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Methods for Computing and Modifying
the LDV Factors of a Matrix

By Philip E. Gill, Walter Murray and Michael A. Saunders

Abstract. Methods are given for computing the LDV factorization of a matrix B and
modifying the factorization when columns of B are added or deleted. The methods
may be viewed as a means for updating the orthogonal (LQ) factorization of B with-
out the use of square roots. It is also shown how these techniques lead to two nu-
merically stable methods for updating the Cholesky factorization of a matrix follow-
ing the addition or subtraction,respectively, of a matrix of rank one. The first method
turns out to be one given recently by Fletcher and Powell; the second method has
not appeared before.

1. Introduction. Any m x n matrix B of rank m (m < n) has an LQ factoriza-
tion of the form B = [L 0]Q, where L is a nonsingular lower-triangular matrix and Q
is orthogonal (Q7Q = QQT =1). The columns of L and the first m rows of Q are
uniquely defined, apart from sign. Let /; be the diagonal elements of L and let a diag-
onal matrix D = diag(d,, d,, ... ,d,) be defined by
13,

1, i

i=1,2,...,m,
d;=
m+1,...,n.

I

An LDV factorization of B may then be written in the form B = [L 0]DV, where L
and V are defined in terms of L, @ and D by the equations

[LolpY?2 =1[L0], D' ?v=¢

The diagonals of L are unity and the rows of V are orthogonal. The following relations
are easily proved:

(1a) vvT =p™1,
(1b) vTDV =1I.

Henceforth we shall use the notation L for both L and L above, since it will always be
clear from the context whether or not L has a unit diagonal.

In this paper we derive methods for computing the LDV factorization of a matrix
and methods for modifying the factorization when columns are added and deleted. The
resulting methods are described in Sections 3 and 4 and may be applied immediately to
the Simplex method for linear programming. The motive for working with LDV factors
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rather than LQ factors is that square roots are eliminated and the amount of computa-
tion and storage is reduced.

In Section 5 we show how these results lead naturally to two methods for com-
puting the Cholesky factors L and D of the matrix LDLT = LDLT + ozzT for some
vector z and scalar 0. The method for the case ¢ > 0 turns out to be one given by
Fletcher and Powell (1973), while the methed for the case ¢ < 0 has not appeared be-
fore.

The keynote to this work is the construction of LQ factors for two elementary

matrices of the form
I
l: ll’] and I-qqT

for given vectors p and g, where |lgll, = 1. The special structure of these factors is
given in the Appendix. Although the derivation of the recurrence relations involved is
relatively complicated, we emphasize that the recurrence relations themselves are very
simple.

L.1. Notation. We shall use the notation M=M (p, B, v) to denote a special
lower-triangular matrix constructed from the vectors p, § and vy according to

0, i<j,
Mij =17 i=j,

If the diagonal elements of M form the vector e = (1,1, ..., )7 we shall write either
M= A?(p, B, e) or just M =1l7(p, B).

The notation ||v]] will always mean the 2-norm lvll, = (vTv)l/ 2 of a vector v, and
a diagonal matrix D with diagonals d; (i = 1, 2, ..., n) will be written D =
diag(d,, d,, ... ,d,).

2. LDV Factors. We have defined in Section 1 what will be called a proper LDV
factorization of a general rectangular matrix B. For later use the notion needs to be
generalized in the following way. Suppose that L is unit lower triangular, D is a diag-
onal matrix with positive diagonal elements, and V is a matrix such that

V) B = [L O]DV.

If there exist nonsingular diagonal matrices D, and D, such that the matrix Q = D,VD,
is orthogonal (unitary), then we shall call (2) an LDV factorization of B. (In other
words we require that ¥ can be transformed into an orthogonal matrix by simple row
and column scaling.)

We now define (2) to be a proper LDV factorization in the event that

D, =D'? and D, =1,

in which case @ = D'/?¥ and the relations
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vwIT'=p~! and VIDV =1

hold as stated in Section 1.

We shall be particularly interested in the case where some of the columns of B
are null. Matrices B of this kind will always arise in such a context that they are expres:
sible in a form LDV such that, corresponding to each Be]- which is null, Lej =g, Vej =
€ e]-TV]- = e]-T and De; = 0, where e; is the jth column of the identity matrix. If DT =
diag(df, df, ..., d}) is defined by
aF = d;, d;>0,

1, d; =0,

then the relations V¥7 = (D)1 and VD"V = I hold in place of (1). It should be
emphasized that when several columns of B are null, the LDV factorization is far from
unique; the particular form of the factorization LDV described above will arise in a
natural way in the algorithms we describe.

3. Computing the LDV Factorization of an m x m Matrix B. Let A be a matrix
made up of j columns of B and m —j columns of the zero matrix (initially we shall
not specify any particular ordering of the columns of A),and assume that the LDV
factorization of A, denoted by A = LDV, is known. We shall describe a method for
computing the LDV factors of the matrix A obtained by replacing a zero column of
A by a new column b. This technique leads naturally to a method for computing the
LDV factorization of B since, if B, denotes the zero matrix with factorization B, =
L\DyV,, where Ly =1, D, =0 and V = I, the columns of B can be added one by
one to By,.

From our remarks in Section 2, the diagonal matrix associated with the factoriza-
tion A = LDV has m —j zero elements and V has m — j columns of the identity matrix
Let p be the vector such that Lp = b, and p, the first element of p such that p; # 0
and d; = 0. Define

A=A+ beT

(that is, the column b is added into the sth position). The recurrence relations we shall
derive are invalid if p, = 0. However, if B is nonsingular it can be shown that there
exists at least one | p,-l > 0 (otherwise the new column is a linear combination of those
that have already been processed). Using the LDV factorization of 4, we have

A = LDV + bel = L(DV + peT).
By definition, the sth row of V is e, giving
3) A = LD + pel)v.
From Theorem A2 we have that the LDV factorization of D + pesT is of the form
) D + peT = LDV,

where
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o 1 -
p,B, 1
P3B, p3B, 1
(5) Z’ — psBl psB2 psﬁ3 : 1 ,
Pss1By Poy1By PoyiBs * Doy 1
Psy2By PoyaBy PsioBs * DPeyaBs 0 1
. . . . . . . 1
PuBi  PmBy  Pmbs p.Bs 0 0 - -1
_ .
l_ﬁlpl Bl
_ﬁzpl I_szz Bz
~ B3Py —B3p, 1-B3p4 B3
© ¥ = . . . <. B,
- ﬁspl - Bsp2 - Bsp3 * * Bs '
0 0 0 . - 1
| o 0 0 « e+« « v+ <0 0 1

~

D= diag(c?;, (7;, veeydy)

=diag(¢fl,¢f2, ,Js_l, 3.@’ deyqs---5d,),

and the matrix (D*)}/2¥(D*)~1/2 is orthogonal. The vectors d and B are generated
by the following recurrence relations:

(i) define ¢ty = 1;

(i) fork =1,2,...,s— 1 compute the following: if d; = O,then set v, =0,
otherwise set v, = p,/dy, ty =ty_y + Vil A = dili/te_1> Bx = Viltes
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(iii) define dy = p?/t,_, and B, = 1/p,. - N
Substituting (4) in (3) gives A = LLDVV. From the orthogonality of (D*)!/2y(D*)~1/2
we have
() VOH VT = @)

Now

TV = PvvTPT = PO 177 = @+)~1, from (7).

Consequently, if we write vy = v, D=Dand LT = L, then we have a factorization
of 4 of the form required.

By adding each column of B in turn and using the results just obtained we can
generate a product form of the factorization (2). As the factorization proceeds, a new
element of the diagonal matrix D becomes nonzero and a new column of L and column
of V are defined. Let D;, V; and L; denote the matrices D, V and I defined at 4)
which are associated with the matrix made up of j columns of B. Then we have

B=LL,"*"L,D,V, " V,V,,

or B=LDV, ifwewriteL=LL,***L,, V=V, V,V,andD=D,,.

The important feature of the matrices Li and V; is that they both can be con-
structed from the pair of vectors p and 8. We shall show in Section 4.1 how their
special form can be exploited to obtain the solution of equations of the form Ly=z
and products of the form y = Viz.

3.1. Stability and Sparseness Considerations. The general algorithm just given
could be numerically unstable if the columns of B were added in random order. Just
as with LU factorization, some “pivoting” strategy is required to ensure that the new
column at each stage has a sufficiently large pivot element (p, above). A preliminary
ordering of the rows and columns of B would reduce the amount of column inter-
changing required. In the context of linear programming, the preassigned pivot pro-
cedures of Hellerman and Rarick (1971, 1972) would be useful.

In general, the purpose of preassigned pivot procedures is to rearrange the rows
and columns of an arbitrarily sparse matrix before the factorization commences in
order to reduce the subsequent storage requirements. In mathematical terms we seek
permutation matrices P; and P, such that the fill-in during the solution of the equa-
tions P, BP,y = P, b, is less than that during the solution of Bx = b. The solution x
can be obtained from y using x = P, y. One useful rearrangement of B, in view of the
factorization being considered, is to choose P; and P, such that P, BP, is of the form

\L\

®) B

-~
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This matrix is lower triangular except for the matrix B, defined as a bump. The lower-
triangular matrices L, and L, are known as the forward triangle and backward triangle,
respectively. Hellerman and Rarick (1971 and 1972) have given two algorithms for
determining a further reordering of the matrix B. These algorithms give a matrix P, BP,
as in (8) together with a matrix B which is itself lower triangular save for further bumps
B.,B,,..., B; (there may be any number), each of which is lower triangular save for
columns of nonzero elements called spikes. For example, a bump B; could be of the

form
X X
X . X
X - x x - X
) B]- =
. . X X . .
X x X X
x x - x x

with x denoting the nonzero elements. Our example has spikes in the fourth and last
columns.

If we apply the LDV factorization to a matrix which has been obtained by apply-
ing the Hellerman and Rarick scheme to B, then significant savings in fill-in are achieved.
In this case, corresponding to a nonspike column, the L; is an elementary matrix and
the V; is an identity matrix with its jth diagonal element replaced by l/ﬁj. The number
of nontrivial Vj’s is equal to the number of spike columns.

Rather than computing the LDV factors of B directly, there is an alternative strat-
egy which maintains numerical stability and at the same time improves the sparsity of
the factors. It is:

(1) compute a triangular factorization B = LU, using Gaussian elimination with
column interchanges to preserve stability;

(2) use the above algorithm to compute an LDV factorization of U. In this case
it is natural to add the columns of U in order from left to right.

The final result is a factorization of B in the form

m~m " m m-—1

B=LU=LLLy,**+L,D, V,,V, - V,.

Note that since U is upper triangular the elements Psi1s -+ > D,y are zero for each
factor L.

This strategy has been implemented and tested on some medium-scale linear pro-
grams. The procedure P3 (Hellerman and Rarick (1971)) was used to specify an initial
row and column ordering for B. (In practice only a few additional column interchanges
are then required to ensure stability in the LU factorization.) The recurrence relations
defining the LU factorization of P, BP, imply that fillin occurs only in the spike col-
umns. For example, the LU factorization of (9) is of the form
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_ - - -
X . . . . . by X
x . x x
x x X x x
x X x x|
X X X x X x
x x - ox x x]| x |

The important facts are that

(a) the bulk of the LU factorization is in L, and

(b) U is almost strictly diagonal (except for the spikes).

In practice we find that there is virtually no further fill-in in the spike columns
during the LDV factorization of U. To summarize, this means that for a general sparse
matrix B (of the type encountered in LP) it is possible to compute an orthogonal fac-
torization B = LDV in product form, whose density is only slightly greater than that
of the triangular factorization B = LU. This is a surprising result.

4. Adding and Deleting Columns of B. When combined, the two theorems in this
section show how the LDV factors of a nonsingular square matrix B can be modified
when one column of B is replaced by a new column.

THEOREM 1 (ADDING A COLUMN). Let B be an m x m nonsingular matrix and
let the m x (m + 1) matrix [B 0] have a proper LDV factorization [B 0] = [L 0]DV,
where L is unit lower triangular, D = diag(d,, d,, ... , d,,, 1) and D*/?V is orthogona.
If a column ag is added to B to give the matrix B, then B has a proper LDV factoriza-
tion B = [Ba,] = [L 0]DV, with

L

LM, D = diagd,,d,,...,d,,a?), V="V,

sYmo»

where

- o . [N
Lp=a, M=DM(p,p), N=Mp g -6’ V=[_pr ﬂ

and DY?V is orthogonal. The quantities d;, B and o} are defined by the following
recurrence relations:

10() definety, = 1;
10Gii) forj=1,2,...,mset
a0 A
i = 4hlt-1
ﬂj = p]-/(d]»t]-);
10(iii) define o2 = 1/t,,,.

Proof. Adding the column to B gives

(11)  B=[BO] +ael ,, =[LO]DV +Lpel ., =[LO] <0V+[g]e§+l>,
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where p is the solution of Lp = a,. Now D'/2¥ is orthogonal and the last column of
[B 0] is zero; hence DY/2V is really of the form

0
or-ff )
v 0 1
where Q is the orthogonal matrix in the LQ factorization of B itself. Since d,ln/ _f_ =1

this means that eZ, ¥ = el . Substituting into (11) gives

B=1[L0] (D + [g]e;,,,) v = [L 01LDBPV = [T 0DV,
where we are now using the corollary of Theorem A2 to write down an LDV factoriza-

tion of D + [{;]ez,; +1- Using the notation of the corollary of Theorem A2,we have

~

— - M 0 ~
€Y) [LO] =[LO]L=[L Ol[ﬁT l] = [LM O],
so that
(b) L =ILM; D=D;
(©) V=V

The structure of ¥, M and N and the recurrence relations (10) also follow from the
corollary of Theorem A2. Finally we have

D2V = pli2py = o2 ,7D—1/2)(D1/2 V),

where both parenthesized quantities are orthogonal matrices. It follows that D'/2V is
orthogonal and the theorem is proved. 0O

THEOREM 2 (DELETING A COLUMN). Let B be an m x (m + 1) matrix with a
proper LDV factorization B = [L 01DV, where L is unit lower triangular, D =
diag(d,, d,, ... ,d,,, a3) is positive definite and D*/?V is orthogonal. If B is the
matrix remaining after the rth column a, is deleted from B, then B is nonsingular, and
[B 0] has a proper LDV factorization [B 0] = [L 0)DV, with

L =LM, D =diagd,.d,,...,d,,1), V="V,

sY%m>

where

p ~ ~ . [MT o
[ z]: DVe,, M=M(p,B), V =[ r ZB], 1l = a permutation matrix
« p a,
and D12V is orthogonal. The quantities c-f; and ﬁj are defined by the following recur-
rence relations:

12(i) define t,,, ., = o /a?;
12Gi) forj=m m—1,...,1 set
(12) t =ty + P2d;,
d; = ditj, I,
Bj = "Pj/(djti-;- 1)-
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Proof. 1f 11 is the permutation matrix which interchanges columns r and m + 1
of B, we have the identity

(13) [B 0] = (B -a,eD)I.

Also, if we compute the rth column of DV as [ap 2] = DVe, we have

a, = Be, = [L 0]DVe, = [L 0] [ap ]
2
and
er — VT p],
L0y

since VTDV = I from (1b). Substituting for a, and e, in (13) gives

[B 0] = [L 0] (D - pcf][pT a2]> VL

L2

Now from the definition of p and a, we have D~ 1/2 [P 1Il= Ip1/? Ve, |l = 1 since
D2V is orthogonal. Hence the conditions of Theorem A4 are satisfied and we can
write down an LDV factorization of D — [P ] [T a,] to give

2

[B 0] = [L 0)ZDVvT = [L 0]DV.

Using the notation of Theorem A4, we have

® Co-pgoai=L m[M , ] - 1L 0],
a,p’ 0

so that

(b) L=1LM;, D=D;

(c) V="V

The structure of ¥ and M and the recurrence relations (12) also follow from Theorem
A4. Finally we have

D27 = D2y = (B2 VD— 12D 2 vy,

where all parenthesized quantities are orthogonal matrices. It follows that D2V is
orthogonal and the theorem is proved.
Note also that the last row of D!/2V is

el DYV =l D'2Pvii=el , PV = [pT a,] VIl

=elvTpyn=elli=el |,

and hence D/?V is of the form
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where Q is the orthogonal matrix in the LQ factorization of B. O

Theorems 1 and 2 imply that when a column of B is replaced by a new column
we can extend the product form of Section 3 by adding new factors L, . ;, V,, 41>
L, . V,.+o and updating D, to become D, , ,.

4.1. Use of the Special Matrices M and V. The matrices M = M (p, B) in Theorems
1 and 2 will be used to solve systems of the form

My=z or MTy=z.

Algorithms are given in Saunders (1972) which show that y can be computed using two
multiplication operations for each nonzero element in p. Similarly the matrices 7 in
Theorems 1 and 2 will be used to compute products of the form

y=I72 or y=I7Tz,

and it is easy to show that y can again be computed using only two multiplies per non-
zero element in p.

5. Modification of the Cholesky Factors. This section is concerned with the mod-
ification of the Cholesky factors of a symmetric positive-definite matrix A after a rank-
one correction. In mathematical terms, the problem is to compute the Cholesky factors
LDLT such that

(14) IDLT =4 = A + 02z = LDLT + 0227

It will be assumed throughout that the elements d; and ‘71 are positive, which
implies that the matrices A and A are positive definite. We shall scale the vector z
such that the modification (14) is either of the form

(15) LDLT = LDLT + w7,
or
(16) LDLT = LDLT — w'.

Although this scaling requires an additional n divisions and a square root, it minimizes

the probability of overflow/underflow on the occasions when o is large and ||z|| is small.
Since A is positive definite, it can be written in the form 4 = BBT  where B is a

nonsingular m x m matrix. If B has the proper LDV factorization B = LDV, then L

and D are the Cholesky factors of 4. The two methods given in 5.1 and 5.2 for per-

forming the modifications (15) and (16), respectively, are based upon the theorems given

in the appendix for modifying the LDV factorization of B without storing V.
5.1.LDLT = LDLT + w”. We have the identity

an A=LD+pp"LT,
where p is the solution of the equations
(18) Lp =v.

We can now apply Lemma A3 to write down the LDLT factors of D + pp7 as
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D + ppT = MDMT,

where M = A?(p, B) and D= diag(g1 s eees c?m) can be computed using the recurrence
relations

19(i) define ¢, = 1;
19(ii) forj =1,2, ..., m set

(19) t=1t,_, +pjld,
= ditift_,

Bj = p,'/(djtj)-

Clearly the required Cholesky factors are given by L = LM and D = D. These recur-
rence relations for computing §; and (7] are identical to those given by Fletcher and
Powell (1973) although they have been derived in a different way.

The special structure of the matrix M enables the product LM to be efficiently
computed in terms of the BJ. using the following forward recurrence relations suggested
by Gill, Golub, Murray and Saunders (1974):

@) define v = Lp;
(i) forj=1,2,...,mset
I+ =) ~pi

rj

(20) r=j+1,...,m

Ly =1, +goI*th

The vector (1) needed to initialize the recurrence relations is known, since v(!) =
Lp = v. Also, each of the vectors (D (j=1,2,...,m) can be obtained during the
jth stage of the initial forward substitution (20) since
. m j—1
uS/):Zln.pi=ur—Zln-pi, r=jj+1,...,m
i=j i=1
We note also that, using the expression for vfi +1) we can rearrange the equation
for zj in the form

Li=1,+ 80" -pl) = -, + B
(21) = d,/d)l,; + B,

This method requires 3m?/2 + O(m) multiplications to completely update the factors,
whereas only m? + O(m) are required using (19) with (20).

Rounding-error analysis of the recurrence relations (19) and (20) and of (19) and
(21) have been carried out by Fletcher and Powell (1973). This analysis shows that
the corresponding rounding errors involve a term with coefficient c—i;/dj and dj/a; , respec-
tively. The recurrence relations (19ii) indicate that d; > d; for all j; and, consequently,
the formula (21) should be used to obtain the new factor, since the term d]-/di has a
damping effect on the error. The resulting algorithm has the unsatisfactory feature that
an additional m?2/2 multiplications are required. However, Gentleman (1973) has sug-
gested using formula (20) until the ratio E}/di exceeds a certain fixed quantity. It has
been observed in practice that the amount of work for this modified process is still ap-
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proximately m? + O(m) since large values of Ei/di are only likely to occur on one or
two occasions during a single updating. For example, if d, /d, exceeds the bound, only
m — k additional multiplications are required.

In summary, the algorithm for performing the modification (15) is given by

() define zy = 1,0 =v;

(ii) forj=1,2,...,m compute

p =y,
=ty + pj/d,
d; = djtj/t]-_ 1

ﬁj f P,'/ (djtj)a

if d;/d; > 4, then set
Ty = @y /il + B
uﬁ"“)= vfj) - pjl

rj

z, r=j+1,...,m,

OtherWise set
i+1) — j
U(, ) = v(l) _p]l .

i, r=j+1,...,m

Ly =1, + B+ D

5.2.LDLT = LDLT — wT. In this case, instead of (17) we have
(22) A=LD-pp"LT,
where p satisfies (18). Consider the quantity o® = 1 — pTD~!p. From (22) we have
det(A4) = [det(L)] 2det(D — ppT).
Since L is unit lower triangular det(L) = 1, and consequently
det(4) = det(D — ppT) = a2det(D).

Since by assumption A is positive definite, det(4 ) > 0 and o? is positive. This
implies that we can apply Lemma A4 to give the factorization D - ppT = MDM?T, using
the recurrence relations: -

(@) define ¢, ,, = o?;

(i) forj=mm-—1,...,1 set

—_ 2 7 —_—
4 =tivy Y Pjld; dp=dity [t B = pil it ).

Since the elements of the vector § are computed in the order 8,,, 8, _ TR
it is convenient to compute the product LM using the backward recurrence relations:
forj=mm-1,...,1 set

ofP = p;,
L =1, + o+ D '
23 o G+1) 5 r=j+1,...,m
(23) vr] = vr] + pilrf

In this case there is no need to consider an alternative recurrence relation for _l_,].
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since, as mentioned earlier in 5.1, the error involved using a recurrence relation of the
form (23) is multiplied by the factor d_]-/d]- and Ej < d; forallj.

Unlike the recurrence relations for adding a rank-one matrix, the formation of
L cannot take place during the computation of the vectors p and @ since all of p must
be known before the recurrence relations for § can commence. For this reason the comr
putation of the modified factors requires 3m?/2 + O(m) multiplications. It is a feature
of this method that, provided o > 0, the modified matrix is positive definite regardless
of any rounding errors made.

The final algorithm to perform the modification (16) is thus as follows:

(i) Solve the equations Lp = v and define ¢,,,, = 1 —pTD™'p;if 1, ., <O
set t,,,, = €, where € (e > 0) is the machine precision;

(i) forj=mm—-1,...,1 set

=ty + P/,
d; =dit; 1/t
ﬁ,‘ .= - p]-/(d’-tl-+ 1),
o =,
Ly =1y + gtV

. . , r=j+1,...,m.
v}(‘I) = v£l+1) +pil,;

Acknowledgments. The authors would like to thank Dr. J. H. Wilkinson for his
careful reading of the manuscript and a number of helpful suggestions.

Appendix. Here we give the lemmas and theorems referred to earlier which develop
the special structure of the following matrices:

(a) the product P of certain sequences of elementary orthogonal matrices which
reduce an n-vector z to a multiple of the unit vector e, , thus:

Pz =||zlle,

withP=P, P, _,*** PPy andP=PP, -+ P, P, ,, where each Piisa plane
rotation;

(b) the LQ factors of matrices of the form

[ 5] ma 1-aa™  aqn=1y

(c) the LDV factors of matrices of the form

[D ';] and D—-qq” (ID7'%qll=1)
where D is a positive-definite diagonal matrix;
(d) the Cholesky factors of matrices of the form
D+ ppT and D -ppT.

LEMMA Al. Let z be an n-vector and P an orthogonal matrix such that
O] Pz =|lzlle,,.
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In particular, let P be the product of plane rotations
) P=p, |, PP,

where each Pl is a symmetric orthogonal matrix of the form

F"l '1

1
P = ~¢ 8; (row j).
1
1
5; ¢

e

Equation (1) holds if the elements ¢; and s; are such that

(31) [— ¢ si][ z; ] _ [O]’
S G1|Pi—1 Pj

where

2 — 52 2
(3b) e + zi',
(3¢) G = p,'_l/p,',
(3d) s = z;/p;,

forj=1,2,...,n—1. (Whenj =1 we define p, = z,,.) If the last component of z
is nonzero, P can be formed into the matrix

71 0,2,
052, 72 032,
032, 032, 73 032,
P = )

Opn_12 Opn_122  * * ° ° Tn1  On_12,

0nZ, 0n2y ottt 0,2, onZnJ

where the elements o; and v; are defined by the recurrence relations
4G) forj=1,2,...,n — 1 define
) G=8/Pim1s Y =T C
4A(ii) define o, = 1/p,_; (=1/lizll).
[Note: We require z, # 0, but in general there may be z; = 0 forj <n. For suchj

we define P] =1, 0; = 0, V= 1, so the jth row and column of P will be unit vectors.
Without loss of generality we may assume z, # 0.]
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Proof. We shall define

P=P, Py o PP, ’

and the partial product
PPy - PPy =0y

The first # rows of Q, are unaffected by subsequent rotations P, ,, ..

and so we can write

— -

p{

Py
(5) Qt = e{+l

T
n—1

L7
Using Eq. (1), the vector Q,z = v, is of the form

(6) v?=(0,...,O,Zt_,_l,...,zn_l,pt),

e

and since Q, is orthogonal

) z= vat.
Substituting (5) and (6) into (7), we have

— - -
z; 0
z, 0
Zipy | = [ Ze | T PA:
Zn—l Zn—l
z 0
L n - L. .

P

n

1065

-1
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giving

Zl 22 Z Z
qf = (—,—, e =£,0,...,0,2).
Pt Py Py Py
At the (¢ + 1)th stage, Q, is premultiplied by P, , giving the row p7, | as a linear com-
bination of the two rows

©,0,...,0,1,0,...,0,0)

<z‘ 22 f-’-,o,o,...,o,f-’l).

pt’pt,...,pt pt
Thus
v _ (%1541 %2541 2841 ZnSt+1
Piy1 = P, B, > Ay ,—ct+1,0,...,—-———pt s
and if we define o,,, =s,,,/p, and v,, ; = — ¢,,,, we have the required result. [

THEOREM Al (LQ FACTORIZATION OF AN ELEMENTARY MATRIX). Let 4 be a

where q is an m-vector. The matrix A has the LQ factorization A=T a, where L is a
special lower-triangular matrix and Q is an orthogonal matrix of the form

~ FJ ~ va g
L—[OT a]’ Q—[-aqT a:l’

Both M and N are special lower-triangular matrices defined by
M= A?(q, 0, 8), N= 17(0, -q,7) =M1 =mT - aqT,
where the vectors o, v, 8 and the scalar « are generated by the following recurrence
relations:
8(i) define py = 1;
8@ii) forj=1,2,...,mset
p} =0} +a},

®) 0p =~ qi/(Pij_l),
=" p,'_l/pja
;= 1/vs3

8(iii) define a = 1/p,,,.
Proof (of Theorem Al). The LQ factors of A could be computed directly from

the relation
I ~ ~
[ ‘f] 0T =1,

'é’T

.
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where 5 is a product of plane rotations designed to eliminate the elements of g one by
one. However, we show now that @ may instead be constructed as a product of plane
rotations such that

€)) é[—lq] =Py, "‘Pzpl[_lq]=wem+1’
with

(It turns out that this method is slightly more efficient, and it allows us to use Lemma
Al to develop the structure of @.) Let I be partitioned in the form

and suppose that in place of (9) and (10) we have

Q[—lq] = [Z], wiw + w? =q7q + 1.

~ A~

Multiplying the relation T Q =A by [,7] gives

R ]
[ 1=

Since M must be nonsingular this gives w = 0, aw = 1 and w? = q7q + 1.
We have thus proved that Eqgs. (9) and (10) are true.
From Lemma Al we can therefore say that @ =P, * - PP, is of the form

ie.

where
@) N=N (g, —q, 7v) is a special lower-triangular matrix;
(ii) the quantities o, y and « are obtained from the recurrence relations (3) and
(4) by replacing z, 0 and n by [7,?], [3] and m + 1, respectively;
(iii) in particular,

«= o =1/ || - @a v = v,

which is consistent with the use of a in L above.

Using (3) to eliminate ¢; and s; in @) now gi\fs the recurrence relations (8) for
generating o, v and a, and the structure of Q and NV is determined.

It remains to determine the structure of Z and 3. From the equation A=L a
it follows immediately that MN =1 , and hence the diagonals of M are the reciprocals
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of those of JV, ie. Jl~l,.,- = 1/7,- = 6].. Next, the equation Z@T =T readily gives the re-
lation M = ;ﬁ T + qo7, and from the structure of I?V it follows that A?ii = q,0; fori >j,
and hence M is the special lower-triangular matrix M(q, o, §). Finally, the equation
A @T = [ also gives y = ¢, which completes the structure of L. The theorem is now
proved. O

THEOREM A2 (LDV FACTORIZATION OF AN ELEMENTARY MATRIX). Let A be a
matrix of the form

A=D+ peST,
where p is an m-vector such that p, # 0 and D = diag(d,, d,, ... ,d,,) withd; =0

anddj>0forj =1,2,...,s—1,s+1,...,m. If pgis the first element of p such
that |pgl > 0 and d; = 0, then A has an LDV factorization A = LDV where

1
paBy 1
P3By  P3b, 1
L=\pp pb oy - - - 1 :
Ps41By Pgy1By  PgyiBs ¢ v PeyqBs 1
Por2Bi PoiaBy  PsyaBs ¢ ¢ Ps+2Bs 0 1

L -
- -
1 _plﬁl Bl
—ﬁzpl 1 —Pzﬁz 32
~ B3py —B3p, 1 p3By B3
v=| . : Ceg ,
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~

D = diagd,, dy, ..., d,) = diagd,, dy, ... ,d,_,, dg dgp 15 .- 5 dy,)

and the matrix (5 +)1/ 2 'V(D'* ) 112 js orthogonal. The vectors d and § are generated by
the following recurrence relations:

11(i) define ty =1;

11(i) fork =1,2,...,s— 1 compute the following:

if di. = 0 then set v, = 0 otherwise set v, = p,[d,,

a1 e =ty + Vg
dy = dpty/ty_y»
Be = vil/tys

11(iii) define d, = p2/t,_, and B, = 1/p,.

Proof. We shall prove this theorem in two stages. Firstly, we shall assume that
d, is the only zero element of D and then consider the case where other d]. are zero
(together with their associated pl.).

Consider the matrix 4; made up of the first s rows and columns of 4. If 4 is
partitioned as

D, p
A= P ,
p® D,
then A, can be written as
D, p 1 7] [pl/? 1 q|[pi>
A, = =
Py [ P yp 1 1
7
= D) 1A DH?,
L Pyl
where
I q D,
12) 4, = , Df= and ¢ =Dy'/?p.
1 1

~ ~

From Theorem Al we know that 4, ¢ has the orthogonal factorization Zs =L, 0
where I ¢ and @s are constructed from the quantities g, o, v, § and a as shown. Let
us define

s

7 = 2 — 1/2
. di=dp}. B =0;/(;4;"%), }
13 .

0; =;l8; =1/8}, A =diag(8,;,8,,...,8,_;,0),

ande=(,1,..., l)T. Using the notation of Theorem Al, we now have
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I 7
4, = [ ](u:wzs(u:)"’ B [ p ](u:rﬂfs’ésw:)”%
ps S,

where
I 1 M@, 0,8)
D:)l/22's — D:)I/Z
P, | »p, of o«
(3P, 8, €) 7] 1
= DOH2A =LoH2A ,
(142) | P87 1 Py Py
and
FN
N(@,—q,7) o
0,0hH'? = (DH?
—aqT a
1 NG, -p1,0) B I
(14b) Py (p )p“”" 1/p, P
- s

Combining (14a) and (14b) gives A, = LDV, where

M N 8
I: = , I}: l
P67 1 - (—)p“” 1/p
Py
and
I I
b — (D:)1/2A2(D;)1/2 — A2D;'
2
(15) p; Ps

= diag(d, 83, d,82%, ... ,d,_82_,, p2a?).

Equations (14b) and (15) also give the orthogonal matrix as as

I
0, = ADIH PVDF)=? = D).
P
We can now simplify the expressions for 3}, B; and 6; in (13). From the defini-
tions of p;, 0;, §; and g; in (8) and (12) we have

P]' =P]'_1 +q]' =Pj_1 +p]-2/di;

El':d]/’yf— ,p]/p] 1’
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ﬁi = °j7j/d'l/2 = q]/(Pzdllz) = (Pzd)
0, =7} =p}_,I0} = (0} —p}/d)Ie} =1 -p}[(p}d) =1~ p;.

From 8(iii) we also have a? = 1 /ps_ ;- Since all these expressions require p]? rather
than pj> We can define ;= pl-2 and avoid the computation of all square roots.
If we now consider the factorization of the complete matrix D + pesT , we must

T L)

where Y is a matrix to be determined. If the factors of the last expression are multi-
plied out and right- and left-hand sides are equated, we have p(z)esT = YDV, where eST
is the last row of the sth-order identity matrix. Multiplying both sides by (D'*)_1 T
and noting that (D)= PT = D!, since D'/2P(D})~!/? is orthogonal, we have

P DT DF) 1T = YOI )T = ¥
Consequently, since

eI(D)"! = el and T VT = IEiT —1],

1
Y = p(z) [ﬁT E;] .

If we define B, = 1/p, this completes the proof in the case where ;>0 forj=1,
2,...,s—1,s+1,..., m

If A has k rows and columns equal to zero (that is d; = 0 corresponding to
p; = 0), we can apply the method just described to the matrix of m — k remaining
rows and columns and regard the LDV factors so obtained as being of order m by in-
serting suitable rows and columns of the identity matrix. This gives the recurrence
relations (11). O

COROLLARY. Let A be a matrix of the form

p D, p
A=D+| |8, = ,
0 1

where p is an m-vector and

Dl
D = diagd,, d,, ... ,d,, 1) = ,
1

with D, positive definite. The matrix A has an LDV factorization A = LDV where

R o _ X N B

L= , D=digd,, d,,...,d,,a*), V= ,
T 1 A

we have
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and the matrix DY2VD=1/2 s orthogonal. Both M and N are special lower-triangular
matrices defined by
M=Mp, B, N=N@-po)=M"-p",

where the vectors d , B, 0 and the scalar o are generated by the following recurrence
relations:

16(i) define ty = 1;

16(ii) forj=1,2,...,m set

t=t_;+ p?/d;

(16) d; =dtift; ;.
ﬁi = Pi/ (dl‘tj)a
0;=1-p#;

16(iii) define o*> = 1/t,,. O
LEMMA A2. Let z be an n-vector and P an orthogonal matrix such that
17 Pz = |zle,.

In particular, let P be the product of plane rotations P = PP, - P, _,, where each
P; is the form given in Lemma Al. Equation (17) holds if the element ¢; and s; de-
fining P] are such that

—¢ 5 z; _ 0
S Gl [Pi+1 bj
where
- 2 — _
(18) P,'2 = P,'2+1 + Zjs G = Pj+ l/pi’ §; = zj/P,‘a
fori=n—-1,n-2,...,1. (Whenj=n —1 we define p, = z,,.) If the last com-
ponent of z is nonzero, P can be formed into the matrix
Y1 012y 0423 ¢ : 012y
72 0'223 . . . . . 022n
75 e e e e . 052,
P = P . . . s

Tn—2 On_22p—1 9n—2%,
Tn-1 0p_1%2n

0,2 0,2, G,23 ° * * °* 0,2, _1 0,2

L .

where the elements 0; and v; are defined by the recurrence relations
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19G) fori=n—-1,n-2,...,1define
(19) s/p]+1a 7] l’
19(ii) deﬁne o, = 1/p; (=1/lizl)).
[Note: As in Lemma Al, we require z, # 0; but if z; = 0 for j < n, we define P]. =1,
0;=0,7 = 1.]
Proof. This lemma is proved in a similar way to Lemma Al. O
THEOREM A3 (LQ FACTORIZATION OF AN ELEMENTARY MATRIX). Let A be an
(m + 1) x (m + 1) matrix of the form 4 = ) - G4T, where § = [4], witha a
scalar (o # 0) and Igll = 1. The matrix A has the LQ factorization A = LQ, where L
is a special lower-triangular matrix and a is an orthogonal matrix of the form

- M - MT a0
L= , Q0= .
acT 0 7 a

The matrix M = M @, 0, 7) is a special lower-triangular matrix with the vectors o and
v defined by the following recurrence relations:

20(i) define p,,,, = o

20(i) forj=m m-—-1,...,1 set
(20) sz = p,'2+1 + qi2’
0; = q]'/(Pj+1Pj),
V=~ Pjr1/py-

Proof. We shall obtain the LQ factorization of A by construction. Let é be the
orthogonal matrix @ =P,P, *** P, constructed as in Lemma A2 such that

@D 0q =llqlle,, 41 = €p -

Replacing z,0and n by [?], [ ] and m + 1, respectively, we see from Lemma
A2 that Q may be partitioned in the form

mT ao
Q= T )
Om+19"  Tm+1%

where M = ]l?(q, 0, 7). From 19(ii) we have g,,,, = 1/lI4ll = 1, and using (18) to
eliminate ¢; and Si from (19) gives the recurrence relations stated in (20).
To obtam T we use Eq. (21) and the fact that Q is orthogonal. Thus

A=2070=d,,, -3N0T0 = @7 - ge%.,)0

<I:M q:l ) [M 0]

A T ~_ ~ _~~
= —gep, i, |2 = 0 =L0,
al « " ac? 0

as required. O
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THEOREM A4 (LDV FACTORIZATION OF AN ELEMENTARY MATRIX). Let A bea

matrix of the form
p
A=D- [pT o],
L)

Where p is an m-vector, a, and o, are nonzero scalars,

Dl
D = diagd,, d,, ... ,d,,, &) = , b
a

1
D-1/2| , i
a,

The matrix A has an LDV factorization A = LDV where

A M 0] A o _ A mT a,pB
(22 fI= , D=diag@,,d,,...,d,,1), V= ,

and
2
Qa
=pTD7lp +—= = 1.
2
oy

b m b
T T
a,f 0] D a,

and the matrix D12 VD~ 112 js orthogonal. The matrix M=M (p, B) is a special lower-
triangular matrix and the vectors d, and J are generated by the following recurrence

relations:
23(i) define t,, ., = o3/a?;
23(ii) forj=m,m-1,...,1 set
(23) t; =t +0}d;,

B =~ pildt;1 )

Proof. The matrix to be factorized can be written as
p ~
A=D- [pT a2] =D1/2(Im+1 _aqT)Dl/Z =D1/2AD1/2,
a
where
~1)2 . q ~ T
(24) q =Dy '*p, =ofa,, §g=| |, A=I,,,—-43".

The requirement pTDy !p + a%/ai= 1 ensures that g7q + o® = ll?]llj = l;jnd hence
we know from Theorem A3 that 4 has the orthogonal factorization A = LQ, where
L and 5 are constructed from the quantities g, 0, v and a as shown. Let us define

— q1/2 7 — 82 —
8 =dj?y,  d;=8}, B =05,
A = diag(8,, 8,, ..., 58,,, 1), =(1,1,...,DT.

s O

(2%
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Using the notation of Theorem A3 we now have

A= DI/ZZD1/2 — (Dl/2Z)(§Dl/2),

where
p!2 0 ||Mg, 0,y © Mp, 0,8) 0
DI/ZZ = =
L ay aoT 0 alaoT 0
M@, g.e) 0
= A=1LA
26a
(262) | a,pT 0
and
M@, 0.7 ao||D}/? M@, 0, 8)T a,a0
oDp!'/? = =
T T
q o a p oo
(26b) ! !
Mp. B.0) B X
=A = AV.
pT a,

Combining (26a) and (26b) gives 4 = LDV where L and V are the matrices defined in
(22), and

D = A? = diag(62, 82, ...,82,,1) = diag(d,, d,, ..., d,,, ).

bl m s
Equation (26b) also gives the orthogonal matrix 0 as
0 = APD™'/2 = pt2yp=1/2,
as required.
Using the definitions of p;, 0}, v; and g; in (20) and (24), we can now simplify

the expressions for d_] and §; in (25) as follows:

T o gA2 = g2 2.

dj = dpyj = dipjiy 1/pj s

- - 2 2y — _ 2

ﬁ,‘ = Uj/('Y,djl/2) = ql'/(p,‘.(.]dj” )= p,‘/(PH- 1dj)-

From 20(i) we also have p2,,, = o = o}/a}. Finally, as in Theorem A2, we define

j
follow and the theorem is proved. [
LEMMA A3 (CHOLESKY FACTORS OF D, + ppT). If p is an m-vector and D, =

diag(d,, d,, ... ,d,,) where d, > 0, the Cholesky factorization of D + ppT is

t. = pj2 to avoid the computation of square roots. The recurrence relations (23) now

(27a) D, + ppT = MD,MT,
where
D, = diagd,, dy, ..., d,,), M=Mp,p),

with
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(27b) MD,B = p,
(27¢) BTD,8 =1—-a%>0.

The quantities ‘71" B; and o? are given by the recurrence relations (12).
Proof. Using the notation and results of Theorem A2,we can write down the
LDV factorization

D, p " nn
(28) = LDV
1

If
Dl DZ
D= , D= , Q=D'?pp-1/2
1 a?

then the matrix Q is orthogonal. Post-multiplying (28) by D~ 1/2

D}/2 )4
= LDVD~1/? = [p'/?Q,
1

gives

and since Q07T = I we have

D2 pl[D/? ] m [b, MT B
=LDIT = .
Y | FZ g 1 o? 1

D, +ppT p ]T/[DZA?T MDzﬁ
pT 1 BTD,MT BTD,B + o?
and relations (27) follow immediately. O
LEmMA A4 (CHOLESKY FACTORS OF D, —ppT). If p is an m-vector, D, =

diag(d,, d,, ... ,d,,) whered;, >0 and o® =1~ pTDy'p > 0, the Cholesky factor-
ization of D, — ppT is

Hence

(292) D, - ppT = 117521‘771,
where
D, = diagd,, d, ..., d,,), M=M(p, p),
with
(29b) MD,B =~ p,
(29¢) 8TD,B = 1/a* =1 > 0.

The quantities Zfl and B; are defined by the recurrence relations (23), with 23(i) replaced
byt,, 4 = o?.

Proof. Using the notation and results of Theorem A4, we have a? = a%/all’ and
the LDV factorization
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~

D, p e M D, MT o,p
- [pT «,] =LDV (=LDLT) = .
o? @, a,fT 0 Ut p" o,
Hence
D, - T - a,p ﬁDZM T azﬂD2ﬁ
—apT o2 —od a,8TD,MT  o367D,B

and relations (29) follow immediately. 0O
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