In the similar vein as (3.5),

IClls < [IC1lls +4(Tn — 14)entesr + O(u?)
(3.8) < (28n? + 56¢n + 144n)u + O(u?).

Comparing (3.8) with (3.7), we see the improvement of componentwise backward
error because of the triadic structure. Note that the analysis is independent of the
order of evaluation in (%) and (%) in Algorithm 2 and the order of substitution for
solving each unit triangular system.

4. Normwise Analysis. In this section, we focus on bounding |||L||D||LT|||
and |||L||B||LT]|| in terms of ||A|| to analyze the stability of LDL™ factorization and
LBLT factorization, respectively. We also give a sufficient condition for the success
of LBLT factorization with inertia preserved.

4.1. LDL" Factorization. Theorem 2.3 and Theorem 3.3 imply that the LDL”
factorization of a symmetric matrix A € R™*" and its application to solve Ax = b are
stable, if |||L||D||LT]|| is suitably bounded relative to ||A|. We begin with bounding
[|L]|D||LT||| instead of |||L||D||LT||| for simplicity.

If A € R*™" is symmetric positive definite, its LL” factorization shares the
properties with LDLT factorization, including

1 1 1 1
4.1)  IZIDIL [l = [|LD=[|D= L[|z = [|LD2 3 < nlLD? |3 = n] Al

If A € R is symmetric and diagonally dominant, its LDLT factorization
inherits the properties of LU factorization of a diagonally dominant matrix. Diagonal
dominance guarantees that |L| is diagonally dominant by columns, which implies
IL=T||LT|||co < 2n —1 [11, Lemma 8.8]. Therefore,

ILIDIL  [lloe = IIZDIL oo = IIAL™HILT [l oo
<Aoo HETTNL oo < (20 = 1] Al
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The derivation is adapted from that for LU factorization of a diagonally dominant
matrix.

We conclude that if A is positive definite or diagonally dominant, its LDL” fac-
torization and the application to solve linear system are stable even without pivoting.
A weaker condition for the stability of LDL” factorization can be obtained by [11,
Theorem 9.5] described as follows.

THEOREM 4.1. The LU factorization of A € R™ "™ satisfies

LU llse < (1+2(n* =n)pn) | All o,

where py, is the growth factor (the largest element in magnitude in all Schur comple-
ments divided by the largest element in |A|). This statement is independent of the
pivoting strategy applied, if any.

Proof. The proof is similar to that of a theorem by Wilkinson. See the discussion
of [11, Theorem 9.5] for details. O

When A is symmetric, DL in its LDL™ factorization plays the role of U in the
LU factorization. Therefore, Theorem 4.1 is applicable to bound |||L||D||L |||, be-
cause |L||D||LT| = |L||DLT| = |LU|. As a result, the stability of LDLT factorization
is achieved as long as the growth factor p,, is modest. By Theorems 2.3 and 4.1,

fas 1+2(n%—n)pn
ILIDIIL oo < +— 5
1—(14+2(n%2=n)pn)en

[[A]oo-

From this point of view, both positive definiteness and diagonal dominance guar-
antee the stability, because their growth factors are bounded by 1 and 2, respectively.
Unfortunately, |L||D||LT| could be catastrophically large for general matrices. For
i (1) ], then the corresponding |L||D||LT| = { i 2}6
bounded as € — 0. This is an illustration of the well-known fact that LDLT factor-
ization is not generally stable.

4.2. LBL" Factorization. Theorems 2.6 and 3.4 imply that the LBL” fac-
torization of a symmetric matrix A € R™ ™ and its application to solving Ax = b
are stable, if all linear 2 x 2 systems are solved with condition (2.6) satisfied and
||L|| B||LT|| is suitably bounded relative to || A||. For simplicity, we begin with bound-
ing |||L||B||LT||| instead of |||L||B||L7]|. In other words, our objective is to find a
modest ¢,, such that

example, if A = } is un-

(4.2) IILIIBIILT[I < enl LBLT|
in some proper norm. Using the co-norm, we obtain
ILIIBIL oo < Lo 1B oo L Tl = L1l scl Blloo | L [loc-

Therefore, if || L] oo || B oo || LT ||oo is modest relative to || Ao and condition (2.6) holds,
then the corresponding LBL” factorization is normwise backward stable. The same
statement can also be obtained from a suitable modification of error analysis for
block LU factorization in [5]. For Bunch-Parlett, fast Bunch-Parlett, and bounded
Bunch-Kaufman pivoting strategies, the element growth of B is well-controlled and
the elements in L are bounded, so they are normwise backward stable methods.
Bunch-Kaufman pivoting strategy for symmetric matrices [3] and Bunch’s pivot-
ing strategy for symmetric tridiagonal matrices [2] may result in unbounded L, so we
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cannot prove the stability by bounding || L| || B|lso|| LT ||cc- Both strategies do have
growth factors well-controlled. However, unlike LU factorization and LDL” factor-
ization, |||L||B||LT||| cannot be bounded in terms of the growth factor and ||A|. For
example, without pivoting, we have

11 1 11 1 1
A=|1 14€ —¢ | = 1 1 1+€2 1 -1 =LBL".
— 2 -1 1 1

a =

The factorization has modest ||A| for small € # 0 and no element growth, but
IIL||BI|LT|| is unbounded when € — 0.
Higham [9] showed that using Bunch-Kaufman pivoting strategy with the pivoting

argument o = HT‘/ﬁ ~ 0.64, the LBL" factorization of symmetric A € R"*" satisfies

1 B3+a®)(B3+a)

IZIBIL [l < max{~, tnpnl|Allm

(1—a?)?
(4.3) ~ 35.674npy || Allamr < 36np, || A| M,
where p,, is the growth factor and || - ||ar is the largest magnitude element in the

given matrix. These bounds also hold for the other suggested pivoting arguments
o= @ ~ 0.62 (for triadic matrices) and o = 0.5 (to minimize the element bound
on L) [7], as well as a variant by Sorensen and Van Loan [6, section 5.3.2]. The
Bunch-Parlett, fast Bunch-Parlett and bounded Bunch-Kaufman pivoting strategies
satisfy a stronger condition than the Bunch-Kaufman, so they also satisfy (4.3). By
Theorem 2.6 and (4.3),

1+ max{e., €4n_3}

4.4 LIIBIILT|||ar < 3600,
(4.4) LI BI|IL™ ||| < 36np = 36mp, max{eo, can o]

Al -

Higham showed that with Bunch’s pivoting strategy, |||L||B||LT|||ar < 42|| Aoz,
where A is symmetric tridiagonal [10]. So a bound on |||L||B||LT||ar in terms of
||A]|as can be obtained similarly.

In summary, all pivoting strategies for LBLT factorization in the literature [1, 2,
3, 4, 7] are stable methods. Wilkinson [14] showed that the Cholesky factorization of
a symmetric positive definite matrix A € R"*" is guaranteed to run to completion if
20n3/2ky(A)u < 1. We give a sufficient condition for the success of LBL” factorization
with inertia preserved in Theorem 4.3, with proof invoking a theorem by Weyl.

THEOREM 4.2 (Weyl [13, Corollary 4.9]). Let A, B be two nxn Hermitian
matrices and A, (A), A\x(B), A(A+ B) be the eigenvalues of A, B, and A+ B arranged
in increasing order for k=1,...,n. Then for k =1,...,n, we have

Me(A) + A1 (B) < Ae(A+ B) < Ae(A4) + A\ (B).

THEOREM 4.3. With the Bunch-Parlett, Bunch-Kaufman, bounded Bunch-Parlett
or fast Bunch-Kaufman pivoting strateqy, the LBLT factorization of symmetric A €
R™ ™ succeeds with inertia preserved if f(n)kn(A) < 1 (i.e., A is not too ill condi-
tioned), where

1+ max{e., €4n—3}

= 144n3p,u + O(u?).
— 36np, maX{60764n—3} WPt t (u )

f(n) = 36n2pn max{ec, 64n—3} 1
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Proof. The proof is by finite induction. Consider Algorithm 2. Let Ay = A(1:
k,1:k), AAp, = AA(1:k,1:k) and A, = A + AA,, where A+ AA = LBLT. The
process of LBLT factorization is to iteratively factor Ay, increasing k from 1 to n.
Obviously, the first stage succeeds. Suppose the factorization of Ay is successfully
completed with inertia preserved (i.e., the inertia of Ay is the same as that of Ay).
Let s = 1 or 2 denote whether the next pivot is 1 x1 or 2x 2. Since the inertia of Ay,
is preserved, all the pivots in Ay are full rank, so the factorization of Apys succeeds
(i.e., with no division by zero). By Theorem 2.6, (4.3) and (4.4), the componentwise

backward error satisfies

1+ max{ec, €ap—3}
1 — 36kpy, max{ec, €43}

|AAL]|2 < 36k*px max{ec, ea—3} [Akllz =: f (k)] Axll2

for all possible 1 < k < n. Note that f(k) = 144k®ppu + O(u?). Let

)\* (Ak) = 121%11@ |>\1(Ak)|

Assume f(n)k2(A,) < 1. By Theorem 4.2, if A\;(Ax) > 0,

(A + AAg) (Ar) = |AAR ]2 > M (Ax) — f(E)|| Ak ]2

>
> A(Ap) (1 = f(R)R2(Ar)) = Au(An)(1 = f(n)ra(An)) > 0.

Aq
Ax
Similarly, if A\;(Ax) < 0,

Ai(Ak + AAR) < Ni(Ag) + [|1AAR]2 < —A(Ark) + F(B)]| Axll2 < 0.

Therefore, \;(Ax + AAx) and A;(Ak) ‘have the same sign for i = 1,...,k. So the
pivoting guarantees that the inertia of Ay is preserved. By induction, the factorization
is guaranteed running to completion with inertia preserved. O

5. Rank Estimation. Cholesky factorization for symmetric positive semidefi-
nite matrices with complete pivoting can be used for rank estimation. The stability is
well studied in [8]. In this section, we discuss the stability of Bunch-Parlett pivoting
strategy applied to the rank estimation of symmetric indefinite matrices.

5.1. LDL" Factorization. Given a symmetric matrix A € R"*" of rank r < n,
we assume the necessary interchanges are done so that A(1:r,1:7) is nonsingular.
If A is positive semi-definite or diagonally dominant, such a permutation exists. The
LDLT factorization has L = [ L

Loy
Lyi € R=7%" and D € R is diagonal.The factorization is computationally
equivalent to Algorithm 3.

], where Ly; € R™ "™ is unit lower triangular,

Algorithm 3 LDL” factorization of a symmetric matrix of rank r < n
for j=1,...,rdo
j—1
(*) dj = aj; — o=y dil i,
fori=j5+1,...,ndo
i—1
(##) lij = (aij — 33—y dwlirljn)/d;

end for

end for
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Assuming the factorization in Algorithm 3 runs to completion, we define the
backward error AA by

A+ AA=LDL" + AU+,
where

T n—r
At = 0o 0 7,
n—r 0 Sr+1

with §r+1 the computed Schur complement. Denote the (i,j) entry of ACr+1) by
~(r+1)
a

ij - To simplify the notation, we define [jj =1forj=1,...,r. By Lemma 2.2,

J J
(5.1) |aij — Z dkljklik| <€ Z |dklikljk|
k=1 k=1
forj=1,...,randi=7,...,n.
(5.2) lai — ag Y = didinlie] < err (@l 01+ ldilindjie])
k=1 k=1

forj=r+1,...,nand i =j,...,n.
Collecting all (5.1)—(5.2) into one matrix representation, we obtain

(5.3) |AA] < C o (ILI[DIILT] +AT+D)),
where ¢;; = ¢j; = €npingj,r41y for 1 < j <4 <mn, or simply
(5.4) |AA| < era(JL]|DIILT| + |ATHD)).
Applying (2.4) to bound ||C(1:7,1:7)]|s,

n n T s n s n n
IC1s =Dy =S +2 > S+ > Y ¢y
i=1 j=1

=1 1=1 i=r+1j=1 i=r+1j=r+1
1 T
< 6(27"3 +3r2 +r)u+2(n—7) Z €+ (n—71) 61+ O(u?)
j=1
lLa, 1o 1 2
(5.5) <(nn-r)(r+1)+ 3" + 57 + gr)u + O(u®)

LEMMA 5.1. For any triadic matriz T € R™", TTT has at most 6r non-zero
off-diagonal elements/terms and min{n,3r} diagonal elements/terms. The bounds,
6r and max{n,3r}, are attained with L = (Z3+ Z +1I)(1:n,1:r) for n—r > 3, where
Z € R™™ s the shift-down matriz.

Proof. The proof is analogous to that of Lemma 2.4 and omitted here. O

Suppose A € R™ " is symmetric triadic of rank r < n and has an LDLT factor-
ization. By Lemma 5.1, there are at most 9r terms in LDLT. By (5.1)-(5.2),

n n
(5.6) IICls = Z Z cij < €2.09, = 187u + O(u?).
i=1 j=1
Comparing (5.6) with (5.5), we see the improvement of componentwise backward
error because of the triadic structure. Note that the analysis is independent of the
order of evaluation in (%) and (*x) in Algorithm 3.
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5.2. LBLT Factorization. Now we investigate the LBLT factorization of sym-
metric A € R™*™ of rank r < n. Assume that the necessary interchanges are done so
that A(1:r,1:r) has rank r, as they would be with Bunch-Parlett pivoting. Denote
the factorization by A = LBL” where B = diag(Bi, Ba,...,Bmn_1) € R™", and

Ly
Loy Lo
L= : € R™*". Each B, is either 1 x 1 or 2 x 2
Lpn-11 Lm-12 - Lm—1m-1
Lml Lm2 T Lm,mfl
fori =1,...,m — 1, with L partitioned accordingly. Each L,; has n — r rows for
j=1,...,m. The factorization is computationally equivalent to Algorithm 4.

Algorithm 4 LBL” factorization of a matrix of rank r < n
forj:l,...,m—ld('l)
(%) Bj = Ajj — >4y LinBiL],
fori=j5+1,...,mdo
- B
(##) Lij = (Aij — > 9=y Lie Be L) By !
end for
end for

Assuming the factorization in Algorithm 4 runs to completion, the backward error
AA of LBLT factorization is defined by

(5.7) A+ AA=LBLT + AU+,
where
r  n—r
At = 0o 0 7,
n—r { 0 §T+1 ]

with 5,«4_1 the computed Schur complement. To simplify the notation, we let Li=1
or I> depending on whether B; is 1x1 or 2x2 for i = 1,...,m — 1. We assume
condition (2.6) holds. By Lemma 2.5,

j j
(5.8) |Aij = > LiBp LY, | < max{ec, es;3}(|Aij| + > [Lanl| Brl[L], ),
k=1 k=1

forj=1,...,m—1landi=j,...,m. Note that though Apm can be larger than 2x2,
the error analysis in Lemma 2.5 for S, is still valid. Therefore,

m—1 m—1
(59) |Amm_ r+1+2 LkakLﬁkl < 64m—3(|Amm|+|ST+1|+Z |Lmk||Bk||L£k|)
k=1 k=1

Collecting all (5.8) and (5.9) into one matrix representation, we obtain
(5.10) |AA] < Co (JAl +|LIIB|ILT| +|AT+D)),

where the elements in (¢, j) block entry of C' is max{e., es;—3} for 1 < j < i < m.
Since m < r + 1, we may simply write

(5.11) (AA] < max{ee, e} (4] + (LI BIIET] + AT+,
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Applying (2.11) to bound ||C(1:7,1:7)|s,

n n T T n T n n
RS %25 3 WIRED Db RS i o
i=1 j=1 i=1 j=1 i=r+1j=1 i=r+1j=r+1
1 T
< enfu+ 5(47'3 —3r2 +2r)u+2(n—r) Z €1j—3 + (n —1)esrp1 + O(u?)
j=1

(5.12) = (en®* + (4nr+n—3r)(n —71) + gr?’ —r? 4 gr)u + O(u?).

By Lemma 5.1, if A is triadic of rank r, there are at most 9r block terms in the
LBLY factorization. Each has at most 4 elements. By (5.8) and (5.9),

(5.13) ICls < 4(9ree + eoparsny) < 36(cr + 4r + Du + O(u?).

Comparing (5.13) with (5.12), we see the improvement of componentwise back-
ward error because of the triadic structure. Note that the analysis is independent of
the order of evaluation in () and (%) in Algorithm 4.

5.3. Normwise Analysis. In this subsection we bound ||A — LBLT || for ana-
lyzing the stability of Bunch-Parlett pivoting strategy applied to rank estimation for
symmetric indefinite matrices. We also bound ||A — LDLT ||y and ||A — LDL” ||« for
positive semidefinite matrices and diagonal dominance matrices, respectively.

THEOREM 5.2. With Bunch-Parlett pivoting on a symmetric indefinite matriz
A

7

1A = LBLY||p < max{e, 4r+1}(r(A) + 1)((IWll#+1)* + Dull A r + O(u?),

where W = A(1:7,1:7) " YA(L:r,r+1:n), 7(A) = ||L||BI|L7||| /| LBLT ||r and c is
from condition (2.6).

Proof. Since (2.6) holds, so does (5.11). The growth factor and 7(A) are well-
controlled, so that AA = O(u). Note that LBL” is the partial LBLT factorization
of A+ AA with A+D the Schur complement. The perturbation theory in [7] gives

(5.14) IAY D] < (IWlF + 1)1 AA] 7 + O(u®),
where W = A(1:7,1:7)"YA(1:7,r+1:n). By (5.7), LBLT = A+ O(u). Therefore,

1AA||F < max{ec, eara YL BILT |7 + 1Al + ATV 7)
(5.15) < max{c, 4r+1}(7(A) + Du| A| r + O(u?).

Substituting (5.15) into (5.14), we obtain
(5.16) ATV [p < max{e, 4r+1}(r(A) + (W] r + 1)*u]| Al p + O(u?).

The result is concluded from (5.7), (5.15) and (5.16). O

Now we consider the Bunch-Parlett pivoting strategy incorporated into the LBLT
factorization. By Theorem 5.2, the bound on ||A — LBLT||r/||A|lr is governed by
[W]|p and 7(A). For any general singular symmetric A € R"*",

(517) Wlar < |/ 5 =) 1),
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1 L} is the element bound of L [7]. With the suggested pivoting

argument o = %ﬁ ~ 0.64, v = %ﬁ ~ 2.56. Applying the analysis for (4.3) to
bound 7(A), we obtain

where v = max{

(5.18) T(A) < 36n(r+1)pr41

for symmetric A € R™*™ of rank r < n, where p,;1 is the growth factor.

If all the non-zero eigenvalues are positive, then the matrix is semidefinite. and
the LBLT factorization with Bunch-Parlett pivoting strategy is equivalent to the
LDLT factorization with complete pivoting. With an argument similar to that used
in obtaining (4.1), the bound on 7(A) is reduced to 7(A4) < r, where we use the
2-norm instead of the Frobenius norm. Following the proof of Theorem 5.2 but using
(5.4) instead of (5.11), we find that

|IA = LDL ||z < r(r + 1)((IW]|2+1)* + Du| A2 + O(u?).

A comparable bound for Cholesky factorization of a positive semidefinite matrix was
given in [8] by Higham. Note that the bound on ||W]||2 is also reduced because vy = 1.
A similar analysis for diagonal dominant matrices gives

A= LDL" || < 20 = r)(r + D)(([W oo +1)? + Luf Afloo + O():

Note that W = L' L%, where L1; = L(1:7,1:7) and Loy = L(r+1:n,1:7).
Diagonal dominance guarantees that Ll_lT has all elements bounded by 1. Therefore,
Wl = L7 LEelloe < |L1 elloo < 7, which implies the potential of high stability.

5.4. Experiments. For rank estimation, the important practical issue is when
to stop the factorization. In (5.16), the bound on ||A"*+YD | z/||A|r is governed by
[[W||r and 7(A). However, both bounds (5.17) and (5.18) are pessimistic. To investi-
gate the typical ranges of |WW||r and 7(A) in practice, we used the random matrices
described as follows.

Each indefinite matrix was constructed as QAQT € R™*", where @ is a random
unitary matrix generated by the method in [12] (different for each matrix) and A =
diag(\;) of rank r. The following three test sets were used.

M=l == \a| =1, A =0,
Ml =Pe| == Ao =0, N =1,
|Ai|:ﬁiai:15"'a7a_17 A?":17

where 0 < 0 < 1, and 377! = o for r > 1. We assign the sign of \; randomly for
i=1,...,7— 1, and let ¢ denote the number of negative eigenvalues. For each test
set, we experimented with all combinations of n = 10,20,...,100, »r = 2,3,...,n,
t=1,2,....,r—1,and 0 = 1,1073,...,10712, for a total of 94, 875 indefinite matrices
for each set. Among all the indefinite matrices, the largest ||W|r and 7(A) were
34.054 and 3.173, respectively. Both numbers are modest. Note that the bounds
(5.17) and (5.18) depend on r more than n, as does (5.16). Experimenting with
several different stopping criteria, we suggest

(5.19) 1Akl < (k+ 1)) Al g,
which gave the best accuracy of the estimated ranks, or the less expensive

(5.20) I1Billr < (k+1)*ul| Bl
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where B; is the computed ith block pivot. With the Bunch-Parlett pivoting strategy,
||A||J\4 ~ ||B1H]\[ and ||Ak+1”]\[ ~ ||Bz||M, where diag(Bl,BQ, . 7Bi—1) S Rka.
Therefore, (5.19) and (5.20) are related.

One potential problem is that continuing the factorization on S’r+1 could be unsta-
ble for rank estimation. However, the element growth is well-controlled by pivoting.
The dimensions of Schur complements are reduced, whereas the upper bounds in
(5.19) and (5.20) are increased during factorization. These properties safeguard the
stability of rank estimation.

Our experiments were on a laptop with a Intel Celeron 2.8GHz CPU using IEEE
standard arithmetic with machine epsilon 27°2 ~ 2.22 x 10716, The estimated ranks
were all correct. We further experimented with ¢ = 1071%, and instability occurred
in the second and third test sets, since the conditioning of the non-singular part of a
matrix affects the stability of rank estimation.

Forcing all the non-zero eigenvalues to be positive in the three test sets, we also
experimented with rank estimation of positive semidefinite matrices by LDL” fac-
torization. With stopping criteria (5.19) and (5.20), all the estimated ranks were
accurate for o = 1,1073,...,107!2, and similar instability occurred with ¢ = 10715,
The criteria suggested in [8] were for rank estimation of positive semidefinite matrices
by Cholesky factorization. They result in less accuracy than (5.19) and (5.20) for
indefinite matrices.

Both stopping criteria (5.19) and (5.20) work very well in our experiments except
when o = 10715, However, they may not be the best for all matrices. A priori
information about the matrix, such as the size of |||, growth factor and distribution
of non-zero eigenvalues, may help adjust the stopping criterion.

6. Concluding Remarks. Table 6.1 lists the highest order terms of the bounds
on ||C||s for symmetric matrices and symmetric triadic matrices, where n is the matrix
size. The references to their definitions and bounds are also included. For LBL”
factorization, the constant c is from (2.6). For singular matrices, r denotes the rank.
It shows the improvement of bounds on backward errors because of triadic structure.

TABLE 6.1
Bounds on ||C||s for LDLT and LBLT factorizations

Bounds on ||C|s Def. General Triadic
Nonsingular | (2.2) zndu (2.4) Inu (2.5)
LDLT | Solving Az=b | (3.3) Hndu (3.4) Tn?u (3.5)
Singular (5.3) | (nr(n—r)+=r3)u (5.5) 18ru (5.6)
Nonsingular | (2.10) n’u (2.11)| 4(7c+36)nu  (2.12)
LBLT| Solving Az=b | (3.6) Hntu (3.7) 28n%u (3.8)
Singular (5.10) | (4nr(n—r)+3r*)u (5.12)] 36(cr+4r+1)u (5.13)

We have studied the componentwise backward error analysis and normwise anal-
ysis for LBL™T factorization and its applications to solving linear systems and rank
estimation. Our concluding remarks are listed below.

1. LDLT factorization and its application to solve linear systems are stable if the
growth factor is modest. Both positive definiteness and diagonal dominance
guarantee the stability, because the growth factors are bounded by 1 and
2, respectively. A modest growth factor does not guarantee a stable LBLT
factorization. Nevertheless, LBLT factorization and its application to solve
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4. Due to the sparsity, the stability of LDLT and LBL™T factorizations is im-
proved for symmetric triadic matrices, as shown in Table 6.1.
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