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Abstract

This paper is concerned with solving linear system (I,,+ By, - - - Bo B1)x = b arising from
the Green’s function calculation in the quantum Monte Carlo simulation of interacting
electrons, where the order of the system and integer L are adjustable. Also adjustable is
the conditioning of the coefficient matrix to give rise an extreme ill-conditioned system.
Two numerical methods based on the QR decompositions with column pivoting and the
singular value decomposition, respectively, are studied in this paper. It is proved that the
computed solution T by each of the methods is weakly backward stable in the sense that
the computed Z is close to the exact solution of a nearby linear system

(I, + (Bp +ABL) -+ (By + ABy) (B, + ABy)|Z7 = b

with each AB; small in norm relatively to B;.

1 Introduction

We are concerned with numerically solving the following linear system of equations involving
a long chain of matrix multiplication:

(In+BL--~BQBl)x:b, (11)

where each B; is n xn, L is an integer, and [, is the n x n identity matrix. The linear system of
the form (1.1) arises from the quantum Monte Carlo (QMC) simulation of interacting electrons
in condensed-matter physics [2, 3, 13, 15, 1]. In the QMC simulation, matrices B; depend on
several parameters which, along with n and L, can be adjusted to give linear systems of any
sizes, any number of B;’s, and any difficulty in terms of the condition number

k(In+Br---BsBy) = I, + Br--- BoB1|| |(In + B - - - BoBy) Y|
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being arbitrarily large, where || - || is a matrix norm. In view of this fact, getting accurate
solutions by conventional means, e.g., first forming I,, + By, - - - BoB1 and then factorizing it, is
very difficult, if at all possible. The standard perturbation theory for linear systems suggests
that the computed solution  would be contaminated with a relative error in the order of
€m K(In + By, --- BgBl), i.e.,

= O(Gm H(In + BL e BgBl)),

where €, is the machine unit roundoff (e, = 2724 for IEEE single precision and 273 for IEEE
double precision); see for example [5, 18, 11]. Since the quantity em x(I, + Br, -+ B2B1) can
easily be 1 or larger, it means potentially that the computed = has no correct significant digits
at all. Therefore different methods are called for in order to solve (1.1).

In this paper, we will study two numerical methods to meet the challenge. One is based
on the QR decomposition (QRD) with column pivoting and the other is based on the singular
value decomposition (SVD). The first one is based on the current practice by computational
physicists in the field [12, 13]. Our error analysis shows that the computed solution by either
method is weakly backward stable, namely it is close to the exact solution of a nearby system
of (1.1), a weaker statement than saying the methods are backward stable. The essence of the
first method is about how to accurately compute the graded QR decompositions of the product
of matrices By, --- BB before solving the linear system (1.1) for x. In this sense, it is also a
classical matrix computational problem and has been studied by Stewart [16] and others, see
[20] and references therein.

This paper focus on the real case only, i.e., B; and b are real. This is because the linear
systems (1.1) from Hubbard quantum Monte Carlo simulation in condensed matter physics,
which motivate our investigation here in the first place, are real. Our presentation can be
straightforwardly modified to deal with the complex case.

The rest of this paper is organized as follows. In section 2, we discuss two schemes to
transform the linear systems (1.1) to better-conditioned systems via QR decompositions and
SVD, and present the resulting numerical algorithms. Error analysis of two methods are
presented in section 3. Numerical examples and concluding remarks are in sections 4 and 5,
respectively.

We will adopt a MATLAB-like convention to access a matrix’s row, column, and diagonal:
X and X, ;) are X’s ith row and jth column, respectively, and diag(X) is the diagonal
matrix having the same diagonal entries as X, and u;) is the ith entry of the column vector
u. X7 is X’s transpose, | X| takes entry-wise absolute values, and |X| < |Y| is understood
entry-wisely. For 1 < p < oo, the £, vector norm of a column vector v and the £,-operator
norm of a matrix X are defined as

1/p
Jull, = (Z |u(i)p> ;[ Xlp = max

When X is invertible, we define ,(X) = || X||,[|X ~!|l,, the £,-condition number of X.

[ Xl

lullp




2 Transforming to Better-Conditioned Systems

We have pointed out that the linear systems (1.1) are often very ill-conditioned. Naturally one
would attempt to improve their conditioning by certain equivalent transformations. In this
section, we shall present two ways to do the transformations: via QRD with column pivoting
[4, p.103], [10, p.248], [17, p.370], or via SVD by the one-sided Jacobi method [6, 7, 8, 9]. The
former is faster, and the latter is provably more robust as our later error analysis will show.
The approach via QRD is being used in [12]. What distinguishes ours here from theirs is that
we do one more step beyond their equivalent linear systems to arrive at well-condition ones in
the sense that the condition numbers of our final transformed systems are usually modest.

2.1 Via QRD

In what follows, 1 < p < co. We present the transformation in any given p in an effort to be a
little bit more general. Practically, p is likely to be 1, 2, or co. In fact, it takes the least effort
to extract D; in (2.1) and (2.4) below when! p = 1 because then D; = diag(R;).
Let
By = Q1R P

be Bi’s QRD with column pivoting, (1 is orthogonal, R; is upper triangular, and P; is the
permutation matrix as the result of the column pivoting. While offering no guarantee in
general, the diagonal entries of the R-factor in QRD with column pivoting often reflects the
singular value magnitudes well in practice. Now set

Dy = diag((R1) ). Ti = Dy 'RaPr. (2.1)

we have

By = Q1R1P1 = Q1D1(Dy 'R Py) = Q1 D1 Th. (2.2)

This pick of Dy serves two purposes: to make T} well-conditioned (as much as possible and
yet numerically cheap to do) and to make |71, of O(1). The need to have |||, of O(1)
shows up later in our forward error bound for the computed solution of the transformed linear
system. There is no need to have a well-conditioned T} as a whole, but rather that the first
many rows of 17 must be well-conditioned as we shall explain later in Remark 2.1. Exactly
how many first rows of T} are needed to be so depends, but making whole T} well-conditioned
will make sure the well-conditionedness of any number of rows of T7. A theorem of van der
Sluis [19] (see also [11, p.125]) guarantees that with this D;, T} is nearly optimally conditioned
among all possible diagonal matrices in the sense that

kp(T1) < n'/P" min kp(DIR Py).
diagonal D

Now for j from 2 to L, perform QRD with column pivoting on B;Q;_1D;_1 to get
B;jQj-1Dj-1 = Q;R; P; = Q;D;(D} ' R; Pj) = Q; DTy, (2.3)

where

D; = diag(|(R;) o l):  Tj = D' R P, (2.4)

!The ¢, norm of a row vector should be understood by regarding the row vector as a matrix with 1 row, and
the definition of the /,-operator norm of a matrix applies.



This pick of D; serves the same two purposes as D; does before. It follows from (2.2) and
(2.3) that
By - By By :QLDL(TL'”TQTl), (25)

and finally the linear system (1.1) is transformed into
Un+QLDr(Ty - ToTh)]x = b. (2.6)

The decomposition (2.5) is referred to as a column-stratified matriz decomposition in [13] since
the diagonal entries of Dy, are typically ordered in their magnitudes from the largest to smallest,
while T7, - - - T5T7 is modestly well-conditioned.

Up to this point, we are doing exactly what have been done in [12], namely obtaining (2.6).
In [12], it further rewrites the system (2.6) as

QL(Ty---ToyTy) ™' + Drly=QTb and (T ---ToTi)x =y. (2.7)

Thus two linear systems need to be solved. The standard perturbation theory for linear systems
suggests the computed solution could suffer from a relative error as much as

O (emra(QuLT ™" + Di)ra(T)) , (2.8)

where T' = Ty, ---T5Ty. This is bad news because while ko(T') appears to be under control
(still it can be nontrivial such as in the order of thousands), x2(Qr T~ + Dp) is comparable
to ka(l, + Br---BaBj). This seems that no better solution can be gotten this way than
to solve the original system (1.1) by any conventional approach. However, computational
physicists have been doing it in this way and getting numerical results that conform to the
underlying physics more often than not, but no theoretical analysis has been done to show
whether the current practice works or otherwise [13, 15, 14]. What makes this method right
in this case? One plausible explanation for this discrepancy between theory and practice may
be the following. We may safely assume that QET‘1 has modest magnitude and condition
numbers. Since the first many diagonal entries of Dy, are typically huge, the first many rows
of QET ~1 + Dy, are diagonally dominant, and in fact these rows are pretty much a diagonal
matrix appended by a zero block to its right. Therefore, the relative error in the computed y is
proportional to the condition number of the remaining rows. So roughly speaking, ro(QrT !+
Dy,) can be effectively reduced to the condition number of the remaining rows which is much
smaller. But to put this explanation into precise mathematical statement can be necessarily
messy and complicated. Fortunately there is a better approach to solve (2.6) which we will be
proposing. It will lead to a more accurate numerical solution.

Now we describe a better approach to solve (2.6). In view of the wide magnitudes of Dy’s
diagonal entries, care must be taken. For this purpose, we define two n x n diagonal matrices
Dy, and Dy as follows: for 1 <i<mn

o (Dr)ay i 1(DL) gl > 1,
(Do) i) = { 1 otherwise, (2.9)
and
) Do)y Do)yl <1,
(Ds) i) = { 1 otherwise. (2.10)

4



Then Dy, = Dy, Ds. Now (2.6) becomes
[D;'QT + DsT)z = Dt Q1b (2.11)
and thus can be solved as
z =Dy QL + DT [Dyh (QLb))- (2.12)

REMARK 2.1 There is a variation to the above derivation, too. Consider p = 1 in both (2.1)
and (2.4), and thus D; = diag(R;). Doing so effectively eliminates the discrepancy of the
magnitudes in diagonal entries of each ?; and eventually propagates the discrepancy to Dy..
In (2.11), we split Dy, into two: Dy, with larger magnitudes and Dy with smaller magnitudes,
and then pull out Dy, while leaving Dg in place. Dy ! effectively annihilates the top many rows
of QE while Dy does the same to the bottom many rows of 7', and finally the sum D’ 1QE—}—DST
becomes fairly well-conditioned. This suggests that it may not be necessary to pull out the
smaller diagonal entries, along with the larger ones, of R; in the absolute value out in the first
place. Namely in (2.1) and (2.4), instead of D; = diag(R;), we may set for 1 <i <n

Diln ={ {0 1 213

otherwise.

Then, we still have (2.6) in the same form, but instead of (2.11), we will just have
[D;'QF + Tz = D' Q1b. (2.14)

We have compared the numerical solutions via solving (2.11) and (2.14), respectively, and found
that for our tests, there is little difference in the conditioning of (2.11) and (2.14), but [, |||
grows much faster for with (2.13) than with (2.1) and (2.4) for p = 1 as the conditioning of
the original system (1.1) gets worse. That makes solving (2.14) accurately potentially more
difficult than solving (2.11).

In summary, the transformations via QRD with column pivoting naturally lead to the
following algorithm to solve the linear system (1.1).

Algorithm 2.1 ASVQRD: Accurate Solution via QRD with column pivoting

Input: By, Bs,...,Br, and b.
Output: Solution of (1.1)

Q1R1P. = B; (QRD with column pivoting);

D, = diag(R1), Ty = Dy 'Ry Py

for j=2,3,...,L do
Cj = (BjQj-1)Dj_1 (respect the parentheses);
QjR;P; = C; (QRD with column pivoting);
D; = diag(R;), Tj = D;'R; Fj;

enddo

Decompose Dy = Dy, Dy as in (2.9) and (2.10);

T ="Typ---TyT1;

H=Dy'QF + D,T;

Solve Hx = Dy (QTb) for =

[

© XN U AW
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REMARK 2.2 In Lines 2 and 6, Dj is chosen as in (2.1) and (2.4) with p = 1. But any other
p, in particular 2 or oo, gives good D;, too. QRD with column pivoting in Lines 1 and 5 can
be implemented with Householder transformations. Our later analysis for Line 11 assumes a
backward stable solution. This can be done, for example, by a QRD (with/without column
pivoting). In practice, often Gaussian elimination with partial pivoting suffices, although with
no guarantee [5].

2.2 Via SVD by One-Sided Jacobi Method

The part of transforming (1.1) into an equivalent one with a manageable condition number is
very similar to what we have done in subsection 2.1, except here we will use SVD computed
by the one-sided Jacobi method [6, 7, 8, 9]. Let

By = U2 VT, (2.15)

be By’s SVD, where U; and V; are orthogonal, 3; is diagonal. It is not necessary for this SVD
to be computed by a one-sided Jacobi method, but rather any stable methods [5], e.g., the QR
algorithm or the divide-and-conquer algorithm, will be sufficient.
For j from 2 to L, compute SVD of B;U;_1X;_1 by the one-sided Jacobi method from the
left to get
BiU; 1551 = U; 55V (2.16)

It follows from B; = U121V1T and (2.16) that SVD of By, --- BeBjy is
Bp--- BBy = UrSi(ViVa--- Vi),
and finally the linear system (1.1) is transformed into
I, +US,(ViVa--- Vi) z =b. (2.17)

For ill-conditioned system (1.1), the diagonal entries of X; have wide range of magnitudes,
while (ViVa--- V)T, being orthogonal, is perfectly well-conditioned. This latter is the major
advantage of using SVD over QRD, upon comparing (2.17) with (2.6).

We adopt the same strategy to solve (2.17) as we did for (2.6). Define two n x n diagonal
matrices Xy, and Y as follows: for 1 <i<n

By ={ o0 L0 > 219
and
B = Freo L E0u <1 (219
Then X7, = ¥ X5. Now (2.17) becomes
(3 UF + BV Vi) | o = 5, UF (2.20)
and thus can be solved as
v = [50F + mve-- V)™ [t ). (2.21)



REMARK 2.3 A remark similar to Remark 2.1 is applicable here. Namely, instead of (2.16),
we do for j from 2 to L

B;Uj—1Qj-1 = U; 5V, (2.22)
where €Q; is diagonal and defined by for 1 <i <n
, ) ey i i) > 1,
(QJ)W) N { 1 otherwise. (2.23)

Finally, instead of (2.17) and (2.20), we will have
Q0 UF + ALVE - AVoMiVi| 2 = Q71 UL, (2.24)

where A; is diagonal and defined by for 1 <i <n

(M) = (Zi)aa i (35) 6 < 1,
7D 1 otherwise.

We have also compared the numerical solutions via solving (2.20) and (2.24), respectively, and
found that the solutions were about equally good.

In summary, we have the following SVD-based method to solve the linear system (1.1).

Algorithm 2.2 ASvVSVD: Accurate Solution via SVD

Input: By, Bs,...,Br, and b.
Output: Solution of (1.1)

1. U;1Vi' = By (SVD by any stable method);

2. for j=23,...,L do

3 Cj = (BjUj-1)Xj—1 (respect the parentheses);

4 UjEjVjT = (C; (SVD by one-sided Jacobi method);
5. enddo

6. Decompose ¥ =¥}, Xg as in (2.18) and (2.19);

7. V=WV

8. H=X'Uf+%VT;

9. Solve Hx = 5,1 (U}'b) for z.

REMARK 2.4 SVD in Line 1 can be computed by any backward stable method as we already
pointed out. Our later analysis for Line 9 assumes a backward stable solution, similarly to
what we remarked for Algorithm 2.1.

3 Error Analysis

In this section we will show that the transformations in Section 2, if done in the IEEE floating
arithmetic, will lead to transformed systems that have the same solutions as certain nearby
systems of (1.1), and that the computed solutions of the transformed systems have small
forward errors. This, however, is not the same as the usual notion of being backward stable,



but a weaker statement. In view of this, we call any computed solution that is close to the
exact solution of a nearby problem is a weakly backward stable solution, and any algorithm
that computed such a solution is a weakly backward stable algorithm.

Assume the entries in B; and b are already stored in the IEEE floating point format, and
let em be the machine unit roundoff. In exact arithmetic, the linear system (2.6) is equivalent
to the original system (1.1), i.e., both have the same solution. Computationally, we do not
have (2.6) exactly. Instead, we have the following computed one by ASvQRD (Algorithm 2.1):

[In+@LﬁL(fL"-T2f1)}§:b (3,1)

Likewise, we do not have (2.17) exactly but have the following computed one by ASvSVD
(Algorithm 2.2):
[In + ﬁLiL(‘/}lf}Q ce VL)T} T =b. (3.2)

In the rest of the analysis in this section, we shall adopt the following notation convention:
denote their computed counterparts for those objects in (2.2) — (2.6) and in (2.15) — (2.17) by
the same symbols with a hat, i.e., the computed Q; is @j, with an exception that Z is the exact
solution of (3.1) in the case of ASVQRD algorithm, and that of (3.2) in the case of ASvSVD.
We will also use fl(-) to denote the computed result of an expression whenever convenient.

Our analysis is intended to demonstrate only the order of error magnitudes, instead of
precise error bounds. Doing so significantly simplifies the analysis, making it much easier to
understand and yet suggestive as to how big the errors may be. In particular, X = O(«) means
| X, < f(n)a for some low degree polynomial of n, where X is either a vector or matrix. In
view of this simplification, the choice of which norm becomes insignificant, and thus || - ||o will
be used throughout.

We begin by analyzing ASvQRD algorithm (Algorithm 2.1). The theorem below says that
the computed counterpart (3.1) of (2.6) is equivalent to a structurally nearby system of (1.1).

Theorem 3.1 The computed system (3.1) by Lines 1-7 of ASvQRD is structurally backward
stable. Specifically (3.1) is equivalent to

[I,+ (B + ABL)--- (B2 + ABy)(B1 + ABy)]Z = b, (3.3)
where AB;j = O (€m||Bj||2) for 1 <j < L.
Proof It is known that for the QR decomposition (2.2) [11, pp.360-361]
Q1R PL = By + By,
where Q1 = Q1 + AQ1, AQ: = O (em) and (E1) (s = O (emH(Bl)(:,i)Hg). Since
Ty =fi((Dy) " RaPy) = [(D1) 'Ry + Fi|P1,  |Fy| < em [Da| YR, (3.4)
we have

Q1D\Ty = Q1RPL+ QD PP,
= Bi+E+QiDiF1 Py
= B, +AB, (3.5)



where

def A
ABy = Ei1+@Q1D1FPr=0 (EmHBl”?) : (3'6)

Now for the decomposition (2.3), we have similarly?,

Q;R;P; = A(A(B;Q;—1)Dj_1) + E;

= [(BjQj-1 + Fj1)Djo1 + Fys| + B (3.7)
Q; = Q;+AQg,, (3.8)
where
Fii = Ol(emlBjll2)
[Fj2| < em|BjQj-1+ Fjal|Dj-l,
AQQ = 0 (€m) )
(Ej)ea) = O <€m (BjQj-1 + Fia) D1 + F o) 2) :
Since R R R R R R R
T; = 8((Dy) 'R Pj) = [(Dj)"'Rj + Fj3]P;,  |Fjs| < em|Dj| 'R, (3.9)
we have
Q;D;T; = Q;R;P;+Q;D;F;3P,
= [(BjQj-1 + Fj1)Djo1 + Fys| + By + Q;D;Fy 5P
= (B] + ABj)@jflﬁjfl, (310)
where
AB;jQj-1 = Fji + FjaDi™y + E; DIy + Q;D; Fis P D (3.11)

We claim that each of the four summands in the right-hand side of this equation is of O (em || Bj||2).
Consequently we have

ABj = O (em| Bjll2) (3.12)
since @j_l is orthogonal to the working precision®. We now look into the summands in the
right-hand side of (3.11). Fj1 = O (em||Bj||2) by (3.7) whose second equation says |Fj72D]111| <

€m \Bj@j_l + Fjj 1| and therefore Fj72ﬁj—_11 = O (em||Bjl|2) also. For the third summand, we
have for 1 <i < n,

(Ej ﬁj}l)(,l) = O <€m

2Technically speaking, Q; in (3.8) is not the same as the one in (2.3). But rather it is the Q-factor in QRD
with column pivoting for |:(Bj @j_l + Fj,l)ﬁj_l + Fj,2:| in the exact arithmetic. This abuse of the notation Q;

(B,@s1+ B+ FiaDh] | ) = OenlBy )

will unlikely cause any problem in this analysis. What we really need from (3.8) is the mere fact that @\j can
be made an orthogonal matrix to the full working precision with a perturbation AQ; = O (em).
3By that X is orthogonal to the working precision, we mean that X +AX is orthogonal for some AX = O(em).



which leads to E; D 1 = O (em||Bjl|2). Finally for the fourth summand, we notice by (3.9)
and (3.7) that

|D;F;sP DYy < em|R;P; D7),

QiR;P;D;Y, = B;Qj 1+ Fj1+ FiaD; ! + B; DY
Therefore
Q;D;FisP;D;Yy = O (| D;FysP;Di 1)
= O (em | B;P;D; 1 2)
= O (em[|Q;R;P D} |I2)
= (’)(emHB Qj-1+ Fji+ FiaDi + E; D |)5)

Il
—~

O (eml| Bjll2) »

as was to be shown. Thus (3.12) holds. It follows from (3.5) and (3.10) that

(B, +ABp)--- (By+ ABy)(B1 + ABy) = (Bp+ABp)---(By+ ABy)Q1D1 T}
= (BL+ABp)--(Bs+ AB3)QyDy ToT)
= QrDp(Tr---ToT1).
This completes the proof. 0

Our next theorem shows that the numerical solution to (3.1) by Lines 8-11 of ASvQRD algo-
rithm suffers from an error, relative to the exact solution  of (3.1), approximately O (emk(H))
modulo a factor typically of O(1) in practice. This is done with the modest assumption that
Line 11 of ASvQRD algorithm is backward stable.

Theorem 3.2 The computed solution T of (3.1) by Lines 8-11 of ASvQRD satisfies

-7 . L+ | TLlla - - | T2l|IT b
’A"?:o(em@m@)[ ITelle- - [Tl Tils bl D (3.13)
2|2 | Horll2 Dy QL 0]l

assuming Line 11 of ASvQRD is backward stable, where

How = Dy'QF + D(Ty, - - - ToTh). (3.14)
Proof The exact solution Z satisfies, upon substituting ﬁL = lA)b lA)S,
Dy Qp' + Dy(Ty - ToTh)]& = Dy Q7 'b). (3.15)
The computed solution is obtained through solving

Hy = fi(D;Y(QTb)), where H =f(Dy'QF + Ds(Ty ---ToTh)). (3.16)

10



It can be seen that?

(D, (Q7b)) =

~

SHQTI+ f1) + S
Dy Q'] + f,
H = (f)glézl 1 Fl) 1 [f)s(fL LTI + FQ] + Py
[D5'Q7" + Du(Ty -+ BTy + F,

where®
fi = Olemlbll2),
Ifol < em|Dy QLY+ fi
< em Qb+ fil,

f = Dy'fit+ f

= O(enlbl2).
F1 = O(ﬁm),
By = O (enlTellz - 1ol Tills) (3.17)
Fy = O (emmax{1,|Dy(Ty - TT1)[2})

F = Fi+FK+F;

= O (em(1+ T2l [Tl Ti]l2)) (3.18)
Therefore the exact solution Z of (3.15) and the exact solution y of (3.16) satisfy [5, p.32]
— 7 ~ (1 TLlle - | Tl T b
lly = 21l2 =0 (em k2(Hqr) [ * | LHQA (ESILIERT + AJ AH: ]) . (3.19)
yl2 ([ Horll2 1D, [QF " 0]ll2

Since it is assumed that the computed solution Z of (3.16) is backward stable, we have

17 — yll2 5
=0 (em Kk(H, . 3.20
HyH2 ( m ( QR)) ( )
Finally (3.13) is a consequence of (3.19) and (3.20), upon noticing that ||y|l2 = ||Z]|2. 0

REMARK 3.1 In Subsection 2.1, we mentioned two purposes of picking of D;, i.e., to make T}
well-conditioned and to make ||T}||2 near 1, that dictate the choices of D; and Dj as in (2.1)
and (2.4). We now see why. Making ||7}||2 nearly 1 is to make sure that the ratio

L+ | Trl2 - IT2]l2]|T1 |2
| Hor |2

“Both f; and Fy contain the rounding errors from floating point arithmetic operations and the O (em) error

from replacing @f by @Zl

In contributing to f, part of fi is considerably offset by the first many diagonal entries of ﬁg ! with
extremely tiny magnitudes. This is often the case even for modest well-conditioned B; and modest L such as
k2(Bj) > 100 and L > 8. But since f; is unknown, it is very difficult to incorporate such an observation into
the error estimate. In general, the estimate for F» in (3.17) is attainable, but often in practice it may be more

like O (em|Ds(Ty - TaTh)l2)-

11



in the right-hand side of (3.13) does not grow out of control. It also keeps the two summands in
HQR to have similar magnitudes and potentially removes any ill-conditionedness in H, qr, Other-
wise due to potentially large differences between their magnitudes. To explain why T; should
be made well-conditioned, we notice that the top many rows of D 1Q and the bottom many
rows of D (TL T2T1) are very much negligible because of the behavior of the magnitudes of
the entries in D]O and Ds. Thus roughly speaking the top many rows of HQR are pretty much
those of TL Tng, and thus for HQR to be well-conditioned, it is necessary that the top many
rows TL T2T1 must be well-conditioned. To make sure of that, one thing we can do is to
make sure all T well-conditioned.

We now analyze ASvSVD algorithm (Algorithm 2.2). The technicality is very much similar.

Theorem 3.3 The computed (3.2) by Lines 1-5 of ASvSVD is structurally backward stable.
Specifically (3.2) is equivalent to some

I, + (B + ABr)--- (B2 + ABy)(B1 + ABy)]z = b, (3.21)
where ABj = O (em||Bjl|2) for 1 < j < L.
Proof It is well-known that for the decomposition (2.15) [5]
U5, V," = B, + ABy, (3.22)

where AB; = O (em]| Bi]|2), U, and V; are orthogonal to the working precision. Now for the
SVD (2.16) by the one-sided Jacobi method on fi((B;U;-1)¥X;_1), we have [7, 8, 9]

1) = (Bl + B8 + Fa, (3.23)
VT = fi((B; UJ 1) i-1) + Fjs

= [BU 4 F)E 1+Fj,2}+Fj,3

= (B; + AB)U; 15,1, (3.24)

A((B;U;-1);
0,5,

where ﬁj and 17j are orthogonal to the working precision, and

Fj1 = O(emllBjl2),

|Fj,2| < €m |Bjﬁj71+Fj,1|§j*17
H(Fj,3)(:7i)H2 = 0O <€m [(BjUj_1 + Fj,l)zj‘_l + Fjﬂ} ( i)H2> )
ABj = FjUy + (Fjo + Fia)£h 070

O (em||Bjll2) - (3.25)
It follows from (3.22) and (3.25) that

(B, 4+ ABpL) - (Ba + ABy)(B1 + ABy) = (Bp+ABp)---(By+ ABy) U S, VT
5

This completes the proof. 0
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Theorem 3.4 The computed solution T of (3.2) by Lines 6-9 of ASvSVD satisfies

|7 — 2 ( - 1 1]
—_— = @) €m K)Q(Hs ) = + = 7.~ _ s (326)
1212 P el 1S O 012

assuming that Line 9 of ASvSVD is backward stable, where
ﬁSVD == i};l(/jT + is(‘/}l% tt VL)T. (3.27)
Proof It is similar to the proof of Theorem 3.2. 0

Theorems 3.1 and 3.3 guarantee that the transformed linear systems via QRD and SVD at
the intermediate step of ASvQRD and ASvSVD in the floating point environment are equivalent
to some nearby linear systems of the original one, and neither one of the nearby systems is
more accurate than the other as far as the sizes of the backward errors are concerned. However,
when taking Theorems 3.2 and 3.4 into consideration, the computed solutions by ASvSVD are
expected to be closer to their nearby systems than the ones by ASvQRD. This is especially
so when ||TL|l2--- || T2 |l2]|T1 |2 is much larger than 1. But the extra accuracy is achieved at
additional cost since the SVD by the one-sided Jacobi method is typically a few times more
expensive than the QRD.

Theorems 3.1 to 3.4 together prove that both ASvQRD and ASvSVD are weakly backward
stable.

4 Numerical Examples

In this section we present numerical experiment results for the two methods presented in
section 2 and analyzed in section 3. All our test problems of the linear systems (1.1) are
drawn from the quantum Monte Carlo simulation of the Hubbard model in condensed-matter
physics [2, 3, 13, 15, 1]. Specifically, for i = 1,2,..., L, the n x n matrix B; = e(A)Keli | K
is the so-called hopping matriz. It is an adjacency matrix of the m x m square lattice, i.e.,
K=K &Inp+In®K, i i

1 1
1 0 1

L 1 1 -

n = m? At is the time discretization parameter. The product 3 = (A7)L is the inverse

templates. I'; is a diagonal matrix of random diagonal elements A or —\ of equal probability,
where \ = coshfl(eu (Ar)/ 2), and U is a potential energy parameter for local repulsion between
electrons. Two crucial parameters are § and U, which dictate the conditioning of Bj; the larger
B and/or U are, the worse the conditioning of B; is and consequently the worse-conditioning of
(1.1) becomes. Note that there are certain randomness in generating B;, too. The right-hand
side b is simply taken to be a random vector as returned by MATLAB function randn.

Both methods are tested for different parameter values of the linear systems (1.1). Let us
examine a typical set of numerical results in detail. Consider n = 16 x 16 = 256 and L = 16

13
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Figure 4.1: Left: the absolute values of the diagonal entries of Dy by ASvQRD algorithm;
Right: the diagonal entries of ¥ by ASvSVD algorithm.

and various 3 and . Figure 4.1 plots the absolute values of the diagonal entries of Dy, as the
results of ASvQRD and the diagonal entries of X1 as the results of ASvSVD. Table 4.1 and
Table 4.2 display quantities needed by Theorems 3.2 and 3.4. The relative error bound (3.13)
in Theorem 3.2 is given by R

€qr = €mma(Har) (a1 + ),

where

_ 1+ T2 - - I To]l2 1712 _ ol
o] = = y a9 = ~ 1 AT .
[ Horl|2 1Dy " [@Lb][l2
Similarly, the relative error bound (3.26) in Theorem 3.4 is given by

€svp = €m"'€2(ﬁSVD)(Oé3 + 044)7

where
1 _ 1012

= —=, a4 e ~—
[[Hsvoll2 =5 OBl

These sets of tests lead us to draw the following observations:

a3

1. The diagonal entries of Dy and ¥Xj modestly vary in magnitudes for small g and U,
but wildly as § and U get larger and larger (see Figure 4.1). Since roughly xa(I,, +
By, -+ B2By) is comparable to [(Dr),1)| and (31)(1,1), it grows rapidly with 3 and U.
For the listed parameter pairs (3,U), it is unlikely for the conventional approach of
forming I,, + By, - - - Bo By explicitly before solving (1.1) to produce meaningful numerical
solutions for 3, & > 6. On the other hand, mg(ﬁQR) and HQ(E[SVD) grow fairly slowly with
respect to 3 and U, relative to the growth of ko(I,, + Br -+ - BaBy).

2. According to Table 4.1 and Theorem 3.2, the numerical solutions by ASvQRD have have
roughly 8 up to 14 significant decimal digits correct, comparing to the solutions of nearby
systems of (1.1).
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(B, U) | ka(Hqr) | [[Harll2 | T1; 1752 ||D1;1[QTb]||2 aq Q2 €qQr
(1,1) | 1.6e+1 | 6.5e+0 | 3.0e+1 1.1e+1 4.5e+0 | 1.4 | 2.1e-14
(33) | 1.5e+2 | 1.2e+1 | 9.2e+2 9.8e+0 7.9e+1 | 1.6 | 2.8e-12
(4,3) 3.5e+2 | 1.4e+1 | 1.1e+3 1.1e+1 7.9e+1 | 1.5 | 6.4e-12
(3,4) 2.6e+2 | 1.3e+1 | 1.3e+3 1.0e+1 1.0e+2 | 1.5 | 6.1e-12
(4,5) | 2.0e+3 | 1.7e+1 | 6.1e+3 1.1le+1 3.6e+2 | 1.4 | 1.6e-10
(5,6) 2.2e+3 | 1.2e+1 1.0e+4 1.1e+1 8.7e+2 | 1.5 | 4.2e-10
(6,6) 1.7e+4 | 1.8e+1 1.8e+4 1.1e+1 9.8e+2 | 1.5 | 3.8e-09
(10,6) 7.9e+5 | 1.8e+1 | 4.7e+4 9.8e+0 2.6e+3 | 1.6 | 4.5e-07
(15,6) | 1.0e+5 | 2.0e+1 | 4.le+4 9.6e+0 2.0e+t3 | 1.6 | 4.5e-08
(20,8) | 7.4e+5 | 1.7e+l | 7.6e+4 1.0e+1 4.5e+3 | 1.5 | 7.4e-07
Table 4.1: Results by ASvQRD algorithm for various 8 and U
(B,U) | k2(Hsyp) | [[Hsvoll2 ||Eg1[UTb]||2 as Q4 €svp
(1,1) 2.6e+0 2.0 1.1e+1 5.1le-1 | 1.4 | 1.1e-15
(3,3) 8.4e+0 1.8 1.1e+1 5.5e-1 | 1.4 | 3.6e-15
(4,3) | 1.1e+1 1.8 9.7e+0 | 5.5e-1 | 1.5 | 5.0e-15
(3,4) 1.6e+1 1.8 9.8e+0 5.7e-1 | 1.5 | 7.5e-15
(4,5) | 7.4e+1 1.7 1.0e+1 | 6.0e-1| 1.4 | 3.3e-14
(5,6) 1.3e+2 1.7 1.1e+1 6.0e-1|1.4| 5.9e-14
(6,6) 6.5e+2 1.6 1.1le+1 6.4e-1 | 1.4 | 2.9e-13
(10,6) | 1.8e+4 1.6 1.0e+1 | 6.4e-1| 1.4 8.1e-12
(15,6) | 1.9e+3 1.6 1.0e+1 6.3e-1 | 1.4 | 8.9e-13
(20,8) | 1.7e+4 1.4 9.7e+0 | 7.1e-1 | 1.5 | 8.6e-12

Table 4.2: Results by ASvSVD algorithm for various # and U
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3. According to Table 4.2 and Theorem 3.4, the numerical solutions by ASvSVD have
roughly 12 up to 15 significant decimal digits correct, comparing to the solutions of
nearby systems of (1.1).

4. Using the SVD-based algorithm ASvSVD produces more accurate solutions than by
the QRD-based algorithm ASvQRD. The difference stems primarily from «; which has
[T, I Z]2 in its numerator and as whose numerator is always 1. [[; |Z;]|2 grows initially
with 3 and U, but quickly settle down to a level, in this case about 103.

5. Given all B; and thus Dy, and @ by ASvQRD and ¥X; and U;, by ASvSVD, it is not
hard to see that artificial b can be constructed to make as and a4 huge. In fact, as can
be made arbitrarily large by making @Eb have nontrivial entries only at its top many
entries, while ay can be made arbitrarily large by making Ugb have nontrivial entries
only at its top many entries. When these happen, the bounds by Theorems 3.2 and 3.4
will be very big, suggesting that the computed solution by either algorithms unlikely be
close to a nearby system of (1.1). But such highly correlated b is hardly realistic from a
practical point of view. In our tests, b is a random vector and both «as and a4 are very
modest.

6. ||Hogll2 and ||Hsypl|l2 does not vary much with 8 and U.

5 Conclusions

In this paper, we studied two numerical methods for solving linear systems (1.1) — Algorithm
ASvQRD is based on the QR decomposition with column pivoting and Algorithm ASvSVD
is based on the singular value decomposition computed by the one-sided Jacobi method. Our
first method, ASvQRD, is an improved version of an algorithm already used in the quantum
Monte Carlo simulation [12]. Both methods share similarities. Our error analysis suggest that
both methods are weakly backward stable, meaning that the computed solutions are close to
the exact solutions of (structurally) nearby linear systems. Numerical results are presented
to illustrate the error analysis, with test problems drawn from the quantum Monte Carlo
simulation of the Hubbard model in condensed-matter physics.
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