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A FAST RANDOMIZED ALGORITHM FOR
ORTHOGONAL PROJECTION*

E. S. COAKLEY', V. ROKHLINT, AND M. TYGERT*

Abstract. We describe an algorithm that, given any full-rank matrix A having fewer rows
than columns, can rapidly compute the orthogonal projection of any vector onto the null space
of A, as well as the orthogonal projection onto the row space of A, provided that both A and its
adjoint A* can be applied rapidly to arbitrary vectors. As an intermediate step, the algorithm solves
the overdetermined linear least-squares regression involving A* and may therefore be used for this
purpose as well. In many circumstances, the technique can accelerate interior-point methods for
convex optimization, including linear programming (see, for example, Chapter 11 of [S. J. Wright,
Primal-Dual Interior-Point Methods, SIAM, Philadelphia, 1997]). The basis of the algorithm is
an obvious but numerically unstable scheme (typically known as the method of normal equations);
suitable use of a preconditioner yields numerical stability. We generate the preconditioner rapidly
via a randomized procedure that succeeds with extremely high probability. We provide numerical
examples demonstrating the superior accuracy of the randomized method over direct use of the
normal equations.
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1. Introduction. This article introduces an algorithm that, given any full-rank
matrix A having fewer rows than columns, such that both A and its adjoint A* can
be applied rapidly to arbitrary vectors, can rapidly compute

e the orthogonal projection of any vector b onto the null space of A,
e the orthogonal projection of b onto the row space of A, or
e the vector z minimizing the Euclidean norm || A*z — b|| of the difference
between A* z and the given vector b (thus solving the overdetermined linear
least-squares regression A* x & b).
For simplicity, we focus on projecting onto the null space, describing extensions in
Remark 4.1.

In the present paper, the entries of all matrices and vectors are real-valued, though
the algorithm and analysis extend trivially to matrices and vectors whose entries are
complex-valued. We use the term “condition number” to refer to the [? condition
number, i.e., the greatest singular value divided by the least. We denote the condition
number of a matrix A by k(A). We denote the Euclidean (I?) norm of a vector b by ||b]|.

The basis of our algorithm is the well-known formula for the orthogonal projection
Zb of a vector b onto the null space of a full-rank matrix A having fewer rows than
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columns:
(1) Zb=0b— A* (AA*)"! Ab.

That Z is the orthogonal projection onto the null space of A is verified by checking
that AZ = 0 (so that Zb is in the null space of A for any vector b), that ZZ = Z
(so that Z is a projection), and that Z* = Z (so that the projection is “orthogonal”).
Since we are assuming that A and A* may be rapidly applied to arbitrary vectors,
(1) immediately yields a fast algorithm for computing Zb. Indeed, we may apply A
to each column of A* rapidly, obtaining the smaller square matrix AA*; we may then
apply A to b, solve (AA*)x = Ab for z, apply A* to z, and subtract the result from b,
obtaining Zb. However, using (1) directly is numerically unstable, as it is analogous
to using the normal equations for computing the solution to a linear least-squares
regression (see, for example, [7]).

Numerical instability in the use of the normal equations arises in the inversion of
AA*| i.e., the construction of the matrix (AA4*)~! in (1) for projection onto the null
space, or in determining the solution z of (AA*)x = Ab for the overdetermined linear
least-squares problem [3]. Direct use of the normal equations entails explicit compu-
tation of the matrix AA*, thereby squaring the condition number of the procedure.
Severe numerical instability ensues when AA* is singular to the machine precision ¢,
i.e., the condition number x(AA*) 2 1/e. Therefore, use of the normal equations
introduces severe numerical instability in the regime where

(2) K(A) = /(A" 2 Tz

in double-precision arithmetic, \/m ~ 1E8. In comparison, pivoted ) R methods us-
ing Householder or Givens transformations or Gram—Schmidt (with reorthogonaliza-
tion) need not entail the construction or inversion of a matrix with condition number
(k(A))? (see, for example, Chapter 2 in [2] or Chapter 5 in [7]). Typically, however,
direct QR methods are significantly more computationally expensive than use of the
normal equations when A and A* can be applied rapidly to arbitrary vectors. When
A and A* can be applied rapidly to arbitrary vectors, @ R methods can be more diffi-
cult to parallelize and may require more floating-point operations and more memory
(sometimes more than is commonly available).

A simple modification to the method of normal equations maintains the benefit
of rapid applicability of A and A* while avoiding explicit construction and inversion
of AA*. Namely, we replace (1) with a formula that is equivalent in exact arithmetic
(but not in floating-point):

(3) Zb=b—A* (P*)"1 (PP AA* (P*)~") "' P! A,

where P is a matrix such that P~! A is well conditioned. If A is very short and fat,
then P is small and square, and so we may apply P~! and (P*)~! reasonably quickly
to arbitrary vectors. Thus, given a matrix P such that P~ A is well conditioned,
(3) yields a fast algorithm for computing Zb with enhanced numerical stability (see
Remark 5.3 in section 5 for a discussion of numerical stability in this context). We
can rapidly produce such a matrix P via the randomized method of [11], which is
based on the techniques of [5] and its predecessors. Although the method of the
present paper is randomized, the probability of numerical instability is negligible (see
Remark 4.2 in section 4). A preconditioned iterative approach similar to that in
[11] is also feasible. Related work includes [1] and [8], which develop a randomized
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FAST RANDOMIZED ALGORITHM FOR ORTHOGONAL PROJECTION 851

approach to the overdetermined least-squares problem for arbitrary dense matrices
and a method for computing the null spaces of sparse matrices.

The remaining sections cover the following: section 2 summarizes relevant facts
from prior publications. Section 3 details the mathematical basis for the algorithm
of the present paper. Section 4 describes the algorithm in detail and estimates its
computational costs. Section 5 reports the results of several numerical experiments.
(Rather than providing a long rigorous formal proof of the numerical stability of our
method, we give a sketch and then illustrate the stability via numerical examples.)
Section 6 sums up the results and contains concluding remarks.

2. Preliminaries. In this section, we summarize several facts about the spectra
of random matrices and about techniques for preconditioning.

2.1. Singular values of random matrices. The following lemma provides a
highly probable upper bound on the greatest singular value of a matrix whose entries
are independent and identically distributed (i.i.d.) Gaussian random variables of zero
mean and unit variance; formula 8.8 in [6] provides an equivalent formulation of the
lemma.

LEMMA 2.1. Suppose that | and m are positive integers with | > m. Suppose
further that H is an m X | matriz whose entries are i.i.d. Gaussian random variables
of zero mean and unit variance, and « is a positive real number, such that o > 1 and

2 l
@ w1 v ()
4(a? —1)Vrla? \e* ™

is nonnegative.

Then, the greatest singular value of H is no greater than V2l o with probability
no less than 7y defined in (4).

The following lemma provides a highly probable lower bound on the least singular
value of a matrix whose entries are i.i.d. Gaussian random variables of zero mean and
unit variance; formula 2.5 in [4] and the proof of Lemma 4.1 in [4] together provide
an equivalent formulation of Lemma 2.2.

LEMMA 2.2. Suppose that | and m are positive integers with I > m. Suppose
further that H is an m X | matriz whose entries are i.i.d. Gaussian random variables
of zero mean and unit variance, and B is a positive real number, such that

1 e l—m+1
(5) = 2 (Il —m+1) ((l—m+1)ﬁ)

18 nonnegative.

Then, the least (that is, the mth greatest) singular value of H is no less than
1/(\/1 B) with probability no less than w_ defined in (5).

The following lemma provides a highly probable upper bound on the condition
number of a matrix whose entries are i.i.d. Gaussian random variables of zero mean
and unit variance; the lemma follows immediately from Lemmas 2.1 and 2.2. For
simpler bounds, see [4].

LEMMA 2.3. Suppose that | and m are positive integers with I > m. Suppose
further that H is an m X | matriz whose entries are i.i.d. Gaussian random variables
of zero mean and unit variance, and « and [ are positive real numbers, such that
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v W0:1_4(a2—1)m (;?21)1_ 27T(lim+1) <(l—me+1)5>lm+1

is nonnegative.
Then, the condition number of H is no greater than \/2laf with probability no
less than my defined in (6).

2.2. Preconditioning. The following lemma, proven in a slightly different form
as Theorem 1 in [11], states that, given a short, fat m x n matrix A, the condition
number of a certain preconditioned version of A corresponding to an n X [ matrix G
is equal to the condition number of V* G, where V is an n X m matrix of orthonormal
right singular vectors of A.

LEMMA 2.4. Suppose that [, m, and n are positive integers such that m <1 <mn.
Suppose further that A is a full-rank m x n matriz, and that the singular value de-
composition of A is

(7) Amxn = Umxm mem (anm)*a

where the columns of U are orthonormal, the columns of V' are orthonormal, and ¥ is
a diagonal matriz whose entries are all nonnegative. Suppose in addition that G is
an n X I matrix such that the m x | matrizc AG has full rank.

Then, there exist an m X m matrix P and an | X m matriz Q whose columns are
orthonormal, such that

(8) AmannXl :mem (lem)*-

Furthermore, the condition numbers of P~ A and V* G are equal for any m x m
matric P and | X m matriz Q whose columns are orthonormal such that P and Q

satisfy (8).

3. Mathematical apparatus. In this section, we describe a randomized method
for preconditioning rectangular matrices and prove that it succeeds with very high
probability.

The following theorem states that a certain preconditioned version P~ A of a
short, fat matrix A is well conditioned with very high probability (see Observation 3.2
for explicit numerical bounds).

THEOREM 3.1. Suppose thatl, m, andn are positive integers such thatm <1 <n.
Suppose further that A is a full-rank m x n matriz and that the singular value decom-
position of A is

(9) Amxn = Umxm mem (anm)*a

where the columns of U are orthonormal, the columns of V' are orthonormal, and ¥ is
a diagonal matriz whose entries are all nonnegative. Suppose in addition that G is
an n X | matriz whose entries are i.i.d. Gaussian random variables of zero mean and
unit variance. Suppose finally that o and B are positive real numbers, such that o > 1
and my defined in (6) is nonnegative.

Then, there exist an m X m matriz P and an | X m matriz QQ whose columns are
orthonormal such that

(10) Amxn anl = Pm><m (lem)*'
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Furthermore, the condition number of P~ A is no greater than /2 la3 with prob-
ability no less than mo defined in (6) for any m X m matriz P and | X m matriz Q
whose columns are orthonormal, such that P and Q satisfy (10).

Proof. Combining the facts that the columns of V' are orthonormal and that the
entries of G are i.i.d. Gaussian random variables of zero mean and unit variance yields
that the entries of Hyyxi = (Viuxm)* Gnxi are also i.i.d. Gaussian random variables
of zero mean and unit variance. Combining this latter fact and Lemmas 2.3 and 2.4
completes the proof. |

Observation 3.2. To elucidate the bounds given in Theorem 3.1, we look at some
special cases. With m > 2 and a > 2, we find that mg from Theorem 3.1, defined
in (6), satisfies

2 l—m+2
(11) m>1-— . ( 2? )
4(a2 = 1)\/7(l —m+2)a2 \e* !

ZW(lim—l— 1) <(l—me+ 1)ﬂ>l_m+l'

Combining (11) and Theorem 3.1 yields strong bounds on the condition number of
P ' Awhenl—m=4andm>2: Withl—m =4, o® =4, and 8 = 3, the condition
number is at most 10/ with probability at least 1 — 10™%. With | —m = 4, o? = 7,
and 3 = 26, the condition number is at most 100! with probability at least 1 — 1077.
With | — m = 4, a®> = 9, and 8 = 250, the condition number is at most 1100! with
probability at least 1 — 10~!4. Moreover, if instead of [ — m = 4 we take [ to be a
few times m, then the condition number of P~! A is no greater than a small constant
(that does not depend on 1) with very high probability (see [4]).

4. Description and cost analysis of the algorithm.

4.1. Description of the algorithm. In this section, we describe the algorithm
of the present paper in some detail. We tabulate its computational costs in section 4.2.

Suppose that m and n are positive integers with m < n, and A is a full-rank
m X n matrix. The orthogonal projection of a vector b,x; onto the row space of
Apmxn is A* (A A*)~1 Ab. Therefore, the orthogonal projection of b, %1 onto the null
space of Ap,xn is b— A* (AA*)~1 Ab. After constructing a matrix P, ., such that
the condition number of P~! A is not too large, we may compute the orthogonal
projection onto the null space of A via the identity

(12)  b—A"(AA) " Ab=0b—A* (P*)" ' (P71 AA" (P*)—l)‘1 P! Ab.

With such a matrix P, xm, (12) provides a numerically stable means for computing
the orthogonal projection of b onto the null space of A.

To construct a matrix P,,x, such that the condition number of P~! A is not too
large, we first choose a positive integer [ such that m <[ < n. Typically, [ = m+4 is
a good choice, as explained in Observation 3.2 and illustrated by the numerical results
of section 5. Next, we perform the following two steps:

1. Construct the m x [ matrix

(13) Sm><l = Am><n anl

one column at a time, where G is a matrix whose entries are i.i.d. random
variables. Specifically, generate each column of G in succession, applying

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



854

E. S. COAKLEY, V. ROKHLIN, AND M. TYGERT

A to the column (and saving the result) before generating the next column.
(Notice that we do not need to store all nl entries of G simultaneously.)

. Construct a pivoted QR decomposition of S*,

(14) (Smxl)* = lem RmeHmea

where the columns of @) are orthonormal, R is upper-triangular, and II is
a permutation matrix. (See, for example, Chapter 5 of [7] for details on
computing the pivoted QR decomposition.)

With P = II* R*, Theorem 3.1 and Observation 3.2 show that the condition number
of P71 A is not too large, with very high probability.
To construct the matrix

(15)

Y= (PlAaa (P ),

which appears in the right-hand side of (12), we perform the following three steps:

1.

Construct the m x m matrix

_ * —1
- mem Rmxm

(16) P

mxXm

(recalling that II is a permutation matrix).

. Foreach k =1, 2, ..., m, construct the kth column 2 of an m x m matrix

X via the following five steps:
Extract the kth column c*)

a. 1 of P~

b. Construct d,(lkx)1 = (Amxn)* c,(jj)xl.

c. Construct efﬁ)xl = Amxn d;@l.

d. Construct f(kil =Ixm efﬁ)xl (recalling that II is a permutation ma-

m
trix).
e. Solve Ry, xoky = £
triangular matrix).
Notice that X = P71 A A* (P*)71, where P = (RI)* and (P*)~! = P~
Also, because we generate X one column at a time, we do not need to store
an extra O(nm) floating-point words of memory at any stage of the algorithm.

(k)

, for x4

(recalling that R is an upper-

. Construct the m x m matrix

(17) Yism = X1

mxm:*

It follows from (12) that the orthogonal projection of b onto the null space of A

is

(18)

b— A" (AA*) L Ab=b— A" (P*)"LY P~! Ab.

In order to apply A* (P*)"'Y P! A to a vector b,x1, where P = II* R*, we
perform the following seven steps:

1.
2.
3.

Construct ¢x1 = Amxn bnx1-

Construct dy,x1 = Hpmxm cmx1 (recalling that II is a permutation matrix).
Solve R}, . €mx1 = dmx1 for e,x1 (recalling that R is an upper-triangular
matrix).

Construct fix1 = Yiuxm €mx1-

. Solve Ryyscm Gmx1 = fmx1 for gmx1 (recalling that R is an upper-triangular

matrix).
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6. Construct hpmx1 = IT%, ., gmx1 (recalling that IT is a permutation matrix).
7. Construct b,y = (Amxn) hmx1-

The output b = A* (P*)~1Y P~1 Ab of the above procedure is the orthogonal
projection of b onto the row space of A. The orthogonal projection of b onto the null
space of A is then b —b.

Remark 4.1. The vector h,,x1 constructed in step 6 minimizes the Euclidean
norm ||(Amxn)* hmx1 — bnx1ll of (Amxn)* Pmx1 — bnx1; that is, h,x1 solves the
overdetermined linear least-squares regression (A;xn)* Amx1 & bnxi1. The vector

bnx1 constructed in step 7 is the orthogonal projection of b, 1 onto the row space of
Amxn-

Remark 4.2. The algorithm of the present section should be numerically stable
provided that the condition number of P~! A is not too large. Theorem 3.1 and
Observation 3.2 show that the condition number is not too large, with very high
probability.

4.2. Computational costs. In this subsection, we estimate the number of
floating-point operations required by the algorithm of section 4.1.

We denote by Cy4 the cost of applying A,,x, to an n x 1 vector; we denote by
Ca+ the cost of applying (A,,xn)* to an m x 1 vector. We will be keeping in mind
our assumption that m <[ <n.

Constructing a matrix Py, ., such that the condition number of P! A4 is not too
large incurs the following costs:

1. Constructing S defined in (13) costs I - (C'a + O(n)).
2. Constructing R and II satisfying (14) costs O(I - m?).
Given R and II (whose product is P*), constructing the matrix Y;,x,, defined
in (15) incurs the following costs:
1. Constructing P~ defined in (16) costs O(m?).
2. Constructing X via the five-step procedure (steps a—e) costs m- (Cy+ +Cy +
O(m?)).
3. Constructing Y in (17) costs O(m?).

Summing up, we see from m < [ < n that constructing R, II, and Y defined

in (15) costs

(19) Core = (14+m) - Ca+m-Ca+O( - (m?* +n))

floating-point operations overall, where Cy is the cost of applying A, xn, to ann x 1
vector, and Cyu« is the cost of applying (A,,xn)* to an m x 1 vector. Typically,
l = m+ 4 is a good choice, as explained in Observation 3.2 and illustrated by the
numerical results of section 5. Given R and II (whose product is P*) and Y, computing
the orthogonal projection b—b of a vector b onto the null space of A via the seven-step
procedure of section 4.1 costs

(20) Cpro = Ca + O(m?) + Cy-
floating-point operations, where again Cjy is the cost of applying A,,x, to an n x 1
vector, and Cx+ is the cost of applying (A, xx)* to an m x 1 vector.

5. Numerical examples. In this section, we illustrate the performance of the
algorithm of the present paper via several numerical examples.

We compare the algorithm with the standard method of normal equations dis-
cussed in section 1. It is not the purpose of the present paper to compare the algorithm
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with all methods in all possible configurations of the numerical tests and computa-
tional environment; instead, we focus on methods that directly take advantage of the
ability to efficiently apply to arbitrary vectors the matrix A on whose null space we
would like to project. The canonical approaches requiring the computation of a (pos-
sibly pivoted or partial) QR decomposition of this matrix A, including the method
of seminormal equations, can be appropriate in some circumstances (especially for
small-scale problems; see, for example, section 2.4 of [2]), but they are not of the form
that the present paper concerns.

All computations were performed using IEEE standard double-precision variables,
whose mantissas have approximately one bit of precision less than 16 digits (so that
the relative precision of the variables is approximately .2E-15). Computations were
performed on a single core of a 2.8 GHz Intel Pentium D microprocessor with 1 MB
of L2 cache and 3.5 GB of RAM. All code was written in FORTRAN 77 and compiled
using the Lahey/Fujitsu Linux Express v6.2 compiler, with the optimization flag --02
enabled. All QR decompositions were computed via plane (Householder) reflections
(see, for example, Chapter 5 of [7]).

5.1. Generation of random numbers and random unit vectors. Except
where otherwise noted, all random numbers were generated using (Mitchell-Moore—
Brent-Knuth) lagged Fibonacci pseudorandom sequences, uniformly distributed on
[—1,1], constructed solely via floating-point additions and subtractions (with no in-
teger arithmetic); see, for example, section 7.1.5 of [10]. In particular, we used these
pseudorandom numbers for the entries of G in (13).

All exceptions concern the use of high-quality (see, for example, [9]) pseudoran-
dom numbers drawn from a Gaussian distribution of zero mean and unit variance in
place of a uniform distribution on [—1,1]. Although previous sections of this paper
use Gaussian random variables to simplify the theoretical analysis, there appears to
be no practical advantage to using high-quality truly Gaussian pseudorandom num-
bers; cf. Remark 5.4. As demonstrated by the results reported in section 5.4, the very
quickly generated lagged Fibonacci sequences perform just as well in our algorithm.

Except where otherwise noted, each random unit vector b was computed as b =
¢/||c||, where ¢ is a vector whose entries are i.i.d. random variables, and ||-|| denotes
the Euclidean norm.

5.2. Construction and properties of test matrices. Definition of A.
Tables 1-5 display the results of applying the algorithm to project onto the null
space of the sparse matrix A,,x, defined as follows. First, we define the circulant
matrix B, xm via the following formula for each entry:

1, j=k—2modm,
—4, j=k—1mod m,
6+d, j=k,

(21) Bix = —4, j=k+ 1 mod m,
1, j=k+2modm,
0 otherwise
for j, k=1, 2, ..., m, where d is a real number shortly to be specified. Taking n to

be a positive integer multiple of m,

(22) p=
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we define the matrix A,,x. via the formula
vm/n

23) Apxn = ——-
(23) Amx 16 +d

where Uy, xm and V,«, are drawn uniformly at random from the sets of m x m and
n x n permutation matrices, and By, x, is the matrix given by (21).

Definition of A. Tables 6-7 display the results of applying the algorithm to
project onto the null space of the dense matrix A,,x, defined by

(24) Amxn = Pmxm * AmXTLv

where A,,xn is the sparse matrix defined in (23), and F,,xm, is the orthogonal ma-
trix corresponding to a real discrete Fourier transform (DFT) of size m. It follows
from (24) that the condition numbers of A and A are equal, i.e.,

(25) k(A) = K(A).

Ume'( Bm><m | Bm><m | | Bmxm | Bmxm ) anna

mxXn

We note that, as with A and A*, we may rapidly apply A and A*, since the matrices
Frxm and F. . = F, % may be rapidly applied via a fast Fourier transform (we
used Swarztrauber’s FFTPACK for the fast Fourier transform). Unlike A and A*,
the matrices A and A* are dense.

Condition number and norm. As B,,«, is a real self-adjoint circulant matrix,
it is diagonalized by the real DFT matrix F}, <, and the spectrum of B is easily seen

to be
2 4
(26) A =d+6—8cos <Lk) + 2cos (Lk)
m m

for k=1, 2, ..., m. The condition number of B is therefore x = (16 4+ d)/d, and the
condition number of A or A is consequently also x = (16 + d)/d. In accordance with
this relation, we take d = 16/(k — 1).

The relation (26) also shows that the spectral (I operator) norm ||B,xm| =
16 + d, so that from (23) and (24) it is easily seen that

(27) 4] = 1an =1,
where ||-|| denotes the spectral (12 operator) norm; i.e., ||A| is the greatest singular
value of A.

Null space and row space. Since B is nonsingular and therefore By = 0 only
if y = 0, the relation (23) yields that Az = 0 if and only if

Clymx 1
<2ym>< 1
(28) Tmx1 = Vo' .

nxn '
CpYmx1 nxl

with Zizl ¢r = 0 and/or y = 0. Similarly, a column vector w,x1 is in the column
space of A* if and only if

Ymx1
(29) Wmx1 = V*

nxn

Ymx1 nx1
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for some y,,,x1. These relations facilitate the computation of random unit vectors in

the null space of A (kernel of A) or the column space of A* (cokernel of A). As the

null spaces of A and A are identical due to (24), the same consideration applies to A.
Remark 5.1. A random unit vector in the null space of A or A is given by

1 Clymxl
(30) Tmxl = Vi : ,

nxn \/Tl/—m

prmX1 nx1

where ((1,(2,...,(p) is a random unit vector of length p = n/m such that
S P _1 ¢ =0, and y is a random unit column-vector of length m. A random unit
vector in the column space of A* or A* is given by

1 Ymx1
(31) Winx1 = | VA — ,

nxn \/TL/—m

Ymx1 nx1

where y is a random unit column-vector of length m.

5.3. Notation. Fzplanation of notation. The tables in section 5.4 present nu-
merical results for the matrices A and A corresponding to varying values of n, m,
and [. The tables provide three measures, designated with the symbols §, €, and p,
characterizing the accuracies of the standard method of normal equations and the
randomized method for projection onto the null space. To describe these measures,
we will need the following notation: We define Z to be the exact orthogonal pro-
jection onto the null space and Z,o;m to be the orthogonal projection onto the null
space calculated via the method of normal equations, as detailed in section 1. We
define Z;anq to be the orthogonal projection onto the null space calculated via the
randomized method, as detailed in section 4.

The first measure § addresses the extent to which each method, executed in finite-
precision arithmetic, produces vectors that are indeed in the null space. Specifically,
we define

(32) Snorm = || A Znorm (b)]|

and

(33) Orand = [|A* Zrana (D),

where ||| denotes the Euclidean norm. The values of dporm and dyang presented for

each matrix correspond to the largest obtained over 100 realizations of a random unit
vector b. Small values correspond to high accuracy.

The second measure € addresses the extent to which each method, executed in
finite-precision arithmetic, is a projection, i.e., is idempotent (ZZ = Z). Specifically,
we define

(34) €norm — HZnorm(Znorm(b)) - Znorm(b)H
and
(35) €rand = ||Zrand(Zrand(b)) - Zrand(b)H .
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The values of €porm and €anq presented for each matrix correspond to the largest
obtained over 100 realizations of a random unit vector b. Small values correspond to
high accuracy.

The third measure p quantifies the discrepancy between the size of the exact pro-
jection and its approximation produced by each method executed in finite-precision
arithmetic. This measure also characterizes the accuracy of the solution to the corre-
sponding least-squares problem. Specifically, we define

2 2
_ ||7“normH — HT”

(36) Pnorm = P}
il
and
) o reasal?® )

2
17l

where 7, Thorm, and ryang are the residuals to the corresponding least-squares problem,
ie.,

(38) r = Z(b),
(39) Tnorm = Znorm(b)7
and

(40) Trand = Zrand (b)

Remark 5.2 below constructs a suitable random unit vector b for any prescribed size
7 = ||r|| = ||Zb|| of the residual r (for our examples, we set 7 = 1/10ek, where
¢ =~ .2E-15 is the machine precision, and & is the condition number of A or A). The
values of pporm and prang presented for each matrix correspond to the largest obtained
over 100 such realizations of b. Small values correspond to high accuracy.

Remark 5.2. To construct a random unit vector b for use in (38), (39), and (40),
we select a real number 7 such that 0 < 7 < 1, and we set

(41) b=vV1-T2w+rTx,

where w is a random unit vector in the column space of A* or A* obtained via (31), and
x is a random unit vector in the null space of A or A obtained via (30). Combining (41)
and the facts that Zw = 0 and Zz = «x yields that ||r|| = || Zb|| = 7. For the numerical
experiments reported in the present section, we set 7 = v/10ek, where ¢ ~ .2E-15 is
the machine precision, and & is the condition number of A or A.
List of notation. The following list defines the headings used in all tables:
e m is the number of rows in the matrix for which we are computing the or-
thogonal projection onto the null space.
e 1 is the number of columns in the matrix for which we are computing the
orthogonal projection onto the null space.
e [ is the number of columns in the random matrix G from (13).
e r(A) (respectively, x(A)) is the condition number of the matrix A defined
in (23) (respectively, the matrix A defined in (24)).
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k(P~'A) (respectively, (P~ A)) is the condition number of the matrix P~' A
(respectively, (P~ A)) from Theorem 3.1 and Remark 4.2.

Onorm 18 @ measure of the error of the standard method of normal equations for
orthogonal projection onto a null space, as defined by relation (32). Specif-
ically, dnorm is the Euclidean norm of the result of applying A or A to the
orthogonal projection (onto the null space) of a random unit vector b, com-
puted via the method of normal equations. For a given A or A, the presented
Onorm is the maximum encountered over 100 independent realizations of the
random vector b. The tables report dporm divided by the condition number,
since this is generally more informative (cf. Remark 5.3).

drand is a measure of the error of the algorithm of the present paper, as
defined by relation (33). Specifically, §yand is the Euclidean norm of the result
of applying A or A to the orthogonal projection (onto the null space) of a
random unit vector b, computed via the method of section 4. For a given A
or fl, the presented dyang is the maximum encountered over 100 independent
realizations of the random vector b. The tables report d;anq divided by the
condition number, since this is generally more informative (cf. Remark 5.3).
€norm 1S a measure of the error of the standard method of normal equations for
orthogonal projection onto a null space, as defined by relation (34). Specif-
ically, €norm is the Euclidean norm of the difference between the orthogonal
projection via the method of normal equations (onto the null space) of a ran-
dom unit vector b and its own orthogonal projection computed via the same
method. For a given A or fl, the presented €norm is the maximum encoun-
tered over 100 independent realizations of the random vector b. The tables
report €porm divided by the condition number, since this is generally more
informative (cf. Remark 5.3).

€rand 1s @ measure of the error of the algorithm of the present paper, as defined
by relation (35). Specifically, €,anq is the Euclidean norm of the difference
between the orthogonal projection via the method of section 4 (onto the null
space) of a random unit vector b and its own orthogonal projection computed
via the same method. For a given A or fl, the presented €44 is the maximum
encountered over 100 independent realizations of the random vector b. The
tables report €;anq divided by the condition number, since this is generally
more informative (cf. Remark 5.3).

Pnorm 18 @ measure of the error of the standard method of normal equations for
orthogonal projection onto a null space, as defined by relation (36). Specif-
ically, pnorm i the relative accuracy of the square of the Euclidean norm of
the residual to the least-squares problem produced by the standard method
of normal equations. Thus pyorm is the difference between the squared norm
of the computed residual and the squared norm of the ideal residual, divided
by the squared norm of the ideal residual. The construction of random vec-
tors b with known residuals is discussed in Remark 5.2. For a given A or
fl, the presented pporm is the maximum encountered over 100 independent
realizations of the random vector b. The tables report pyorm divided by the
condition number, since this is generally more informative (cf. Remark 5.3).
Prand 1S a measure of the error of the algorithm of the present paper, as defined
by relation (37). Specifically, prana is the relative accuracy of the square of
the Euclidean norm of the residual to the least-squares problem produced by
the method described in section 4. Thus prang is the difference between the
squared norm of the computed residual and the squared norm of the ideal
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residual, divided by the squared norm of the ideal residual. The construction
of random vectors b with known residuals is discussed in Remark 5.2. For
a given A or fl, the presented prang is the maximum encountered over 100
independent realizations of the random vector b. The tables report prana
divided by the condition number, since this is generally more informative (cf.
Remark 5.3).

® Spre is the time in seconds required to compute A A* (or A A*) and its pivoted
QR decomposition.

® Spro is the time in seconds required to compute directly the orthogonal pro-
jection b — A* (AA*)"1 Ab (or b — A* (AA*)~L Ab) for a vector b, having
already computed a pivoted QR decomposition of A A* (or fl[l*) Thus,
Spre + J * Spro is the time required by the standard method of normal equa-
tions for the orthogonal projection of j vectors onto the null space.

® e is the time in seconds required by the randomized algorithm to construct
the matrices R, I, and Y defined in section 4.

® 1,10 is the time in seconds required by the randomized algorithm to compute
the orthogonal projection of a vector onto the null space, having already
computed the matrices R, II, and Y defined in section 4. Thus, tpre + J - tpro
is the time required by the algorithm of the present paper for orthogonally
projecting j vectors onto the null space.

Remark 5.3. Standard perturbation theory shows that, given a vector b, a
perturbation of size A to the entries of a short, fat matrix A satisfying (27) may
cause the entries of the vector h minimizing || A*h — b|| to change by about A - x?% - 7,
where k = k(A) is the condition number of A, and 7 = ||r|| = ||A*h — b|| is the size of
the residual r = b— A*h (see, for example, formula 1.4.26 in [2]). Thus, it is generally
meaningless to compute h more accurately than e - k2 - 7, where ¢ is the machine
precision, k = k(A) is the condition number of A, and 7 = ||A*h — b||. Similarly, it is
generally meaningless to compute the orthogonal projection onto the null space of A
more accurately than e- k. Consequently, any entry in the tables for dyorm /%, drand /5,
€norm/ K, €rand/ K, Pnorm/K, OT prand/k which is less than the machine precision € =
.2E-15 should not be construed as a meaningful improvement over an accuracy of ¢.

5.4. Numerical results. The following tables present numerical results for the
projection of test vectors onto the null spaces of matrices A and A. Tables 1-7 are
organized for the purposes of clear exposition. Their content is provided unabridged
in Tables 8-10.

Table 1 provides results for comparison of the accuracy of the algorithm using
Gaussian random variables for the entries of G in (13) versus using uniformly dis-
tributed random variables. No appreciable differences in accuracy are observable.

Table 2 demonstrates that the randomized algorithm runs substantially faster
when implemented using uniformly distributed random variables generated via
(Mitchell-Moore-Brent-Knuth) lagged Fibonacci pseudorandom sequences in place
of high-quality Gaussian pseudorandom variables. For this reason, we present all of
the following results for the algorithm using uniformly distributed random variables.

Remark 5.4. Table 1 illustrates that there is no substantive benefit from using
high-quality pseudorandom numbers for the entries of G in (13), nor from using ran-
dom variables with a Gaussian distribution.

Table 3 reports the accuracy of the randomized algorithm with varying values of
[ and m. Specifically, the values I = m + 4, l = m 4+ 100, | = 3m/2, and [ = 2m
are shown. Clearly, the condition number x(P~!A) rapidly decreases as [ increases.
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TABLE 1
Errors for the sparse matriz A defined in (23) using Gaussian and uniformly distributed random
variables, with | = m + 4 and n = 10°.

Gaussian Uniformly distributed

Orand €rand Prand Orand €rand Prand

m  k(A) | k(P~ra) k(A rk(A) rk(A) w(P~tA)  k(A) rk(A) K(A)
500 1E4 .32E3 91E-17 .59E-15 .88E-13 .31E3 82E-17 .58E-15 .69E-13
500 1E5 | .32E3 .58E-17  .63E-15  .47E-13 45E3 .66E-17  .52E-15  .45E-13
500 1E6 | .31E3 A49E-17  41E-15  .57E-13 .34E3 .52E-17  .50E-15  .41E-13
500 1E7 | .31E3 40E-17  41E-15  .30E-13 .24E3 ATE-17  .39E-15  .24E-13
500 1E8 .33E3 .28E-17 .34E-15 .21E-13 .27E3 27TE-17 .37E-15 21E-13
1000 1E4 .60E3 19E-16 42E-15 .20E-13 .10E4 .20E-16 44E-15 22E-13
1000 1E5 .13E4 .13E-16 40E-15 14E-13 .15E4 .15E-16 40E-15 12E-13
1000 1E6 97E3 11E-16 .30E-15 72E-14 .51E3 11E-16 27E-15 93E-14
1000 1E7 | .61E3 .89E-17  .24E-15 .56E-14 .16E4 STTE-17  24E-15 44E-14
1000 1E8 | .70E3 .62E-17  .22E-15 41E-14 .12E4 .64E-17  .17TE-15 .32E-14
2000 1E4 | .16E4 .39E-16 .32E-15  .b5E-14 .16E4 .35E-16  .30E-15 48E-14
2000 1E5 | .14E4 .28E-16 .25E-15  .39E-14 .14E4 .26E-16  .23E-15 .31E-14
2000 1E6 93E3 .20E-16 21E-15 .19E-14 .10E4 .18E-16 19E-15 20E-14
2000 1E7 .16E4 .16E-16 .16E-15 12E-14 .12E4 .15E-16 .15E-15 14E-14
2000 1E8 | .10E4 .10E-16 .12E-15  .87E-15 .16E4 11E-16  .14E-15 .93E-15

TABLE 2

Timings for the sparse matriz A defined in (23) using Gaussian and uniformly distributed
random variables, with n = 105.

m l H(A) | tl(:)?caussian) tngcniform)
500 504 1E6 .85E2 .23E2
500 504 1E7 .86E2 .23E2
500 504 1E8 .85E2 .23E2

1000 1004 1E6 .18E3 .61E2

1000 1004 1E7 .18E3 .62E2

1000 1004 1E8 .18E3 .61E2

2000 1004 1E6 .52E3 27TE3

2000 1004 1E7 .52E3 .27TE3

2000 1004 1E8 .51E3 27TE3
TABLE 3

Errors for the sparse matriz A defined in (23) with varying values of 1, with n = 105.

m l H(A) K(P_lA) | 6rand/’€(A) 6rand/n(*A) prand/’{(A)
1000 1004 1E6 .51E3 11E-16 .27TE-15 .93E-14
1000 1100 1E6 .37E2 JT6E-17 .19E-15 .34E-14
1000 1500 1E6 97E1 713E-17 .15E-15 .20E-14
1000 2000 1E6 S7E1 .65E-17 .14E-15 .16E-14
1000 1004 1E8 12E4 .64E-17 17E-15 .32E-14
1000 1100 1E8 .39E2 STE-17 .12E-15 .20E-14
1000 1500 1E8 .96E1 A4E-17 .10E-15 .96E-15
1000 2000 1E8 .B7E1 A1E-17 .84E-16 11E-14
2000 2004 1E6 .10E4 .18E-16 .19E-15 .20E-14
2000 2100 1E6 TTE2 14E-16 .16E-15 11E-14
2000 3000 1E6 J99E1 12E-16 .11E-15 .56E-15
2000 4000 1E6 .58E1 11E-16 97E-16 .36E-15
2000 2004 1E8 .16E4 11E-16 .14E-15 .93E-15
2000 2100 1E8 .81E2 89E-17 .10E-15 .51E-15
2000 3000 1E8 .98E1 .88E-17 .60E-16 .19E-15
2000 4000 1E8 bB7EL .86E-17 .55E-16 .13E-15
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TABLE 4
Errors for the sparse matriz A defined in (23) with | = m + 4 and n = 108.

Onorm érand €norm €rand Pnorm Prand
m  k(A) Kk(P~1A) K(A) Kk(A) Kk(A) Kk(A) Kk(A) Kk(A)
1000 1E4 11E4 .61E-15 .B9E-17 .56E-11 14E-14 .28E-04 18E-11
1000 1E5 11E4 A42E-15 ABE-17 .37E-10 13E-14 .15E-02 JA2E-11
1000 1E6 .50E3 .36E-15 .28E-17 .31E-09 91E-15 .11E-00 .T9E-12
1000 1E7 .50E3 .52E-16 .25E-17 12E-09 .88E-15 .15E-00 STE-12
1000 1E8 51E3 A3E-17 19E-17 .88E-11 .58E-15 .24E-02 .28E-12
1000 1E9 51E3 .53E-18 A3E-17 .89E-12 A8E-15 .26E-04 .21E-12
1000 1E10 .15E4 37E-19 .84E-18 .99E-13 .34E-15 .25E-06 14E-12
2000 1E4 .10E4 .64E-15 .11E-16 STE-11 .93E-15 .16E-04 A44E-12
2000 1E5 14E4 .52E-15 92E-17 A8E-10 75E-15 .11E-02 2TE-12
2000 1E6 12E4 .36E-15 HB9E-17 .35E-09 .60E-15 .53E-01 .15E-12
2000 1E7 99E3 A7E-14 ABE-17 .14E-06 51E-15 .18E+02 13E-12
2000 1E8 .99E3 .32E-16 .30E-17 .B7E-09 37E-15 14E-01 .80E-13
2000 1E9 .16E4 2TE-17 .26E-17 A44E-10 B7TE-15 .14E-03 .54E-13
2000 1E10 .91E3 .65E-18 20E-17 .34E-10 .25E-15 .53E-05 .36E-13
4000 1E4 27TE4 .33E-15 .25E-16 30E-11 .68E-15 .23E-05 12E-12
4000 1E5 .33E4 A7TE-15 .18E-16 .16E-10 .54E-15 .58E-04 .66E-13
4000 1E6 37E4 .78E-16 .12E-16 .69E-10 A42E-15 17E-02 46E-13
4000 1E7 .30E4 .66E-16 .10E-16 .21E-09 .36E-15 .69E-01 .29E-13
4000 1E8 31E4 A8E-17 ST1E-17 .14E-10 .28E-15 17E-02 .19E-13
4000 1E9 19E4 44E-18 A9E-17 16E-11 .28E-15 .16E-04 .19E-13
4000 1E10 19E4 A2E-19 ABE-17 14E-12 A7TE-15 .17E-06 .95E-14
TABLE 5

Timings for the sparse matriz A defined in (23) with | =m + 4 and n = 106,

m Kk(A) K(P~1A) | Spre tore Spro tpro
1000 1E4 11E4 .59E3 .88E3 .93E0 .95E0
1000 1E6 .50E3 .56E3 .86E3 91E0 L92E0
1000 1E8 .51E3 .54E3 .82E3 .86E0 .87E0
1000 1E10 .15E4 .54E3 .81E3 .86E0 .87E0
2000 1E4 .10E4 11E4 .18E4 .89E0 .94E0
2000 1E6 .12E4 11E4 .18E4 .89E0 .94E0
2000 1E8 .99E3 11E4 .18E4 .89E0 .94E0
2000 1E10 91E3 11E4 .18E4 .89E0 .94E0
4000 1E4 .27E4 .24E4 .52E4 .13E1 .18E1
4000 1E6 .37E4 .23E4 .5b4E4 11E1 A7E1L
4000 1E8 .31E4 .23E4 .52E4 11E1 17E1
4000 1E10 .19E4 .23E4 .52E4 12E1 17E1

However, the accuracies dyand, €rand, and prang do not improve much when x(P~1A)
tends to 1 as ! increases beyond m + 4. In particular, [ = m + 4 yields essentially
optimal accuracies dand, €rand, and prang Well before x(P~!A) approaches unity. At
the same time, the computational costs of the algorithm increase as [ increases. For
these reasons, in the following tables we use I = m + 4 for comparison against the
standard method of normal equations.

Table 4 presents errors for the standard method of normal equations as well as
the randomized method of section 4 for projection onto the null space of the matrix
A defined by (23). The corresponding timings are provided in Table 5.

Table 6 presents errors for the standard method of normal equations as well as
the randomized method of section 4 for projection onto the null space of the matrix
A defined by (24). The corresponding timings are provided in Table 7.
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_ TaABLE 6
Errors for the dense matriz A defined in (24) with 1 =m + 4 and n = 10°.

Onorm érand €norm €rand Pnorm pra_nd

m R(A) H(P_IA) /-z(/i) R(A) R(A) /-z(/i) /-z(/i) R(A)
1000 1E4 11E4 .30E-15 .64E-17 .81E-12 13E-14 .69E-06 36E-11
1000 1E5 11E4 .24E-15 A4E-17 52E-11 A11E-14 .26E-04 A3E-11
1000 1E6 .50E3 18E-15 B4E-17 .31E-10 .89E-15 .99E-03 . 7T0E-12
1000 1E7 .50E3 43E-15 29E-17 15E-07 . 75E-15 12E+02 SHTE-12
1000 1E8 51E3 .25E-15 A8E-17 .45E-09 .73E-15 SHTE-01 40E-12
1000 1E9 51E3 83E-17 A2E-17 .28E-11 ATE-15 A8E-04 .20E-12
1000 1E10 .15E4 .73E-18 .69E-18 44E-12 50E-15 .38E-06 .36E-12
2000 1E4 .10E4 .20E-15 12E-16 55E-12 94E-15 .15E-06 46E-12
2000 1E5 14E4 16E-15 98E-17 32E-11 7T8E-15 48E-05 .33E-12
2000 1E6 12E4 12E-15 .62E-17 .20E-10 .60E-15 .22E-03 22E-12
2000 1E7 .99E3 98E-16 .60E-17 .19E-09 49E-15 .36E-01 13E-12
2000 1E8 .99E3 98E-16 35E-17 46E-09 40E-15 19E-01 .81E-13
2000 1E9 .16E4 13E-16 27TE-17 12E-10 .36E-15 . 7T1E-04 48E-13
2000 1E10 91E3 22E-17 23E-17 B39E-11 24E-15 .21E-05 .38E-13
4000 1E4 27E4 14E-15 .28E-16 BTE-12 .66E-15 .35E-07 A14E-12
4000 1E5 .33E4 11E-15 .20E-16 22E-11 53E-15 12E-05 .68E-13
4000 1E6 37E4 .81E-16 14E-16 .13E-10 43E-15 46E-04 .53E-13
4000 1E7 .30E4 .65E-16 .10E-16 .84E-10 .33E-15 .16E-02 .35E-13
4000 1E8 31E4 .28E-15 .63E-17 .18E-08 .28E-15 97E-01 16E-13
4000 1E9 .19E4 19E-15 BH3E-17 41E-08 25E-15 .31E-01 13E-13
4000 1E10 .19E4 24E-17 BTE-17 .16E-10 .20E-15 .53E-05 .82E-14

TABLE 7
Timings for the dense matriz A defined in (24) with | = m + 4 and n = 106,

m H(A) Ii(P_lA) | Spre tpre Spro tpro
1000 1E4 11E4 .54E3 .88E3 .84E0 .99E0
1000 1E6 .50E3 .54E3 .80E3 .86E0 .88E0
1000 1E8 .51E3 .53E3 .81E3 .86E0 .87TE0
1000 1E10 .15E4 .53E3 .81E3 .86E0 .87E0
2000 1E4 .10E4 11E4 .18E4 .89E0 .94E0
2000 1E6 12E4 11E4 .18E4 .89E0 .94E0
2000 1E8 .99E3 11E4 .18E4 .89E0 .94E0
2000 1E10 91E3 11E4 .18E4 .89E0 .94E0
4000 1E4 27TE4 .26E4 .51E4 12E1 16E1
4000 1E6 .37TE4 .23E4 .55E4 11E1 .16E1
4000 1E8 31E4 .23E4 .51E4 A11E1 16E1
4000 1E10 .19E4 .23E4 .51E4 11E1 .16E1

6. Discussion and conclusions. The numerical results reported in section 5,

as well as our further experiments, all indicate that the timings of the classical scheme

and

the randomized method are reasonably similar for our implementations, whereas

the randomized method produces more accurate projections. For matrices with high
condition numbers, the randomized method consistently outperforms the standard
method of normal equations for orthogonal projection onto a null space:

e First, with respect to the standard method of normal equations, the random-
ized method is a projection (i.e., idempotent) to higher accuracy. Section 5
illustrates this via €yorm and €pang defined in (34) and (35).

e Second, with respect to the standard method of normal equations, the
randomized method produces smaller residuals for the corresponding least-
squares problem. Section 5 illustrates this via pnorm and prana defined in (36)
and (37).
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e Both methods appear to perform consistently and equally well in producing
vectors which are indeed in the null space of the specified matrix. Section 5
illustrates this via dporm and drana defined in (32) and (33).

Both theoretical and empirical considerations indicate that setting | = m + 4
in (13) is generally sufficient. Moreover, the quality of the pseudorandom numbers
does not affect the accuracy of the algorithm much, if at all, nor does replacing
the Gaussian random variables with uniformly distributed random variables for the
entries of G in (13). In practice, one can simply use the fastest pseudorandom number
generator available.
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