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Abstract

We give randomized algorithms for linear algebra problems concerning an input matrix
A € K" over a field K. We give an algorithm that simultaneously computes the row and
column rank profiles of A in 273+ (r? +n +m + |A|)1+0(1) field operations in K, where r is
the rank of A and | A| denotes the number of nonzero entries of A. Here, the o(1) in our cost
estimates captures some missing logn and logm factors. The rank profiles algorithm is
randomized of the Monte Carlo type: the correct answer will be returned with probability
at least 1/2. Given b € K™ we give an algorithm that either computes a particular
solution vector x € K™ ! to the system Ax = b, or produces an inconsistency certificate
vector u € K" such that uA = 0 and ub # 0. The linear solver examines at most r + 1
rows and 7 columns of A and has running time 2% + (r2 + n+m + |R| + |C|) 7" field
operations in K, where |R| and |C| are the number of nonzero entries in the rows and
columns, respectively, that are examined. The solver is randomized of the Las Vegas type:
an incorrect result is never returned, but the algorithm may report FAIL with probability
at most 1/2. These cost estimates are achieved by making use of a novel randomized online
data structure for the detection of linearly independent rows and columns.

The leading term 2r3 in the cost estimate 2r3 + (r2 +n +m + |A])"°" of our rank

profile algorithm arises from our use of an iterative algorithm to compute, for s = 1,2, ..., 7,
the inverse of the leading principal s x s submatrix B, of an r x r matrix B that has
generic rank profile, and whose rows are given from first to last, one at a time, for s =

1,2,...,r. These inverses are used to compute a sequence of subsystem solutions B; b,
for s =1,2,...,r, where b, € K**! is the leading subvector of b € K™*!. We give a relaxed
algorithm that computes the sequence B; by, By 'by, ..., B7'b, in an online fashion in time

O(rv), effectively allowing matrix multiplication to be incorporated into our rank profile
algorithm. Together with a Toeplitz preconditioner, we can compute the row rank profile
of a full column rank matrix A in time ( + |A|)"™®. Combined with Cheung, Kwok
and Lau’s (2013) algorithm for computing a maximal rank subset of linearly independent

columns, this gives a Monte Carlo algorithm that computes the row rank profile of A in
: w 14o(1)
time (r* + |A|) :
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Chapter 1

Introduction

In computational exact linear algebra, a classical problem is to transform a matrix over a

finite field to row echelon form. A matrix is in row echelon form if

e zero rows, if any, lie below rows having a nonzero element,

e the first nonzero element in each nonzero row — the pivot — is in a column to the

right of pivots in any previous rows, and

e all entries in a column below a pivot entry are zero.

For example, consider a matrix A € K® over a field K. A possible shape for the row

echelon form of A is

®

*

®

*
*

®

*

*

*
®

* X X X

*
*
*
*
®

(1.1)

where * indicates arbitrary elements of K, (¥) indicates the nonzero pivots, and necessarily
zero entries are simply left blank. Similarly, the column echelon form is just the transpose



situation. A possible shape for the column echelon form of A is

®

(1.2)

* K ¥ X X

®
O
x ok (®

x ok ok (®

Recall that transformation to row echelon form is accomplished using elementary row
operations:

(i) interchanging two rows;
(ii) adding a multiple of one row to a different row;

(iii) multiplying a row by a nonzero element of K.

Algorithm 1 recalls the classical Gaussian elimination algorithm to transform a matrix to
row echelon form. Line 7 performs operations of type (i) while line 10 performs operations of
type (ii). Operations of type (iii) are not required. The cost of Algorithm 1 is 2nmr+O(nm)
scalar field operations of type {+, —, X, /} from K, where r is the rank of A.

Many linear algebra problems involving an input matrix A can be solved by trans-
forming A to echelon form. In particular, the rank of A is the number of nonzero rows
in the echelon form. More importantly, the column rank profile of A is given by the list
of column indices of the pivots, computed to be [j1,j2,...,j.] by Algorithm 1. For ex-
ample, the column rank profile of the example row echelon form in (1.1) is [1,3,4,7,9].
Similarly, the row rank profile is revealed to be [1,3,4,5,6] by the column echelon form
in (1.2). The rank profile is important information in exact linear algebra computations,
and is needed in applications such as Grobner basis computations [10] and computational
number theory [22].

Transformation to echelon form can also be used for linear solving: given a right-hand-
side vector b € K™ in addition to A € K™™_ find a particular solution x such that
Ax = b, if one exists. First, transform the augmented system [ A H b } to echelon form.
The linear system Ax = b is consistent if the rank of [ A H b ] is equal to the rank of A,
and inconsistent if the rank of [ A H b } is greater than the rank of A. If the system is
inconsistent, a so-called certificate of inconsistency [1 1] — a row vector u such that uA = 0
and ub # 0 — can be read off from row r 4 1 of the transformation matrix U € K™*™ such



Algorithm 1 GaussianElimination(A)

Require: A € K™*™

Ensure: A is transformed to row echelon form in-place

1. r:=0;

2: for k:=1tom do
3: if there exists ap € {r + 1,7+ 2,...,n} such that A[p, k| # 0 then

4: ri=r4+1;

5: Jri=k;

6: if p > r then

7 Interchange rows p and r;

8: end if

9: fori:=r+1ton do

10: Add Ali, k| /Alk, k] times row 7 to row i;
11: end for

12:  end if

13: end for

that U A is in row echelon form. For example, using the same input matrix A € K¢ from
above, the row echelon form, together with the transformation matrix, for an inconsistent
system Ax = b can be found by transforming the augmented matrix [ A H b ‘ Ig } to row

echelon form.

(Ao L] —

®

*

®
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*

*

*
®

* X X X

k
*
*
*
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* K X X X

®

|
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Note that the trailing 6 x 6 matrix in the echelon form is the transformation matrix U. A

certificate of inconsistency vector u is indicated by [*].

If the system is consistent, a particular solution can be obtained by performing some
further row operations that transform [ A H b ] to reduced row echelon form, where all
pivot entries are 1 and entries above the pivot entries are all zero. For example, if b € K&*!
is a right hand side such that the system Az = b is consistent, the reduced row echelon



form of the augmented system [ A H b ] for the same example above is

1 * T
T3
Ty
T
1 o

EE SR S

A particular solution x € K%' to Az = b can be read off from the last column: set
X1, T3, T4, T7,Tg to be entries 1,3,4,7,9 of x, and set the other entries of x to be zero.

We can define these two problems, which are the focus of this thesis, as follows.

e LINSYS: Given a b € K®*!, compute a particular solution € K™*! to Az = b, or a
certificate of inconsistency [11]: a row vector u € K™ such that uA = 0 and ub # 0.

e RANKPROFILES: Compute the rank r together with the lexicographically minimal
lists [i1, 49, ...,4,] and [j1, 2, ..., jr] of row and column indices of A such that these
rows and columns of A, respectively, are linearly independent.

Although transformation to echelon form will solve these problems, it is not necessarily
required. Much research has been devoted to obtaining algorithms for these problems
which have improved asymptotic running time compared to that of Algorithm 1. Before
summarizing previous results in the next section, we mention three main directions that
research has taken.

D1 Improved cost estimates for rectangular and low rank systems.
Input matrices may be rectangular and may be rank deficient and it would be desir-
able for an algorithm to exploit this. As mentioned above, classical Gaussian elimi-
nation already gives an algorithm with a rank sensitive cost estimate 2nmr+ O(nm),
where r is the rank, which improves on the coarse, single-parameter cost estimate
max(n, m)® whenever n < m, m < n, or r < min(n,m). Another goal is to decouple
the cubic part of the complexity from the matrix dimensions n and m to achieve
algorithms with running time on the order of, for example, O(r® + nm) instead of

O(nmr).

D2 Exploit possible sparsity of the input matrix.
Input matrices may be sparse, that is, if we let |A| denotes the number of nonzero
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entries in A, then we may have |A| € o(nm). Sparse matrices over finite fields arise
in applications such as factoring integers [17] and Grébner basis computations where
huge sparse linear systems must be solved [9]. Unfortunately, Gaussian elimination
tends to quickly cause the matrix being transformed to fill in and may not give
improved worst case time bound in terms of |A|. Many heuristics have been designed
to reduce fill-in during Gaussian elimination (see Section 2.1 of [7] for a discussion)
but they do not in general guarantee improved worst case running time bounds, that
is, the worst case cost when |A| € o(nm) is not better than when |A| = O(nm).
Projection methods, also called or black-box methods [16], avoid fill in by only using
A to perform matrix x vector products and for sparse matrices and can have improved
running time compared to elimination methods.

D3 Exploit fast matrix multiplication.

Let w, 2 < w < 3, be the exponent of matrix multiplication. The best currently
known upper bound for w is 2.3727 [29]. Block recursive versions of Gaussian elim-
ination [15,24,25] can compute echelon forms in time O(nmr*~?2) field operations
from K. Fast matrix multiplication is highly important from a practical, implemen-
tation point of view because it exploits cache effects. High-performance, exceedingly
optimized matrix multiplication implementations such as ATLAS BLAS [27] and Go-
toBLAS [13] are used to obtain fast implementations of linear algebra algorithms for
matrices over finite fields [3,5].

In this thesis we give randomized algorithms for problems LINSYS and RANKPROFILES
that support the currently fastest running times in terms of the parameters n, m, r and
|A| for many cases of these input parameters. The algorithms we give are applicable to
dense and spare systems, and naturally take advantage of sparsity when it is present. Our
algorithm for RANKPROFILE can exploit matrix multiplication.

We first summarize previous complexity results and then discuss our new algorithms and
cost estimates for solving the above problems. Throughout, running times of algorithms
are given in terms of the number of required field operations from K.

1.1 Previous work

A lot of effort has been devoted to designing and analyzing algorithms for problems LINSYS
and RANKPROFILES that have a running time that is sensitive to the rank r of A. We
have seen that classical Gaussian elimination already solves both problems in time O(nmr).



Using block recursive methods [0, 15] the running time is reduced to O(nmr“—2) where w

is the exponent of matrix multiplication. A somewhat faster algorithm is possible when A
is sparse [30]. Problem LINSYS can be solved in time O((n+m)r?) using a so-called oracle
based variant [19, Section 2] of Gaussian elimination that examines at most r + 1 rows and
r columns of A. Note that if 72 < min(m,n), then (n + m)r? < nm, so the running time
of the oracle solver may be sublinear in the size of the input.

Now consider randomized algorithms. If only the rank of A is required, then efficient
preconditioners [2, 16] give a Monte Carlo algorithm with running time

(r* 4+ nm)" oW, (1.3)

Here, the o(1) in the exponent of cost estimates captures some missing logn and logm
factors. The running time bound (1.3) improves on Gaussian elimination by not only
incorporating matrix multiplication but also decoupling the “matrix multiplication” com-
ponent from the row and column dimension n and m. However, the method does not
exploit any possible sparsity of A.

Heuristics and algorithms (with implementations) for computing the rank of very large
(out of core) dense matrices modulo a prime p have been developed [15,20]. Now let p(A)
denote the time required to multiply a vector by A. For a sparse or structured matrix we
may have p(A) € o(nm). In particular, if |A| denotes the number of nonzero entries in
A then we can take p(A) € O(]A]). Black-box approaches [10, 28] combined with early
termination [¢] can compute r in time (u(A) ) "Y; incorporating carly termination into
the black-box algorithm in [l 1] would seem to give a Las Vegas algorithm for LINSYS
with the same running time. In terms of the rank, none of the randomized approaches
just mentioned recover the rank profile, or even determine a set of r linearly independent

columns of A.

Our work in this thesis is motivated by a recent breakthrough by Cheung, Kwok and
Lau [1], who give an algorithm for computing the rank of A in time (r* + n + m + |A])* 0.
Note that the |A| term in the cost estimate is optimal, since changing a single entry of A
might modify the rank. They also show how to compute a set of r linearly independent
columns of A in the same time. However, the columns computed may not correspond
to the column rank profile. For an extensive list of applications (with citations) of fast
rank computation to combinatorial optimization and exact linear algebra problems we refer
to [1].



1.2 New algorithms

In this thesis we give new randomized algorithms for the problems LINSYS and RANKPRO-
FILES that have improved running times in the special case when the rank r is small
compared to the row dimension n or column dimension m, or both. We give Monte
Carlo randomized algorithms for RANKPROFILES that support the running time bounds
2r3 + (r*+n+m+ ]ADHO and (r +n+m+ |A))""" depending on whether or not
matrix multiplication is incorporated. We give a Las Vegas randomized algorithm for
LINSYS that has running time 213 + (r2 + n +m + |R| + |C]) ", where |R| and |C| are
the number of nonzero entries in the subset of at most » + 1 rows and r columns of A,
respectively, that are examined by the solver: at least (m — r)(n —r — 1) entries of A
are not examined. The algorithm of Cheung, Kwok and Lau [1] also gives a solution to
problem LINSYS in time (r + |A|)1+O The algorithm we give here for LINSYS has the
advantage that we examine at most r + 1 rows and r columns of A; in particular, we may

have |R| + |C| < |A|.

Now consider the new cost estimates compared to the black box approaches mentioned
above. The black box approaches can find the rank in a Monte Carlo fashion and solve
LINSYS in time (JA|7)"™". Thus, the algorithms we present here are asymptotically
faster whenever r* < |A|. In terms of space, the black box approaches use space for only
O(n+m) additional field elements, while our algorithms use O(r?) additional space. Thus,
if 2 € w(n+m) then the black box approach requires asymptotically less space. However,
the black box approach can only compute the rank, but does not recover the rank profile,
or even determine a set of r linearly independent columns of A.

In later chapters we develop our algorithm for LINSYS and RANKPROFILES directly for
the general case of an input matrix A € K"*™ of (unknown) rank r. But to help explain
our main technical contributions, we first consider the special case of an input matrix with
full row rank, and then with full column rank.

Let A € K" be an input matrix that has full row rank n, and consider the problem of
computing the column rank profile of A. Gaussian elimination on A uses O(n*m) time to
compute a lower triangular matrix L such that, up to a row permutation, the matrix LA is
upper triangular. The first few rows of such a transformation are shown in Figure 1.1. The
columns of A corresponding to the pivot entries of LA (the first nonzero zero entry in each
row) are thus linearly independent. But even if L is given, computing LA explicitly uses
O(n*m) time using standard matrix multiplication. Instead of computing LA explicitly,
we show how to construct from the columns of A in time ]A\Ho(l a randomized data
structure — a linear independence oracle — that allows one to apply binary search to find
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Figure 1.1: Example of pivot locations

the pivot locations in LA in a Monte Carlo fashion in time (n?log m)Ho(l). This gives a

Monte Carlo algorithm to find the column rank profile of a full row rank A € K™ in time
213 + (n +m + |A]) W,

Now let A € K™ have full column rank m, and consider the problem of computing
the row rank profile of A. Of course, we could simply apply the algorithm for column rank
profile to the transpose of A. But with an eye to the general case (A with unknown rank)
we develop an alternative method based on incorporating a linear independence oracle for
the rows of A into the oracle linear solving algorithm [19]. We prove that the row rank
profile of a full column rank A € K™*™ can be computed in a Monte Carlo fashion in time
2m3 + (m* +n+ |AD1+O(1) by running the linear solver algorithm with a right-hand-side
vector b that is uniformly and randomly sampled from the column space of A.

Incorporating linear independence oracles for both the rows and columns of A, we
achieve the running time bound 2r3 + (r* + n +m + |A|)1+O(1) for RANKPROFILES. The
leading term 273 in the cost estimate arises from our use of an iterative algorithm to
compute, for s = 1,2,...,r, the inverse of the leading principal s x s submatrix B, of
an r X r matrix B that has generic rank profile, and whose rows are given from first to
last, one at a time, for s = 1,2,...,r. These inverses are used to compute a sequence of
subsystem solutions B;'b, for s = 1,2,...,r, where b, € K**! is the leading subvector of
a b € K™ as shown by the following augmented system.

[510] = [ B

* * *

This motivates the definition of the following problem.

e ONLINESYSTEM: Let B € K™ with generic rank profile and b € K™*! be given.
Suppose the rows of the augmented system [ A ‘ b } are given one at a time, from
first to last. As soon asrows 1,2,...,s of [ B H b | are given, produce the subsystem
solution B 'b,, for s =1,2,... 7.




In Chapter 8 we show how to compute the sequence B; by, By by, ..., B 'b, in an online
fashion in time O(r*), effectively allowing matrix multiplication to be incorporated into our
rank profile algorithm. Together with a Toeplitz preconditioner [10], we can compute the
row rank profile of a full column rank matrix A in time ( +n + m + |A)* Y. Combined
with the algorithm supporting [/, Theorem 2.11] for computing a maximal rank subset of
of linearly independent columns this gives a Monte Carlo algorithm for RANKPROFILES
in time (1 + n +m + |A])" 0.

To summarize, the rest of this thesis is organised as follows. In Chapter 2 we recall
the deterministic oracle linear solving algorithm [19]. Next, Chapters 3-8 give our novel
technical contributions, which can be partitioned into four main contributions C1—4 as
follows.

C1 e Chapter 3: We show how the deterministic oracle linear solver [19, Section 2| can
be used to simultaneously recover the row and column rank profiles of an input
matrix A in a Monte Carlo fashion by giving as input to the solver a system
[ A H b } where b is uniformly and randomly sampled form the column space of

C2 e Chapter 4: We design and analysis a new online randomized data structure —
the linear independence oracle — that allows applying binary search for the
detection of linearly independent rows and columns of a matrix A.

C3 e Chapter 5: We show how to incorporate linear independence oracles for both the
rows and columns of A into the oracle-based linear solving algorithm to obtain
a randomized Las Vegas algorithm for problem LINSYS that has running time
278 4 (r2 +n+m+ |R| +|C|)" V.

e Chapter 6: We show how to incorporate linear independence oracles into the
rank algorithm of Chapter 3 to obtain a randomized Monte Carlo algorithm for
problem RANKPROFILES that has running time 273 + (r? +n +m + ]A\)Ho b,

C4 e Chapter 7: We design a relaxed representation of the inverse of a matrix, and
design and analyse an online algorithm that gives a solution to problem ON-
LINEINVERSE that supports the running time bound O(r¥).

e Chapter 8: We establish that problem RANKPROFILES can be solved in a Monte
Carlo fashion in time (r* +n +m + |A|)' W,

Finally, Chapter 9 gives a conclusion along with topics for future research.



Contributions C1—4 have been published [23]. While the full exposition of C4 appears
for the first time in this thesis, a poster presentation of the main ideas has appeared [20].

Throughout the paper we use the following notation. For a list P of distinct row indices
and Q of distinct column indices, we write A” to denote the submatrix of A consisting
of rows P, Ag to denote the submatrix consisting of columns Q, and Ag to denote the
submatrix consisting of the intersection of rows P and columns Q of A.

10



Chapter 2

Oracle linear system solving

Let A € K™™ and b € K™*! be given. Oracle-based elimination [19] is a variation of
Gaussian elimination that either finds a particular solution to the linear system Ax = b
or proves that the system is inconsistent. The cost of the algorithm is O((n + m)r?) field
operations from K, where r is the rank of A. This cost estimate, which can be o(nm)
for small values of r, can be achieved because the algorithm never examines more than
r columns and r 4+ 1 rows of the input matrix. The name was chosen because the target
vector b is used as an oracle to determine a set of linearly independent rows of the matrix

A.

The oracle based solver proceeds in stages for s = 0,1,.... The goal at stage s is to
determine a list of row indices P = [iy, s, ...,4s] and column indices Q = [j1,j2, - -, js]
such that

o A7 € K**™ has full row rank s,
o Ag € K" has full column rank s, and

e A7 € K®*% is nonsingular.

To start the process for stage s = 0 the lists P and Q are simply initialized to be empty.
To complete a stage s for some s > 0, the algorithm takes the following two steps.

1. If
b— Ag (AD)~'b” (2.1)

11



is the zero vector, then construct a particular solution to Ax = b by setting x to
be the zero vector except with entries at index 71, ..., Js_1 equal to entries at index
1,...,s—1of (AD)~'b”. Otherwise, let is be the index of the first nonzero entry of
the column vector in (2.1) and go to step 2.

2. If |
Al — ABT(AT)=1 AP (2.2)

is the zero vector, then the system is inconsistent. A so-called certificate of inconsis-
tency [11] can be constructed by setting u € K!*™ to be the zero vector, except with
entry at index iy,...,75_1 equal to the entry at index 1,2,...,s—1 of —A[g] (Ag)*l,
and entry at index i, equals to 1. The vector u has the property that uA = 0 and
ub # 0. Otherwise, set js to be the index of the first nonzero entry of the row vector
in (2.2), update P = [iy, ia,...,is) and Q = [j1, J2, - - -, Js|, and proceed to stage s+ 1.

Note that for s = 1, (2.1) is simply equal to the b vector. Also note that (A5)~! need
not be recomputed from scratch at each stage. Rather, the inverse for the next stage can
be computed in O(s?) field operations from the inverse of the current stage by performing
a rank 1 update (Lemma 2). Since s is bounded by r + 1, all the inverses required can be
computed in time O(r?). Similarly, computing the vectors in (2.1) and (2.2) costs O(sn)
and O(sm) time, respectively, for an overall cost of O((n + m)r?).

Theorem 1. There exists a deterministic algorithm OracleSolve(A,b) that takes as input
A€ K™ and b € K™Y, and returns as output either “consistent, x, P, Q" or “incon-
sistent, u, P, Q" as described above. The cost of the algorithm is O((n + m)r?) field
operations from K.

Although the overall cost estimate O(r3) for computing the required inverses does not
dominate the running time of algorithm OracleSolve, it might dominate the running time
for the improved variations of algorithm OracleSolve that we give in later sections. Thus,
it will be useful here to derive the leading constant in this asymptotic bound for updating
the inverses. Let P = [iy,ia,...,is_1] and Q = [j1,J2,...,]s_1] be as at the start of stage
s, and let 75, and j, be as computed in steps 1 and 2. If we set u = AES] e Kb=x1

v = A[g} € K6=D and d = AES]] € K*1 then at stage s + 1 we need the inverse of
AZ U SXS
1] e o

12



Lemma 2. If the inverse B := (AD)~! € KE=Dx6=1 s precomputed, then the inverse of
the matriz in (2.3), if it exists, is equal to

B+ (Bu)w(vB) | —(Bu)w

—w(vB) o w ’ (24)

with w = (d —v(Bu))™!, and can be computed in 6s* + O(s) field operations from K.

Proof. Correctness of the inverse is verified by direct computation. The total cost of the
matrix x vector product Bu, the vector xmatrix product vB, the outer product (Bu)(vB),
and the addition B + (Bu)w(vB), is 6s* + O(s) field operations from K. The remaining
dot products and scalar operations have cost O(s). ]

Since s is bounded by r + 1, all the inverses required can be be computed in time
SIE(65% + O(s)) = 2r® + O(r?).

Remark 3. The vectorxmatriz product A[g] (AS)™! in (2.2) for stage s is exactly the
vectorx matrix product vB used to update the inverse for stage s+1 in the proof of Lemma 2.

Remark 4. Assuming that Bu and vB in (2.4) have been precomputed, the matrizxvector
product (AZ)~1b” in (2.1) for stage s + 1 can be computed in O(s) field operations by
applying the formula for (AD)~" shown in (2.4) to b7, using the fact that Bbl-s=1l s
known from the previous stage.

13






Chapter 3

Randomized rank profiles

In this section we establish that if b is uniformly and randomly sampled from the col-
umn space of A, then the list of row indices P and the list of column indices Q returned
by OracleSolve(A,b) will be the row and column rank profiles of A with high probabil-
ity. (The list @ may need to be sorted in increasing order.) Algorithm 2 outlines this
randomized algorithm for RANKPROFILES.

Algorithm 2 RandomRankProfile(A)
Require: A € K™*™
Ensure: s € Z>,, P, C
1: Choose a w € K™*! uniformly and randomly.
2: b= Aw
3: %, %, P, Q := OracleSolve(A,b)
4: C :=sort(Q)
5. Return length(P), P, C

Lemma 5. Let s, P and C be the output of Algorithm 2 RandomRankProfile for an input
matriz A of rank r. If s =r then C is the column rank profile of A.

Proof. If s = r then the row space of A" is equal to the row space of A. Now note that
(AL)"!' A” is equal to a row permutation of the reduced row echelon form of A. Since
the list Q corresponds to the column indices of the pivot entries in (A5)~' A” it is, up to
sorting, equal to the column rank profile of A. O
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Theorem 6. The output P and C of Algorithm 2 RandomRankProfile is the row and
column rank profile of A with probability at least (1 — 1/#K)", where r is the rank of A.

The following two lemmas contribute to the proof of Theorem 6.

Lemma 7. Let A € K™™ be a matriz of rank r and let b € K™ be in the column space
of A. Let

o A c K™ be the submatriz of A comprised of the rank profile rows and let P be the
list of row indices returned by OracleSolve(A,b),

e P be the row indices returned by OracleSolve(A,Db).
If P=11,2,...,r], then P is the row rank profile of A.

Proof. Assume P = [1,2,...,7]. Then the only difference in the computations done by
the call OracleSolve(A,b) compared to OracleSolve(A,b) occurs in step 1 when finding
the first nonzero entry in the vector in (2.1): precisely the indices corresponding to rows
not belonging to the rank profile will be skipped over, since these rows of the augmented
system [ A H b } are linearly dependent on the previous rows. [

Lemma 8. Let K be a finite field. If A € K™™ has full row rank n, and w € K™*! s
chosen uniformly and randomly, then Aw is chosen uniformly and randomly from K<,

Proof. Corresponding to A € K™*™ there always exists a nonsingular matrix U € K™*™
such that AU = [ I, | 0 ]. Then Aw = AU(U 'w) = b. When w € K™*! is uniformly and
randomly chosen from K, U~!w is also uniformly and randomly chosen from K™*!. The
result now follows by noting that b is equal to the first n entries of U~ w. [

Proof of Theorem 6. By Lemma 7, it will be sufficient to prove the theorem with input
matrix A € K™ of full row rank r. When w is chosen uniformly and randomly from
K™ vector b = Aw € K™! is also chosen uniformly and randomly from K™*! (Lemma 8).
Since A is full rank, P is the row rank profile of A if iy, = sfor 1 < s <r.

For some s > 1, suppose P = [iy, ig, ..., i5_1] at the start of stage s has been computed
correctly to be [1,2,...,s — 1]. Then we claim that at stage s the probability that step 1
of the algorithm computes i = s is equal to 1 — 1/#K. To see this, note that the entry
of (2.1) at index s is equal to

bls] — A (AD) 1P,
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Since b[s] is chosen uniformly and randomly from field K, the probability that b[s] =
Al (AD)1b” is bounded by 1/#K.

Since the entries in b are chosen independently, the success probability at each stage
can be multiplied together to obtain (1 — 1/#K)" for the probability that the algorithm
returns P = [1,2,...,r].

Finally, if P is the rank profile of A, then by Lemma 5, C will be the column rank
profile also. O

For Algorithm 2, we remark that the output can satisfy length(P) = rank(A) even if
P is not the rank profile of A. Consider the following example over K = Z3:

[ o foeaeef]

At stage s = 1, the vector (2.1) in step 1 is equal to b. The first entry in (2.1) is zero, so
i1 = 2. Therefore, OracleSolve(A,b) will return P = |2, 1] for the row rank profile, which
1s incorrect.
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Chapter 4

Linear independence oracles

Throughout this section we fix R € K™™ and let v € K'*" be given. We describe the
construction of a randomized binary tree data structure 7' that will allow us to either
determine if v is in the left nullspace of R, that is, if vR is the zero vector, or to find the
first nonzero entry of vR € K™ in a Monte Carlo fashion in time O(rlogm). We call T
a linear independence oracle for R. Constructing a single linear independence oracle T for
R costs O(mr) field operations, which would seem to preclude its usefulness since we can
compute vR € K™ explicitly in the same time. However, our algorithm for constructing
T is online. We will show how to construct in overall O(mr) time a sequence of linear
independence oracles T, for the submatrices RV for R, s =1,2,...,r.

4.1 Definition

By augmenting R with at most m—2 zero columns we may assume without loss of generality
that m is a power of two. A linear independence oracle T" for R, shown in Figure 4.1, is
a perfect binary tree of height h := log, m, that is, with m leaf nodes. The nodes of the
last level of the tree, from left to right, are associated with (i.e., store) the corresponding
columns R[1], R[2],..., R[m] of R. In addition to R, the definition of the tree is based on
a given list of elements ay, as, ..., a1 € K, which we associate with the internal nodes of
T according to level order traversal. In a bottom-up fashion, for levels h — 1, h — 2,...,0,
associate with each internal node the vector obtained by adding the vector associated to
the left child with «, times the vector associated with the right child. For example, for
the left child of the root we have le? = RlN% + agR%HN%. Note that, by construction,
R,y is a vector that is a linear combination of R[a|, Rla + 1], ..., R[b]. We call T a linear
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Figure 4.1: Oracle tree

independence oracle for R based on the parameters aq,...,a,;,_1. In what follows it will
be helpful to abuse notation somewhat and simply identify the nodes of T" with the vectors
stored at the node. For example, v is non-orthogonal with a node z if the dot product of
v with x is nonzero.

4.2 QOutput

On the one hand, if v is in the left nullspace of R, then v is orthogonal with the root
Ry, as well, since by construction R;.,, is a linear combination of the columns of R.
On the other hand, if vR;.,, is nonzero, then because each internal node of 7' is a linear
combination of its children, there must be a path from the root down to a leaf with v
non-orthogonal to all nodes on the path.

Definition 9. The output of a linear independence oracle T with respect to a v € K*" is
either

o ‘v isin the left nullspace of R” if Ry, 1S zero, or,

e the minimal j for which v is non-orthogonal with all nodes on the path from R[j] back
up to the root.
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Lemma 10. The output of T with respect to v can be found in time O(rlog, m).

Proof. If vRy.,, is zero we are done. Otherwise, use a straightforward recursive search
starting at the root node. For example, it vR; = # (0 then recurse on the left subtree. If
VR pm 2 = 0 then necessarily UR%Jrle # 0, so recurse on the right subtree. After arriving
at a leaf node R[j] report j. The cost is h dot products of length r. O]

Definition 11. T is correct with respect to a v € K" if either v is in the left nullspace

of R, or the output of T" with respect to v is the minimal j such that v is non-orthogonal
to R[j].

Correctness of T" will depend on the choice of the parameters aq, ..., a,,_1 used during
the construction. We first deal with construction of T' before considering the probability
of correctness.

4.3 Construction

Theorem 12. A sequence of linear independence oracles T, for Rl ¢ Ksxm g =
0,1,...,7, all based on the parameters aq,...,q,_1, can be constructed in total time
O(min(mr,m + |R|log, m)), where |R| denotes the number of nonzero entries of R.

Proof. We will construct T, for s = 0,1,...,r in succession. For efficiency, each column
vector associated with a node in tree T, should be represented as a singly linked list of
nonzero elements, that is, each node in the list contains the index and the nonzero element
of the vector stored at that index. Initialize Ty to be a perfect binary tree with each node
associated with a vector of length zero. The cost of this initialization is accounted for by
the “m+" term in the cost estimate.

Given T,_; for some s > 0, the linear oracle T, is constructed from 7T,_; and the next
row vector Rl in a bottom up fashion: augment the column vectors associated to the
nodes in level i of Ty, for ¢ = h,h — 1,...,1. Since there are 2m — 1 nodes in the tree
the cost of obtaining T from T,_; is bounded by O(m). Since 1 < s < r the total cost is
O(mr).

Note that only the leaf nodes associated to nonzero elements of row R[*! may need to
have their associated vectors modified. Similarly, internal nodes of the tree may need to
be modified only if they had a child node that was modified. The cost of modifying each
level is thus |R¥!|. (See Example 13 below.) Since there are 1+log, m levels, the total cost
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of constructing T, from T,_; is O(|R¥|logm). Summing this estimate for s = 1,2, ...
that is, over all rows of R, gives the claimed result. O

Example 13. Suppose r =3, m = 8 and

12 3 4

5
* *
*
*

6 7 8

c K3x87

with zero entries left blank and nonzero entries indicated with a *. All nodes in the initial
tree Ty store empty linked lists. The construction of Th,l5 and T3 are shown in Figure 4.2.
For brevity, for each node in the tree only the length of the list, corresponding to the

number of nonzero entries in the vector, is indicated. The modified nodes (and their paths)
are highlighted in dashed red.

4.4 Probability of correctness

Lemma 14. Let K be a finite field and oy, . . ., a1 € K be chosen uniformly and randomly.
If T is a linear independence oracle for R € K™™ based on oy, ..., Q,_1, then T is correct
with respect to v with probability at least (1 — 1/#K)le2m,

22



Proof. If vR = 0, then T' is correct independent of the choice of the aq, ..., a,,_1, so assume
vR # 0 and let j be the minimal index such that vR[j] # 0. Consider the path from R[]

up to the root. If the sibling of R[j] is R[j] then the parent of R[j] is either R[j] + . R[]
or R[j] + a.R[j], depending on whether or not j is even or odd, respectively. In either
case, since vR[j] # 0 there is at most one choice of «, such that v is orthogonal with the
parent of R[j]. The same argument applies for the other internal nodes on the path from
R][j] up to the root. Since the «, associated with each internal node are chosen uniformly
and independently from K, and the number of internal nodes on the path is h = log, m,

the result follows. O

Now, instead of a single v € K*" let a sequence of vectors v, € K> for s =1,2,...,r
be given in addition to R € K™,

Corollary 15. Let K be a finite field and aq,...,a,—1 € K be chosen uniformly and
randomly. If (T,)1<s<, is a sequence of linear independence oracles for (RM2+5) o <., all
based on the same o, ..., am—1 € K, then the (Ts)1<s<, are correct with respect to (vs)1<s<,
simultaneously with probability at least (1 — r/#K)los2m,

Proof. For 1 < s < r, let vy, € KI*" be the vector obtained from v, by augmenting with
r — s zeroes. Then T} is correct with respect to vs precisely when 7' is correct with respect
to v5. For all s € [1,2,...,r] such that v3R # 0, consider the path from the leftmost leaf
node in 7" that is non-orthogonal to v back up to the root. There will be at most r such
paths. (See Figure 4.3 for an example illustrating eight such paths.) Consider the choice
of a, for the nodes at level t = h —1,h —2,...,0 of T". In the best case, all the paths at
level ¢ from the leaf nodes back up to the root are independent, so we can multiply the
probability of success at each internal node to get the estimate (1 — 1/#K)" that all the
«, intersecting a path at level 7 are well chosen. However, as paths rise they may join
implying that the same «, has to be well chosen for more than one path. The worst case
occurs near the root node when possibly all paths converge. In the worst case, we can
bound from below the probability that a given a, is good for all paths is at least 1 —r/#K.
Since there are log, m internal levels, and the a, at each level are chosen independently,
the result follows. O
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Figure 4.3: Non-orthogonal paths in a linear independence oracle
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Chapter 5

Faster linear system solving

The computations that dominated the running time in the deterministic oracle solver
described in Section 2 were to determine, at stage s = 1,2,..., the first nonzero entry in
b— Ag - (AD)~1b” and Al — A[S] (AD)™ - A in steps 1 and 2, respectively. We use “”
to emphasis that the product is not directly computed. We can recast the computation in
step 2 as follows. First compute

Vg 1= [ —A%g] (AB)-! ‘ 1 } c Kixs

in 2s? + O(s) field operations. By Remark (3), the leading term 2s? in this cost estimate
is already counted in the worst case cost estimate for updating all the required inverses.

Now set ,
R[1’2:-~~7S] P [ A 1 c Ks><m
= TA - .

We now need to determine if v, R[1251 € K*™ is the zero vector, and find the index of the
first nonzero element of v, RIH%+% otherwise: if we have precomputed a linear independence
oracle T}, for RI"2+ we can solve this problem in a Monte Carlo fashion in time O(r logm).

Since the situation in (2.1) is simply transposed v, here, the computation in step 1 can
be recast similarly by computing

c K1><s

1 T
and setting
R[l,Z,...,s] — |: b ‘ AQ ]T c st,n.
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By Remark 4, o5 can be computed in O(s) field operations.
This gives the following algorithm.

1. Choose aq, ..., Qm_1, 01, .., Bp_1 uniformly and randomly from K.

2. Use algorithm OracleSolve described in Section 2, but instead of explicitly comput-
ing the vectors in (2.1) for s = 1,2, ..., initialize Tj to be an oracle tree for the 0 x m
vector, and use the method supporting Theorem 12 to construct from 7,_; and R!*
an oracle tree T, for RI"%l based on oy, ..., am_1. Similarly, instead of explicitly
computing the vectors in (2.2), use a sequence of oracle trees based on (i, ..., 5, 1.

3. Assay correctness of the output of the algorithm either by checking that Ax = b or
checking that uA = 0.

Corollary 15 bounds from below the probability that the linear independence oracles in step
2 will make exactly the same choices for 71,19, ...,7s and ji, ja, ..., Js as the deterministic
algorithm OracleSolve described in Section 2. We obtain the following result as a corollary
of Lemma 10 (cost of using an oracle), Theorem 12 (constructing the sequences of oracles)
and Corollary 15 (probability of success).

Theorem 16. Let K be a finite field. There exists a randomized algorithm RandomOracleS-
olve(A,b) that takes as input A € K™ and b € K™, and returns as output either

o “FAIL, x, P, Q"7 with Ax # b, or

o “FAIL, u, P, Q7 with uA # 0 and ub # 0, or

e ‘“consistent, x, P, Q7 with Ax = b, or

e “inconsistent, u, P, Q" with uA =0 and ub # 0.

Here, P = li1,...,is] and Q = [j1,...,Js] are such that A and Ag have full row and
column rank s, respectively. The algorithm has the following properties:

1. n+m — 2 random choices from K are required.

2. If r is the rank of A, then with probability at least

o\ Nlogz nl-+[logy m]
(1 - %) : (5.1)

FAIL 1is not returned and the output is identical to that of algorithm OracleSolver
supporting Theorem 1.
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3. The running time is bounded by
2r* + O(r*(log n + logm) + r(n + m))

and
2r3 + O(r*(logn + logm) +n +m + |Ag|logn + | A7 |log m)

field operations in K.

If #K is too small we can work over a small field extension of #K to ensure positive
probability of success. The following corollary is obtained from (5.1) by substituting r <
min(n, m) and using the fact that for any > 0 and y € Z~o we have 1 —zy < (1 — ).

Corollary 17. If
#K = 2min(n, m)([log, n] + [logy m])

then the probability that algorithm RandomOracleSolve does not return FAIL is at least
1/2.

By Corollary 17, the degree of the field extension required to ensure a probability of
success at least 1/2 is bounded by O(logn + logm) in the worst case. If a field extension
is required, then the cost of constructing and using the sequence of oracles increase by a
multiplicative factor that is softly linear in log n+log m. However, the inverse computations
via rank one updates during each phase of the oracle solver are still performed over the
ground field and have overall cost bounded by 2r3 + O(r?) field operations. This gives the
following result, valid over any finite field.

Corollary 18. There exists a Las Vegas algorithm for problem LINSYS that has running
time oot
28 4 (12 +n 4+ m+ |Ap| + | Ag)) TV,
where P and Q are the indices of the subsets of at most v + 1 rows and r columns of A

that are examined by the algorithm.
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Chapter 6

Faster rank profiles

In the following theorem, let ImprovedRankProfile be identical to Algorithm 2 RandomRa-
nkProfile except with the call to the deterministic algorithm OracleSolve replaced with
a call to the faster algorithm RandomOracleSolve supporting Theorem 16.

The following theorem follows as a corollary of Theorems 6 and 16.

Theorem 19. Let K be a finite field. There exists a randomized algorithm ImprovedRankP-
rofile(A) that takes as input A € K™™ and returns as output s € Z>q together with lists
P = [i1,...,is) and C = [jy, ..., js| such that AT and Ac have full row and column rank s,
respectively. The algorithm has the following properties:

1. n+ 2m — 2 random choices from K are required.

2. If r is the rank of A, then with probability at least

1 \" r [logy n]+[logy m]
- (1-~ ,
( #K) ( #K)

P and C are the row and column rank profiles of A, respectively.
3. The running time is bounded by
2r® + O(r*(logn + logm) + nm)

and
2r3 + O(r*(logn +logm) +n +m + |A| + |Ac|logn + |A”|log m)

field operations in K.
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The following two corollaries are very similar to Corollaries 17 and 18.

Corollary 20. If
#K = 2min(n, m)(1 + [log, n| + [logy m])

then the probability that ImprovedRankProfile returns the correct result is at least 1/2.

Corollary 21. There exists a Monte Carlo algorithm for problem RANKPROFILES that
has running time bounded by 2r3 + (r* +n +m + | ATV,

30



Chapter 7

A Relaxed Algorithm for Online
Matrix Inversion

Throughout this chapter let A € K®™™ and b € K™! be given. Let A, denote the leading
s x s submatrix of A and b, € K**! be the vector containing the first s elements of b as
shown in the following augmented system.

AT | [®

[Afe]=

Assume A has generic rank profile, that is, A, is nonsingular for 1 < s < n. In this chapter
we consider the following problem.

e ONLINESYSTEM: Let A € K™ with generic rank profile and b € K"*! be given.
Suppose the rows of the augmented system [ A ‘ b } are given one at a time, from
first to last. As soon asrows 1,2,...,s of [ A H b | are given, produce the subsystem
solution A;'b,, for s =1,2,...,n.

Because A is assumed to have generic rank profile, Gaussian elimination without pivoting
produces a unique decomposition A~ = P, - P,_; --- P, where P, = R, - L, is the product
of a pair of structured matrices Ry and Ly, 1 < s < n. The matrices R, and L, will be
defined precisely in the next section. For now, consider the following example which shows
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the structure of matrices in the decomposition for n = 6.

1R6 1L6 1R5 1L5 *Rl 1L1
1 L : L L X L L L
e — o . * . .
AT = 1 % 1 1% 1 1 1 (7.1)
1% 1 * $okkk | 1 1
R * ok kokk 1 1 4 1 11
P Ps P

Moreover, PyP,_;--- P, = diag(A;!, I,,_,) for 1 < s < n. Thus, computing the sequence
ATy, A by, ASMs, ... AD, (7.2)
can be accomplished by computing the sequence
Pib, P,Pb, PsP,Pib, ..., P,--- P3sP,Pb. (7.3)

This motivates the definition of the following problem.

e ONLINEINVERSE: Suppose the rows of an A € K"*" with generic rank profile are
given one at a time, from first to last. As soon as rows 1,2,...,s of A are given, the
pair of matrices Py, = R, - L should be produced, for s =1,2,...,n.

On the one hand, if the pairs of structured matrices P;, Ps, ..., P, are known, the sequence
shown in (7.3) can be computed in O(n?) field operations. On the other hand, a lower
bound on the cost of solving problem ONLINEINVERSE is 2(n?) since this a lower bound
for the total size (number of field elements) to write down the sequence Py, Py, ..., P,. It
follows that any algorithm for problem ONLINEINVERSE immediately gives an algorithm
for problem ONLINESYSTEM that supports the same running time bound. For the rest of
this chapter, we consider algorithms to solve problem ONLINEINVERSE.

7.1 Full inverse decomposition

For 1 <s<mn,let
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where u, € KE=Dx1 ¢ e K61 and d, € K. Suppose we have computed a decomposi-
tion of 4;_11 for some s > 0. Then Gaussian elimination produces a pair of s X s matrices
L, and R, such that

Ry L, 1 A, I,
Is—l ‘ _As__llus Is—l ‘ As_—l ‘ As—l ‘ Usg o [8—1 ‘
| (ds — v AT ug) ™" ] { —v, | 1 E v | do | 1) (7.4)

-
-1
A

The exact formula for A;! is given by Lemma 2. However, the algorithms we describe in
this chapter do not compute A;! explicitly at each stage, but rather keep it as the product
of pairs of structured matrices. For example, applying (7.4) for s = 1,2,...,n gives the
following full decomposition for the inverse of A = A,,.

-1 -1
A;lzpn' {M‘T} :Pn'Pn—l-[A"Z [2}:...:pn.Pn_1...P1’

where P, € K"*", 1 < s < n, is the product of two structured matrices:

— 15_1 [s—l
R, L,
PSZRS.LSZ{ 7 }{ 7 }: D e , (7.5)
n—s n—s [nis ]’

n—s

with R, and L as in (7.4). Thus R, and L, are the identity matrices, except for possibly
the column vector and row vector indicated by the rectangles in Ry and Ly, respectively.

Naturally, equation (7.4) gives an iterative approach to solve problem ONLINEINVERSE.
Once the matrixxvector product As__llus has been computed, the pair P, = Ry - Ly can
be computed in a further O(s) field operations. Computing A, ' u, is equivalent to pre-
multiplying the leading principal (s — 1) x (s — 1) submatrices of Py, Py, -+, Ps_1 by us
sequentially at a cost of 4s? + O(s) field operations. Overall, all P,, 1 < s < n, can
be computed sequentially in 2n® + O(n?) field operations. In the next 2 sections we show
how to incorporate matrix multiplication to solve problem ONLINEINVERSE in overall time

O(n").
7.2 Relaxed inverse decomposition

To store each A;! explicitly as a dense s X s matrix at each stage is too expensive, but
the representation diag(A;!, I,,_s) = Ps- P,_; -+ P as the product of s pairs of structured
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matrices is too lazy: both of these approaches lead to an algorithm with running time
Q(n3). In this section, we present a relaxed inverse decomposition for A;! such that,
at stage s, after the first s rows of A are given, A;' is represented as the product of
HammingWeight(s) < [logs]| pairs of structured matrices, where HammingWeight(s) is
the number of 1s in the binary representation of s.

Lemma 22. (R; - L;) - (Rj—1 - Lj—1)---(R; - L;) can be expressed as the product of two
structured matrices:

Ii—l ]z‘—l

iji . LjNi == T : - ) (76)

Infj Infj |

where the column dimension of the submatriz indicated by the rectangle in R;.; and the
row dimension of the submatriz indicated by the rectangle in Lj.; are both j — i+ 1.

Proof. Consider the block case of (7.4):

iji LjN'i As+j—z‘ [s+j—i
ot | [t [ ] o)1 e
|(D—=VAJU)™ || =V [ L | i—in1 V |D| | i1

where U € KGE=DxU=i#1) )7 ¢ KU—iH)x(s=1) and D € KU=#DxG=+D - By augmenting
Rj.; as diag(Rji, In—s—j+i) and Lj; as diag(Ljei, In—s—j1i) We get the two structured
matrices in (7.6). Thus we have

(Rji Ljni) diag(As_1, In_sy1) A = I,

and
(Rj LjR]‘_l Lj—l s Rz Lz) diag(AS_l, ]n—s+1) A = ]n

The result follows by the uniqueness of the inverse. O]

Note that Lemma 22 does not hold for general matrices (R, - L,) of the same shape
in (7.5). But it does hold in the case where the pairs (R, - L,) are coming from Gaussian
elimination directly.

Definition 23. Let P;.; be the unevaluated product of the pair of matrices Rj~; - Lj~; with
the shape as shown in (7.6). The size of Pj.; is j—i+1, the number of pairs in the product.
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Note that when 7 =1, L;.; = [, and thus P;.; = R;~; is explicitly computed. We do
not give the exact formula for general P;.;, but we will give the formula for a special case
later. To have a basic idea we remark that the submatrix indicated by the rectangle in

L;.; is equal to —AKZJ]_” The following example gives the formula for a P;.; of size 2.

Example 24. Let ]5] and 15]-_1 be the leading j X j principal submatriz of P; and P;_,. Let

B 2 I; o
iy = 9] |- 1
1

1

Let M = [ d e } [ f g ]T. Then ijj_l can be expressed as the product of two structured
matrices as follows:

B B B Ij_Q aM + f a ]j_g
ID]'N]‘,1 = ijjfl . ijj,1 = bM —f- qg b h ]_
cM c d 1

From definition, diag(A ', I,,_s) = P, Ps_1 - - - P, is the product of s pairs of structured
matrices of size 1. We now introduce a relaxed/lazy representation for diag(A;?, I,,_s),
denoted by (AS)ZI, that expresses A;! as the product of at most log s pairs of structured
matrices. We first give a few examples of the relaxed representation before giving a precise
definition.

Example 25. The relazed representation of A;' for 1 < s < 8.

[ (A)L!

| Q| | Gr|Re| o do| ~
I

||| |||
[u—
o
N~—
A

)2 | Pi

P55+ Py

110)y | Fons - Pia

111)y | Prur- Pos - Paa
1000)s | Por

The relazed inverse decomposition for s = 6,7,8 are shown below. Note that for each of
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these examples we assume n = s, to avoid having to augment with I,_.

Res L5 Ry Ly
b, ks 5 FEEX L
(A)*lz 1 %% 1 % sk k ok 1
6)L 1 %% 1 * %k %k k 1
* % % sk k k1 1 1
R * % k ok k % 1/ R 1 1J
Pss Py
Ry L Rg-5 Le~s Ry Ly
1 * 1 1 * % * ok ok ok 1
1 * 1 1. *x 1 * ok ok ok 1
1 1 * 1 1% 1 * % ok ok 1
(A7), = 1, % 1 BT 1 ok K % 1
Lx L o BololR | L L
R * *okkkkkl] | 1 11 1 11
P Pss Py
R8N1 L8~1
k sk sk sk ok ok sk ok 1
FIIEEEEE L
(A)fl_ % %k %k %k k ok ok ok 1
8)1 = | sk k %k %k k ok ok k 1
% %k %k %k k ok ok ok 1
% sk %k %k 5k ok ok k 1
% %k %k %k ok k ok k 1
Py

To understand the following formal definition of the relaxed inverse, consider the case
s =7 and diag(A;*, I,,_7). The full inverse decomposition is

diag(A;*, I, _7) = P;-Ps-Ps-P,- Py- Py - Py
while the relaxed/lazy representation is
diag(A; ', I—7) = Proq - Pous - Pioa.

The structure of the relaxed decomposition is determined as follows. The highest power
of 2 that divides 7 is 4, and thus in the relaxed representation the rightmost four pairs
Py Ps- Py P of size 1 are compressed into the single pair Py.; of size 4. Continuing, the
highest power of 2 that divides 7 — 4 is 2, so Py - P5 is compressed to FPs5. Finally, the
highest power of 2 that divides 7 —4 — 2 is 1, so P; = P;.; is left alone.

Definition 26. The relazed/lazy representation of the inverse (Ay)™! is defined as

(Ak)—l _ { (Prnomy1) o+ (Paigaingin) - (Paica), if k is even;
L (Pr) - (Pr—i~zmir) -+ (Paigainziv) - (Paica), if k is odd.
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where i = |logy k|, j = |logy(k—2Y)],. .., until the smallest possible number m = |logy(k —
20 — 27 —...)| > 1 is reached. The first pair of (Ag)™" is Pyamiy if k is even and Py if k
is odd.

Note that when £ is a power of two, we have ¢+ = log, k and
(Ak)zl = Pyic1 = Roiy - Loiy = Raic,

so A, ! is explicitly computed in this case. Otherwise, (A;);" is represented as the product
of a sequence of pairs of structured matrices P,... Observe that in Definition 26 we have
m < --- < 7 < 1. Thus the sizes of the product factors are strictly increasing from left to
right.

In the next section we will give algorithms for the online computation of the sequence
(A)7h (A2) Y (As)LY, . ... Tt turns out — and may already be clear from Example 25 —
that the construction of (A,);" from (A, ;);" and P, may require the combinations of
two adjacent (Pi..) of equal size. In particular, we will need to compute the compression

Pj~j72m+1 - ij\/jfm+1 : ijm~j72m+17 (77)

where both Pj;_,+1 and Pj_,~j—2m41 are of size m. Since this computation is important
in deriving the cost of the relaxed approach, we give the formula and derive the cost for
computing the left hand side of (7.7) given the two pairs on the right. For brevity, let
Po=Ry-Ly, P, =R;-Ly and P = R- L denotes the leading j x j principal submatrix of
Pii—m+1, Pj—mej—om+1 and Pj;_am11 respectively. (Note that we are “overloading” the
notation Py, Ry, Lo, ..., but only temporarily in this example.) Then (7.7) is the block case
of Example 24. We have

Ry Ly
Ij—2m B [j—Qm
R[ [_Jl
1
1 I; I;
P,
R L
]]—Qm ]j—2m
B 1
1

aele
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where ~ - - . '
L=[Li|(Lap,.jo2m | € K2 =2m) (7.8)

and R € K/*?™ can be computed by solving R = (RyLoR,Ly)L™" to obtain
R=| RyLoR)+ [ Ry |07 | Re | (7.9)

Theorem 27. There exists a deterministic algorithm EqualSizeCompress that takes as
input the two pairs Pjj_mi1, Pj—m~j—2m+1 € K™*™, both with size m, and returns as output
the single pair Pjj_om+1 € K™*" of size 2m such that Pjj_om+1 = Pjj—m+1 - Pj—m~j—2m+1-
The cost of the algorithm is O(nm“~") field operations in K.

Proof. See (7.8) and (7.9) for the formula for computing the pair Pj.; 2m+1. Computing L
is free since L can be read off from Ly and L, directly. The dommatmg cost of computlng
R is to compute RQ(L2R1>, where Ry € KI*™ L, € K™*U=™) and R, € KU=m)xm  The
product of two m x m matrix can be computed in ecm® field operations, for some fixed
constant c. Dividing Ry, Ly, and R; into at most [j/m] blocks of dimension bounded
by m x m, LyR; can be computed in [j/m]em® + O(mj) field operations and Ro(LoR,)
takes another [j/m]em® 4+ O(my) field operations. The result now follows by noting that
J <n. [

7.3 A relaxed algorithm for online matrix inversion

The iterative approach to solve problem ONLINEINVERSE has overall cost 2n® +O(n?) field
operations in K. We show in this section, how to incorporate matrix multiplication to solve
the problem ONLINEINVERSE in O(n") field operations in K. We adopt two ideas used in
relaxed [14] and online [12] algorithms.

The first idea is to relaz, that is, use the relaxed representation (Ak) Ufor A1
defined in Definition 26. The representation (Ay);' for k = 1,2,...,n is Constructed
in an incremental fashion. Let & > 0 and suppose (A4;_1);' and Pk are known. Since
(A)™' = Pu(A)_1);", the relaxed representation (Ay);" is computed by compressing the
pair P, (of size one) and the first pair of (A,_;);' into a single pair if they have equal
size, repeatmg if required. Algorithm 3 outlines the algorithm for computing (Az);' from
(Ak—l)L and Pk

Note that when k is odd, then by Definition 26 the first pair of (A;_1);' has size
greater than one, so the while loop is never executed. For even values of k& the while loop
is executed at least once, possibly as many as log k times.
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Algorithm 3 RelaxedRepresentation((Ay_1);", Pi)
Require: (A4;_1);", P, € K"
Ensure: (4;);"
: P:= Py
P, := first pair in (A,_1); %
while (size of P = size of P) do
P := EqualSizeCompress(P, F));
Remove P, from (A;_1);";
P, := first pair of (Ak_l)zl;
end while
return P - (Az 1)

Example 28. The steps of the call to RelaxedRepresentation((A;);!, k) to compute
the relaved representation (Ag);* are as follows.
(As)p' = Py (Ar)p!
=P (Pr+ Pous - Pacr)

= Pgur - Pors - Pyt (7.10)
= Pyo5 - Paaa (7.11)
- P8~1 (712)

Three compressions are required: the compression Py.7 := EqualSizeCompress(Ps.s, Pr7)
of size 1 to 2 in (7.10); the compression Ps.5 := EqualSizeCompress(FPs7, Ps5) of size
2 to 4 in (7.11); and the compression Ps.; := EqualSizeCompress(Ps.s, Py 1) of size 4
to 8in (7.12).

The second idea is to anticipate computations. To make it clear that rows of A are given
one at a time, we use a work matrix B for the anticipated computations. B is initialized
to be the n x n zero matrix. At stage s > 0, row s of A is copied to row s of B. At stage s
the first s rows of the input matrix A are defined, and the (untransformed) input matrix
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can be decomposed as follows, where u, is the first column of U.

As—l Us

QL
@

A= v e K" (7.13)

Recall that the dominant cost of computing the pair P, = R, L arises from computing the
matrixxvector product A, u, as shown in (7.5). At stage s — 1, when (A,_;);" has been
computed, we don’t apply A, ', to the single column u, of A, which would be sufficient to
compute the pair P; at the next stage. Rather, we anticipate computations by applying the
first pair P of the lazy representation (A, 1);' to m columns of the work matrix B, where
m is the size of P. This effectively incorporates matrix multiplication, and has the effect
that at the beginning of stage s we have B[[i]"“’s_l] = (A, 1) tu,. Algorithm 4 outlines
the algorithm to compute P, for a given k along with the anticipated computations. It
first checks whether P, exists, and reports “FAIL” if not. Detection is simple: if dy —
v (Ar_1) " 'up = 0 then P, does not exist.

Algorithm 4 ComputeP(4, (Ay_1);', k)
Require: A € K™ full rank, (A1), k € Z>
Ensure: P, € K"
Copy row k of A to row k of work matrix B;
if (dx — v Bl " = 0) then
return “FAIL”;
end if
Compute Py := Ry, - Ly using Equation (7.5);
if (k <n) then
(Ar).' := RelaxedRepresentation((A_1);", P);
Let C, := Py, be the first element of (A4;);* and s be the size of Cj;
t := min(k + s,n);
B[k+1,...,t] = Cch[k+1,...,t];
end if;
: return Py

— = =
o= 2
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Example 29. We consider the computations of the first four stages of the relaxed on-
line inverse update for A € K83, The following shows the work matrix B with certain
submatrices highlighted.

1 2 3 4 5 6 7 8

B N D A o D~

At stage s = 0, B is initialized to be the 8 X 8 zero matriz. For 1 < s < 4, the computations
done at each stage are summarized below.

1. Copy row 1 of A to row 1 of B and compute P, = Ry - L.
Apply Py to column 2 of B ( area).

2. Copy row 2 of A to row 2 of B and compute P, = Ry - L.
Compress Py - P = Py.q.
Apply Paq to columns 3, 4 of B ( area).

3. Copy row 3 of A to row 3 of B and compute P = Rs - Ls.
Apply Ps to column 4 of B (| area).

4. Copy row 4 of A to row 4 of B and compute Py = Ry - Ly.
Compress Py - P3 = Py.3.
Compress Py3 - Pooq = Pyot.
Apply Pyq to columns 5,6,7,8 of B ( area).

At stages 28 = 1,2,4,... the explicit inverse has been computed since Lo, = I, and
Rok.; = diag(A;kl,n — 2%). At the end of stage 3, though, we only have the relazed repre-
sentation diag(A3',n —3) = Py - Pyy.

The relaxed algorithm to solve problem ONLINEINVERSE is thus to call Algorithm 4
ComputeP n times with input k& = 1,2,...,n, and the initial input (Ag);* = I,.
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Theorem 30. There exists a relazed algorithm RelaxedInverse to solve problem ON-
LINEINVERSE in O(n®) field operations from K.

Proof. For simplicity, assume n is a power of two; otherwise, we can augment A as
diag(A, I). There are two parts of the cost: (1) computing P and anticipation; (2)
updating (Ay);* from (A;_1);' and P,. For cost (1), the dominate cost is to anticipate
computations (step 8 of Algorithm 4). At each stage k, step 8 costs O(k - s¥~1) field oper-
ations from K, where s is the size of the first element of (A;);'. From Definition 26, s is
the highest power of 2 dividing k. Note for £k = n, no anticipation is needed. The sequence
of s for the first n — 1 stages are listed below.

<2y2(i))1§i§n—1 - ]-727 174a 1727 178a 1727 174a 1727 17 167 T 71a27 1

where 15(7) is the exponent of the largest power of 2 dividing 7 [21]. Note the number 2° in
the sequence appears n/2"! times. For instance, 1 appears every other number, 2 appears
every four numbers,---. For k& < n, we obtain the following.
(logn)—2 n on? o (logn)—
\w—1 i(w—2
Z i+l (cn(2) ):7 Z 2 )
i=0
:%( 2w 2_._4(0.) 2)+8(w 2)++<%)w72>
B cn? 1 — 2(w 2)(logn—1)
2 1 — Qw2
_en® (1= (n/2)*?
2 12w
2
cn
=—0(n
5 )
= 0(n”)

For cost (2), the number of compressions done at stage k is equal to the maximal ¢ € Z
such that 2¢ | k. Thus some stages are more costly than others. For example, when £k is
odd, ¢ = 0, and thus no compression is performed. When k is a power of 2, then there are
log k compressions required (see Figure 7.1, where compressions performed are highlighted
in dashed lines). We consider the overall cost for 1 < k < n, as shown in Figure 7.2. Nodes
in the inverse tree are computed in a bottom-up fashion. We label level [ =0,1,... logn
from leaf up to root level. For [ > 0, nodes at level [ can be computed using Theorem 27
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Ps Py P3P, Pn Py P Py Ps Py P3 Py P

P4~3 P2~1 P8‘~7 P@NB P4~3 P2~1
\/ S - - \/
P4~1 P8~5 P4~1
Py
(a) (45);} (b) (As);*!

Figure 7.1: Examples of relaxed representation update

P, Py o v i oo oo oo Py Py
N | \ N4

Poon_1 : : : : : : P
|

n
nNT—‘rl TN_+1 2N4+1 4N1
-~
Pn~§+1 Pﬁ~1

Pn~1

Figure 7.2: Online inverse tree

with m = 2!71. The number of nodes at level [ is n/2!. Overall, the cost of constructing

the whole inverse tree is
logn

3 (en(2h)e ) % = O(n¥)

=1

The steps for achieving the result for this summation are skipped since it is similar to the
previous summation. The result follows by adding the cost of both parts. O

Corollary 31. There exists a deterministic algorithm to solve problem ONLINESYSTEM
in O(n®) field operations in K.
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Chapter 8

Application for RANKPROFILES

In this chapter we show how to use the algorithm RelaxedInverse supporting Theorem 30
to obtain a Monte Carlo algorithm for computing the row rank profile of an arbitrary
A€ K™ in time (7 4+ n 4 m + |A])"7°"V | where r is the rank of A.

The leading term 273 in the cost estimate of algorithm ImprovedRankProfile described
in Chapter 6 arises from the iterative nature of computing, for s = 1,2, 3, ..., the inverse
(Ag)_l € K***. However, considering the two steps of the oracle solver presented in
Chapter 2, we can see that we do not need to compute (Ag)*1 explicitly at each stage.
In particular, recall that the purpose of step 1 is to update P by setting s to be the first
nonzero entry of b — Ag(AZ)~*b”. The main computation in step 1 (to allow use of a
linear independence oracle) is thus to compute the linear system solution (AZ)~'6”. Our
approach will be to use algorithm RelaxedInverse to compute the vectors (A7)~'b” at
each stage via matrix multiplication. Now consider step 2. Recall that the purpose of step 2
is to update Q by setting j, to be the first nonzero entry of Alis] — A[és] (Ag)*1 AP Our
approach will be to avoid the need to find j, in step 2 by utilizing a Toeplitz preconditioner
to ensure with high probability that js can simply be set to s.

Let R denotes the row rank profile of a matrix A € K", In Section 8.1 we first
consider the special case of an input matrix with full column rank and such that A® has
generic rank profile. In Section 8.2 we generalize to the case of an input matrix with full
column rank but for which A® does not necessarily have generic rank profile. Finally, in
Section 8.3 we give an algorithm for the general case of an input matrix with unknown
rank.
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8.1 A has full column rank and A® has generic rank
profile

We first consider the special case when A € K®*™ has full column rank m and A® has
generic rank profile, that is, all the leading principal submatrices of A® are nonsingular.
Consider stage s of algorithm ImprovedRankProfile supporting Theorem 19. If, after
the first step, P := [i1,42,...,1s] has been correctly determined to be the first s entries
of R, then we can avoid any computation in step 2 by simply setting j; = s. By Corol-
lary 31, the vectors (AZ)_le in step 1 for stages s = 1,2,...,m can be computed in
overall time O(m®). In the following theorem, let ModifiedRankProfile be identical to
ImprovedRankProfile except with the modifications just described.

Theorem 32. Let K be a finite field. There exists a randomized algorithm ModifiedRankP-
rofile that takes as input A € K™™ of rank m and A® has generic rank profile, where R
is the row rank profile of A, and returns as output s € Zsq together with list P = [iy, ...,
such that A% has full row rank s. The algorithm has the following properties.

1. n+m — 1 random choices from K are required.

1 m m [logy 1]
() ()

P is equal to the row rank profile R of A.

2. With probability at least

3. The running time is bounded by (m® + |A|)"™°Y field operations in K.

Proof. Compared to Theorem 19, there are fewer random choices because we only use
the linear independence oracle on rows of A. The probability of success is slightly better
accordingly. The cost estimate follows as a corollary of Theorem 19 and Corollary 31. [

8.2 A has full column rank

We now consider the case when A € K™ has full column rank m, but A® does not
necessarily have generic rank profile.
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Lemma 33. [/0, Theorem 2. Let K be a finite field. If vo,vs,...,v, € K are chosen
uniformly and randomly, then the lower triangular Toeplitz matrix

1
V2 1

L= |vs Uy 1 c Kmxm
Um Um—1 -+ Vg 1

has the property that ARL has generic rank profile with probability at least 1 — m(m +
1)/ (24#K).

We remark that compared to [16, Theorem 2], the above lemma only uses one Toeplitz
preconditioner L because the input matrix A has full column rank; this accounts for the
extra factor 2 in the denominator of the probability estimate compared to [16, Theorem 2].

Lemma 34. AL has the same row rank profile as the original matriz A.

Proof. Suppose U € K™*™ is a nonsingular matrix that transforms A into reduced column
echelon form C: AU = C. Then (AL)(L~'U) = C is also in reduced column echelon form,
where L71U is a nonsingular transformation. The result follows by the uniqueness of the
reduced column echelon form. O]

From Lemma 34, the list P returned from ModifiedRankProfile(AL) will be the
row rank profile of the original matrix A with high probability. However, computing the
product AL directly is expensive, and exceeds the running time bound of Theorem 32.
Alternatively, we now describe a modification of algorithm ModfiedRankProfile, called
AdvancedRankProfile, that takes as input A-L unevaluated, as a product of two matrices,
and only evaluate parts of the product when necessary. We first observe that

(ALY = AL

and

(AL)o = ALo.

Thus the computation of (2.1) for finding the first nonzero entry of the column vector
b— Ag - (A7) ' b” can be recast as follows.

b—(AL)o- ((AL)B)™" =b— A- Lo ((AL)3)"V") (8.1)
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where b = A(Lw) and w € K™*! is chosen uniformly and randomly. Using the expres-
sion on the right hand side of (8.1) allows us to build a linear independence oracle on
the rows of A instead of (AL)g. Moreover, the linear independence oracle is built at
once at the beginning instead of incrementally, which will not affect the overall cost of
constructing the oracle since A has full column rank. The remaining computation to con-
sider in (8.1) is to compute Lg (((AL)5)~'6”). Once the vector ((AL)5)~'b" has been
computed, computing the product Lo (((AL)5)™'b") costs M(m) field operations, where
M(m) = O(mlogmloglogm) [I] is the cost of multiplication of polynomials with degree
m. There are m stages in total. Overall, having the input A - L unevaluated yields an
additional cost m M(m) = (m2)1+0(1) field operations to find the first nonzero entry in (8.1)
compared to Theorem 32, which is within the cost bound of Theorem 32.

The vector ((AL)3)~'b” is updated using the relaxed approach as described in the
previous chapter. At stage s, once the next nonzero row index is of (8.1) has been chosen,
the corresponding row (AL)l! is computed and copied to the work matrix B. Computing
(AL)lsl = AlislL for 1 < s < m also has overall cost m M(m), and thus is within the cost
bound of Theorem 32. We obtain the following result.

Theorem 35. Let K be a finite field. There exists a randomized algorithm AdvancedRankP-
rofile that takes as input A € K™ of full column rank m and returns as output s € Z>g
together with list P = [iy, ..., i) such that A7 has full row rank s. The algorithm has the
following properties.

1. n+2m — 2 random choices from K are required.

2. With probability at least

S I

P is the row rank profile of A.

3. The running time is bounded by (m* + |A|)*™Y field operations in K.
Proof. Compared to Theorem 32, there are m — 1 more random choices coming from the
Toeplitz preconditioner (Lemma 33). The probability of success is slightly worse accord-

ingly. The running time has been addressed as discussed above. [

If #K is too small we can work over a small field extension of #K to ensure positive
probability of success.
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Corollary 36. If
1
#K > 10m max (§(m +1), [logyn] + 1)

then the probability that algorithm AdvancedRankProfile does not return FAIL is at least
3/4.

Proof. Using the fact that for any z > 0 and y € Z-q we have 1 — zy < (1 — z)¥, (8.2)
> 3/4 can be simplified as

\(1 o] 11 (,_mn DY, 3

4K 2HK )
(1) (2)
The result follows by taking (1) > v/3/2, (2) > v/3/2, and (1 —v/3/2) > 0.1. O

If a field extension is required, then the degree of the field extension is the minimal d

such that
(1 ~ m([logyn] + 1)) (1 ~ m(m+ 1)) - 3
(#K) 2#K) ) 1
By Corollary 36, d is bounded by O(loglogn + logm) in the worst case to ensure a proba-
bility of success at least 3/4. The additional cost of working over an extension field increase
by a multiplicative factor that is softly linear in loglogn + log m. This gives the following
result, valid over any finite field.

Corollary 37. There exists a Monte Carlo algorithm that computes the row rank profile
of a full column rank matriz in time (m* + |A])" T,

8.3 Arbitrary A with unknown rank

Now consider the general case for the input matrix A € K™ of (unknown) rank r. To
compute the row rank profile of A, we use the following two randomized algorithms.

e The Monte Carlo rank algorithm in [, Theorem 2.11] to find a subset of s < r
linearly independent columns of A in time (r* + |A])'™®". The algorithm should
return s = r with probability at least 3/4. Provided r = s, the column space of the
resulting matrix is equal to that of A so they must have the same row rank profile.
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e The Monte Carlo algorithm supporting Corollary 36 and 37 with probability of cor-
rectness at least 3/4.

Since 1/4 4+ 1/4 = 1/2, the probability of failure for using both algorithms is at most
1/2. For the column rank profile, we can simply apply the same algorithm to the transpose
of A. This gives the following result.

Corollary 38. There exists a Monte Carlo algorithm for problem RANKPROFILES that
has running time bounded by (r* + |A|)1+°(1),
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Chapter 9

Conclusions and future work

We have given a Las Vegas algorithm for LINSYS that has running time

14o(1
2% + (r> + n+m+ |R| + )T,
where |R| and |C| are the number of nonzero entries in the rows and columns, respectively,
that are examined. An open problem is to reduce the 2r® term in this cost estimate by
incorporating fast matrix multiplication.

We also give Monte Carlo algorithms for RANKPROFILES that have running times
23 + (r2+ n+m+ A" and (% 4+ n +m +|A])"TY, where |A| is an upper bound
on the number of nonzero entries in A. The latter cost estimate is achieved by incorpo-
rating a relaxed approach for online inverse update. It would be interesting to find other
applications of our algorithm RelaxedInverse.

For convenience, we have assumed that K is a finite field, which allowed us to choose
elements uniformly and randomly from K, but it should not be difficult to extend algorithms
RandomOracleSolve and ImprovedLinSys to work over any field, for example by choosing
random elements from a sufficiently large subset of K.
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