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ABSTRACT

Large systems of linear equations over [Fo with sparse coefficient matrices have to be
solved as a part of integer factorization with sieve-based methods such as in the Number
Field Sieve algorithm. In this report, we first discuss the Wiedemann algorithm to solve
these systems and investigate the relation between the sparsity of the matrix and the
performance of (a slightly adapted version of) the algorithm. Then we turn to the more
efficient block algorithms and discuss a new version of the block Wiedemann algorithm,
proposed by Villard, based on the FPHPS algorithm by Beckermann and Labahn. Finally
we compare the performance of our implementation of this version of the algorithm with
that of Lobo’s implementation of the classical block Wiedemann algorithm and that of
Montgomery's implementation of his block Lanczos algorithm. The latter is shown to be
much faster, even more than expected theoretically.
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Introduction

Systems of linear equations can be solved by Gaussian elimination. This is a simple
procedure that yields all solutions when applied with exact arithmetic. But in
the case of sparse matrices, i.e. matrices containing mainly zeroes, methods which
take advantage of this sparsity use much less memory and time to solve the system
than Gaussian elimination. As a part of integer factorization with the Quadratic
Sieve [19, 20] or the Number Field Sieve [14], one has to find dependencies among
the columns of a matrix over Fy, the field with two elements. These matrices are
extremely large and sparse for big numbers. Consider for instance the world record
factorization of RSA-130 [6], a 130-digit number: The matrix in which column
dependencies had to found, had 3,516,502 rows and 3,504,823 columns, with on
average only 39.4 non-zero entries per row. To store this matrix in a computer’s
memory one needs to store “only” the positions of 138,690,744 ones, which takes
considerably less memory than storing for all positions either a 1 or a 0; the first
option takes about 600 megabyte!, the latter over 1500 gigabyte. In fact, for such
huge matrices only the former solution is practically possible. During Gaussian
elimination, however, the matrix loses its sparsity due to fill-in: One adds rows to
another several times. Since the matrix is sparse, most non-zeroes will be added
to zeroes that therefore become non-zeroes too. The initially almost empty (i.e.
all-zero) matrix gets filled in with non-zeroes. Therefore the amount of memory
required to store the matrix increases strongly. This makes Gaussian elimination
impractical for solving large systems of equations with sparse coefficient matrices.

To avoid problems with fill-in, mathematicians use algorithms that do not change
the matrix, but only manipulate a few vectors to solve such systems of equations.
These methods only need storage for the sparse matrix and for a few (dense) vectors.
Besides, they take advantage of the fact that sparse matrices can be multiplied by
vectors much faster than normal, i.e. dense matrices. The best known examples are
the Conjugate Gradient method [9], the Lanczos method [13, 12] and the Wiede-
mann method [22]. These methods are still quite inefficient when used over Fy,
because they involve mainly manipulations with single bits, whereas most comput-
ers handle 32 or 64 bits at the same time. Moreover, single bits have to be unpacked
first if they are stored efficiently. To improve their efficiency, algorithms have been
modified to work with blocks of vectors instead of single vectors. Coppersmith first
made block versions of the Lanczos [4] and Wiedemann [5] algorithms. Inspired

Lusing four bytes to save a row number, storing the row numbers of the ones per column



by his work, Montgomery [18] implemented his own version of the block Lanczos
algorithm, which is nowadays widely used for integer factorization. Kaltofen [10]
suggested many different versions of block Wiedemann, but Lobo [15] and he imple-
mented Coppersmith’s block Wiedemann because the methods Kaltofen suggested,
work only over fields with sufficiently many elements. For use over F, Kaltofen
recommended to me a version suggested by Villard [21], which is based on an al-
gorithm by Beckermann and Labahn [2]. I have implemented this version of block
Wiedemann, and compared it with Montgomery’s block Lanczos and Lobo’s imple-
mentation of Coppersmith’s block Wiedemann.

In the first chapter we describe the scalar Wiedemann algorithm. In chapter 2
we discuss block vectors and several versions of the block Wiedemann algorithm.
In the third chapter we take a look at the implementations of these algorithms and
compare their performance in practice.



Chapter 1
Wiedemann's algorithm

The Wiedemann algorithm solves Az = b using the minimum polynomial of a
Krylov sequence. The minimum polynomial is computed by the Berlekamp-Massey
algorithm, but this requires some projection of the Krylov sequence. This projection
randomizes the algorithm. First we explain how Wiedemann solves Az = b with this
minimum polynomial. Then we describe the Berlekamp-Massey algorithm. Finally,
we discuss the randomization and its impact upon the performance of the algorithm.

1. THE KRYLOV SEQUENCE

Consider the equation Az = b over a finite field F,, with A a non-singular, sparse
n X n matrix. In order to preserve its sparsity, we do not change anything at all to
the matrix. We use it only as a “black box” that converts a vector b into Ab. Now
we can apply the black box to Ab and so on. What we get is the Krylov sequence

b, Ab, A%b, Ab, ... (1.1.1)

The set of all these vectors has dimension no more than n, so there exists a non-
trivial linear dependency relation between the first n + 1 vectors of this sequence.
There are ¢y, ...,cq € F, satisfying

cob+ c1Ab+ oAb+ -+ cg A =0 (1.1.2)

with d < n and ¢y # 0 1. We may even suppose the coefficients to be normalized in
such a way that cp = 1. With this normalization (1.1.2) gives:

b= —A(c1b+ c2Ab + c3A%b+ - + chdflb).
If we define
= —(c1b+ oAb+ c3A%b + -+ + cg A1)
then z is a solution of Ax = b. Wiedemann uses the following definitions

flx) = 60+clm+021’2+"-+cdxd

f(z) — f(0)

x

f ¢g = 0, A(c1b + -+ + cgA%1b) = 0; because A is non-singular, this means that c1b+ --- +
cqA?=1h = 0. Remove zero coefficients until a non-zero trailing coefficient is found. This must
happen, because there exists some non-trivial linear dependency relation between these vectors.
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and describes our solution to Az = b as
x=—f (A)b.

So if we are able, given the Krylov sequence (1.1.1), to determine a polynomial f(z)
that fulfills f(A)b = 0, we can find a solution to Az = b. But how can we find such
a polynomial? The following, almost trivial observation shows us the way:

A (cob+ c1Ab+ ey A%b + -+ + cgAD) = 470=0  for j =0,1,...
or, equivalently,
oAb+t AT+ g AT =0 for j=0,1,....

This means that the Krylov-sequence is a linear recurring sequence. Usually, this
is denoted the other way round: A sequence S = {sg, $1,. .. } of elements of F, is a
linear recurring sequence generated by p(z) = po + p1z + - - + pz! € F,[z] iff

PiSi +Pi—18i41 + -+ poSiyr =0 fori=0,1,... (113)

or, equivalently,

o0

deg (p(x)s(x)) < 1 where s(z) = Z st
i=0

Lemma: The set of all p(z) € F,[z] satisfying (1.1.3) is an ideal in F, [z].
Proof: Consider p(z),¢(z) and r(z) € F,[z] satisfying

DiSi +Pr-18iy1+ -+ posiyy = 0 fori=0,1,...

mSi + Gm—1Si+1 + -+ QSitm 0 fori=0,1,...
k

r(z) =ro+riz+- -+

o p(2) +q(z) = (Po+q0) + -+ (o + @)2' + qaz™ + -+ gma™
(we assume without loss of generality that m > 1) and this satisfies (1.1.3):
GmSi + + Qg1 Sigm—1-1 + (D0 + @) Sitm—1 + -+ (Do + Qo) Siym =
PiSi + Pr—1Sit1 + -+ PoSitt + qmSi + gm—-1Si+1 + - + @Sitm =0+ 0=0.
So p(z) + g(z) generates the sequence.

o r(x)p(x) = ropo + (rop1 + r1ipo)T + - - - + rppz®tY; this satisfies (1.1.3) too:
(repe)so + (Te—1pr + repi—1)s1 + -+ (ropo) Sk =
ro(Pisk +Pr-18k1 + -+ PosSkr) + o+ Te(Prso + o151+ -+ posy) =
roX04+---4+r,x0=0.
So r(x)p(z) generates the sequence.

Because F,[z] is a principal ideal ring, there is a unique monic polynomial p(z)
generating this ideal. This polynomial is the minimum polynomial of the sequence
S. It is the lowest-degree solution p to

piS;i +pr—1Si+1 + -+ poSiy1 =0 fori=n—-Il,n—10+1,....2n—-1—1

which means that p is the lowest-degree polynomial for which the coefficients of z?
in p(z)s(z) are zero for n < i < 2n — 1. This can be rewritten as

p(z) Z s;z' = r(x) mod z?"
i=0

with deg(r) < n. Such a polynomial p(z) can be found by the Berlekamp-Massey
algorithm.
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2. THE BERLEKAMP-MASSEY ALGORITHM
The Berlekamp-Massey algorithm [3, 17] from Coding Theory computes a solution
to the key equation in decoding BCH codes:

o(zx) Z six' = w(z) mod z", (2.1.1)

Here the s; are given; both o(z) and w(z) have to be found, subject to the condition
that deg(o) and deg(w) must be minimal. Zierler [23] gives a somewhat simplified
version of the algorithm which computes only the minimum polynomial o(x) and not
w(z). This is all we need in the Wiedemann algorithm, but to understand Zierler’s
version we take a look at the complete algorithm first. We break the problem of
solving (2.1.1) up into a series of much easier problems

o (x) Zslm’ =w®(z) mod z**! fork=0,1,...,2n —1 (2.1.2)
and use o(®) (z) and w® (z) to find ¢*+V)(z) and w*+V(z). It might happen that

o (z) Z siz' =w®(2) mod zF2
=0

in which case we can simply take o**D (z) = ¢ (z) and w* 1 (z) = w® (z), but
in general we find

o) () Z sit' = w® (z) + Apa*tt mod zFt?

where Ay, is the coefficient of ! in o(®) (z) 30 ;2% If Ay # 0 we construct
o+ (z) and w*+1) () by solving (¥ (z) and ¥ () from the auxiliary equation

7®) (z) Z sigt =W (2) + zF  mod zFH. (2.1.3)

Having solved this equation, o**1 (z) and w**+ (z) can be constructed by:
S G _ A e
S = ) A @)

It is clear that these o**1) () and w*+1)(z) satisfy
e .
o) () Z siz' = w* Y (2)  mod 22
1=0

if 0 and w® satisfy (2.1.2) and 7% and (¥ satisfy (2.1.3). Two obvious ways
to define 7(¥) and ~*) are

D) = o) (kD) g (R) (2.1.4)

and

e - o w®
- Ak Y '7 Ak Y

£

(2.1.5)
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each with
=1 | 4,®=p.

Of course (2.1.5) can be used only when Ay # 0. Both definitions give solutions to
(2.1.3). Berlekamp [3] derives upper bounds to the degrees of ¢(*) and w® using a
function D (k). Then he gives a criterion to choose between (2.1.4) and (2.1.5) using
D(k) and proves that one finds ¢*) and w®) of minimal degree in every step by
starting with the right initialization and applying his criterion. Now let S = {s;}2,
be a linear recurring sequence with minimum polynomial o(z) of degree n. This o
is the lowest-degree polynomial satisfying (2.1.2) for k = 2n — 1, but ¢(¥)(z) is the
lowest-degree solution to this equation for each k. This shows that 02"~ = ¢ i.e.
o(>»=1)(g) is the minimum polynomial of S. Doing more iterations than needed
does not change the solution; if ¢(¥) generates S, then A; = 0 for all j > k.
Moreover D(k + 1) can be computed from D(k) using only Aj. In the Wiedemann
algorithm we do not need w® and 0¥t can be computed using only S, 7*) and
o(®) . This means there is no need for us to compute v*) and w®) explicitly. In
this case D(k) can be replaced by a simpler function 1(*). All we need to compute
is the minimum polynomial of a given sequence of field elements {s;}5°,, which is
known to be linearly generated by a polynomial of degree at most n. This minimum
polynomial o(z) can be computed by Zierler’s version of the algorithm:

1. 0©@@z) « 1, 7O (z) « z, n© «0

2. Dofor j=0,1,...,2n — 2:

o0
A; <« the coefficient of z7*! in ¢\ () Z ;1

i=0

cUtD o S0 AjT(j)
T(j+1) - mA;la(l‘tl) lf Aj ;é 0 and n(]) >0
.’177-‘7) if AJZOOrn(])<0

(7+1) ) if Aj; #0 and ) >0
n < (7) i - )
nW+1 if Aj=0o0rn) <0

3. o(z) « o V().

Dornstetter [7] showed that the Berlekamp-Massey algorithm can be derived from
the extended Euclidean algorithm. Consider the key equation

o(zx) Z sir' = w(z) mod z*"
=0

and remember that we only use the first 2n terms of S to determine o(*»~1)(z) =
o(z), the minimum polynomial of S. Rewrite the key equation as

o(zx) i sir' = w(z) + 2°"r(x).

Now consider the so-called reciprocal equation:

2n—1
o_rec(w) Z 32n—1—i~75i — w2n—1+d—twrec(w) +md—r—lrrec(m)

=0
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where d=deg(c), t=deg(w) < d and r=deg(r) < d. Replace w(x)"* by z?~t~1w(x)"e*
and r(x) by 2"~ r(z) to find

2n—1
o_rec(w) Z 32n—1—i~75i — w2nwrec(w) +rrec(w)
=0

with deg(r"®) < d. This means that we have performed the Euclidean division
oreeSree Jo?m. See [7] for a proof of the formal equivalence of the algorithms.

3. THE RANDOMIZATION

We want to compute the minimum polynomial of the Krylov sequence {A'}°,
to solve Az = b. This is a bit more complicated because the Krylov sequence
does not consist of field elements, but of vectors with elements in F,. The lemma
remains valid, so there still exists a well-defined minimum polynomial, but the
Berlekamp-Massey algorithm does not work anymore because we cannot divide by
Aj; in the computation of 7U+1) . We have to “convert” the Krylov vectors into field
elements to be able to use the Berlekamp-Massey algorithm. Besides, storing 2n
(dense) vectors takes more memory than storing a dense n X n matrix! Wiedemann
proposed to replace the Krylov vectors by the inner products of all these vectors
with a given vector u;. These inner products are field elements. Then we can
determine the minimum polynomial p;(z) of the sequence {{u1, A'b)}32, via the
Berlekamp-Massey algorithm. Since we are computing the generating polynomials
of sequences in reversed order, we have to reverse them back to find the solution
f(z) to f(A)b = 0 and hence the solution x = —f~A(b) to our system of linear
equations Az = b. We define p"®¥(z) to be the polynomial with the coefficients
of p(z) in reversed order. Let p(z) = ¢4 + cg—1z + -+ + cox? be the minimum
polynomial of the Krylov sequence. Since

(ur, A" (cob + c1Ab + - -+ + caA"b)) = (u1, A'0) = (uq,0) =0
we see that
60<U1,Aib> + 01<U1,Ai+1b> + -+ Cd(Ul,Ai+db> =0 1= 0, ]., e

so this p(z) generates the sequence of inner products, hence it belongs to the ideal
of all generating polynomials for this sequence. This ideal is generated by p; (), so
p1(x) is a factor of p(x). By repeating this procedure with other vectors us, us, . . .
we will find factors po(z),ps(z),... of p(z). Now we hope to find the complete
polynomial p in a few iterations, i.e. from a small number of factors p;. This is
a highly important point: the trick that enables us to use the Berlekamp-Massey
algorithm, randomizes the Wiedemann algorithm and is therefore a key-factor in its
performance. A priori, we do not know whether we will find the complete minimum
polynomial p(z) and if we find it, we do not know how many iterations this will
take.

Luckily, we do not have to do all the work again in every iteration: Suppose we
have found the factor fi(z) = p¥(z) of f(z) = p"®¥(z). Put by = b, dy = deg(p1)
and by = f1(A)by. If by = 0 we are ready, else observe that the Krylov sequence of
by has as its minimum polynomial p/p;, which has degree d—d; < n—d;. Therefore
we need only 2(n — d;) terms of the sequence {(u2, A%b;)}22, and 2(n — d;) steps
in the Berlekamp-Massey algorithm, to find its minimum polynomial po(x) . This
is a factor of p/p1; f2(x) = pi¥(x) is a factor of f/f1 = p"¢?/p}¢’. Compute by =
f2(A)by = fofi(A)by. If fofi(A)bg # O then determine the minimum polynomial
f3 of {{uz, A'b2)}3°, and so on. Usually we find f. with f....fi(A)b = 0 after a
small number of iterations. Then we have found f(z) = f.... fi(z) and a solution
x = —f"(A)bto Az = b. This is the algorithm in the simplest case, namely when
A€ M(F,,n x n) is a non-singular matrix:
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1. k< 0,dyp < 0,90 < 0,bg < b

2. if by = 0 then z + —y; STOP

3. pick a random vector ug41 € ]F',’I‘

4. compute the first 2(n — dj) terms of {< uj41, A'by >}2,

5. determine fi41(z), the reversed minimum polynomial of this sequence
6. Yk+1 < Yk + frig (Db, bet1 < bo + Ay, diy1 < di + deg(fr+1)

7. k + k 4+ 1; continue with step 2.

In this description an extra vector yy, is introduced, and the by, are computed using
this vector, to avoid doing the same computations twice (or more) in determining
the bg. The following two lemmas show that these new computations give the
desired results: the new by, are the same as the previously defined ones and y;, gives
the solution to Az = b.

Lemma by + Ayg = fr ... f1(A)b for k=1,2,...

Proof By induction on k
o k=1: bop+ Ayr = bo + Ayo + f1 (A)bo)
=b+ Ay + (1(A) = 1Db=b+ A0+ fL(A)b—b= fi(A)b

e k—k+1: byg+ Aka =by + A(yk + f];_l(A)bk)
=bo + Ayp + frr1(A)br — by = fry1(A)br +bo + Ayr, — by
= fr+1(A)br = frr1(A)(bo + Ayr) = fry1fr--- fL(A)D

Lemma y; = (fr.... f1) (A)b fork=1,2,...
Proof By induction on k

e k= k+1:
Yer1 = Y + [ (Abe = (fr--- 1) (A)b+ fr i (A (fe -~ fr(A)bo)

=(fk---f1)7(A)b+(Mﬁcmh(m)) Ab

— (o f1) (A)b+(f’“+1"'f1*£’“+1"'f1(°)) _ b= frn(0) (M) 0
=(fr--f1) (Db+ (frer--f1) (Ab—=(fe---f1) (A)b
= (fret1 -+ f1) (A

The main question is, how many factors f;(x) of f(x) do we have to find, before
f(z) fulfills f(A)b =0, or how many iterations of the algorithm are needed to find
f(x)? This is the only aspect in which the algorithm is randomized. Wiedemann
[22] proves for ®(k), the probability that f(z) is found in at most k iterations, that

g1
where ¢ is the number of elements of our field and log denotes the natural logarithm.
For sufficiently large values of ¢, the fraction ¢/(¢ — 1) is close to 1 and hence ®(2)
is almost 1. This shows that the algorithm will usually need at most two iterations
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over large cardinality fields. In the case of small fields we might need more iterations.
For ¢ = 2 the following lower bounds are obtained:

®(2) > 0.307
®(3) > 0.712
®(4) > 0.866
®(5) > 0935
®(6) > 0.968

This means that the algorithm stops after at most three passes with probability
bigger than 0.7 for random matrices. Since we are primarily interested in sparse
matrices, we have to investigate whether the number of iterations needed is affected
by sparsity.

Furthermore, we are interested in finding column dependencies, i.e. in solving
Az = 0 for non-square or square but singular matrices A. The algorithm only
needs to be slightly modified to solve these cases too. To solve an n x (n + 1)
matrix, take the first n columns as A and the last column as b. Now either we find
a solution to this system, which gives us a dependency between the n + 1 columns,
or the algorithm fails. The only way the algorithm can fail to produce a solution is
by producing a dependency relation with cg = 0 if A is singular:

c1Ab + ey A%b + - -+ cg A% = 0. (3.1.1)

In this case we cannot conclude that cib+coAb+---+cqgA%"1b = 0. If this equation
does not hold, the algorithm fails, but in this case we have already found a vector
from A’s nullspace, i.e. a dependency between the first n columns:

A(cib+ coAb+ -+ + chd_lb) =0.

In either case we find a column dependency. The only problem is that the reversal
of polynomials that we introduced is not the reversal of a polynomial with respect
to its degree, i.e. the reciprocal polynomial

freC(l,) — :L’deg(f)f(l‘_l).

This problem occurs because p; might be zero in (1.1.3). In that case we do not
want to reverse the polynomial with respect to its degree d < [; we want to reverse
it with respect to [, i.e. we want to take z'p(z~") instead of z?p(z~"). The recip-
rocal polynomial is never divisible by z, so the relation (3.1.1) cannot be found by
multiplying only the reciprocal polynomials from the Berlekamp-Massey algorithm.
We have to multiply the reversed factor fi(z) = z9p(z~1) = co +crx+...+cqx? by
x® for a suitable s in step 5 of our algorithm. Take as s the smallest non-negative
integer satisfying

co(Aib,u) + -+ ca(AT b uy =0 fori=s,5+1,....2n—d—1 (3.1.2)

Such an s exists since s = 1 —d > 0 satisfies (3.1.2). Replace f;(z) by z° f;(z). This
polynomial ¢y + ¢z + ...+ 5d+sxd+s satisfies

Co(ATSb,u) 4 - + Eopq(AT DUy =0 fori=0,1,...,2n —s—d —1
because ¢;4s = ¢; for ¢ =0,...,d. Since éy = ... = ¢é;_1 = 0 this is equivalent to
Go(Ab,u) + -+ + Gy q(ATHp )y =0 fori=0,1,....2n —s—d—1
s0 2°fi(z) = G + é17 + ... + Eqy 2% is a solution to

((foAb + fLrAT D+ - + o gATHY) u)y =0 fori=0,1,....2n—s—d—1
(3.1.3)
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and can be used as f;(x) in step 5 of our algorithm. Note that a polynomial f(z)
that satisfies (3.1.3) for n independent vectors u € F? must generate {A'b}2.
Wiedemann’s lower bound for ®(k) shows that usually polynomials solving (3.1.3)
for three random vectors u already generate this sequence.

Anyway, we can solve Az = 0 with A an n x (n + 1) matrix. For matrices with
more than n 4+ 1 columns, simply leave the excess columns away. Square matrices
and matrices with fewer columns than rows can also be handled, but these cases
are of no importance for sieve-based factorization methods; one can always produce
matrices with excess columns by sieving long enough. For square matrices, one
might take a random vector as b; with probability at least 0.5 this does not belong
to A’s nullspace. This forces the algorithm to produce a dependency with ¢y = 0
which gives a column dependency, i.e. a vector from A’s nullspace. For the case of
matrices with fewer columns than rows, see [22].
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Chapter 2
Block Wiedemann

Sparse matrices can be applied very fast to vectors. Multiplying a matrix with
a vector can be considered as taking a linear combination of the columns of the
matrix. Adding a multiple of a sparse column to a vector amounts to adding the
right multiples of only a few entries to the corresponding entries of the vector. Store
the M x N matrix A with elements from F, as follows:

e a;; = row number of the i*" non-zero entry of column j of A

e b;; = value of this entry

e n; = the weight, i.e. the number of non-zeroes, of the j* column of A
and multiply it by v € IF]qV in the following way:

e start with w=0, the null vector of length M, ie. w; =---=wy =0

e doforj=1,...,N:

ifvj#0dofori=1,...,n;:
add v; x b;; to w,;

then w = Av. When working over Fy, this simplifies to

e a;; = row number of the i*" non-zero entry of column j of A

e n; = the weight of the j*" column of A
for the storage and

e start with w =0 € FY/

edoforj=1,...,N:

ifvj#0dofori=1,...,n;:
add 1 to wq;
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for the computation. But this means we manipulate single bits, while computers
can handle 32 or even 64 bits' just as fast! With XOR, the exclusive-or operator,
a computer adds 32-bit words bitwise in one operation. This means that we can
multiply a matrix with 32 vectors at once, if we store them as a vector of 32-bit
words:

e a;; = row number of the i*" non-zero entry of column j of A
e n; = the weight of the j* column of A
o v; = (v1;...V32,;) where v;; is the jt* entry of the vector v;
Now the product w = Av is computed in the following way:
e start with w=0, the N x 32 zero block vector
e doforj=1,...,N:
ifvj#0dofori=1,...,n;:

Wq;; ¢ Wq,; XOR v;.

This means that we can perform matrix-vector multiplications over Fy 16 times
faster: v; will be zero in about half of the cases when considering single random
vectors over Fo, but it will hardly ever be zero when considering a block of 32
random vectors. In our algorithm, only the matrices are sparse; the vectors can be
considered as random vectors. Using blocks of vectors we can do 32 matrix-vector
multiplications in twice the time of a single matrix-vector multiplication, which
means a factor 16 speed up, if we can use those blocks of vectors in the rest of our
algorithm just as efficiently as 32 single vectors in the normal algorithm. To store
single bits efficiently, we have to pack eight bits in a byte and unpack these bits
when we need them in a computation. We do not need such packing and unpacking
when we work with block vectors. This is an extra speed-up.

In the normal algorithm we take a vector u and determine the first 2n terms of
{a;}2 = {{u, A®)}2°,. Then we try to find a linear combination of the Krylov
vectors that solves Az = b by determining the minimum polynomial of the sequence
{a;}32,, i.e. a polynomial f(z) = fo + -+ fnz" € Fy[z] which fulfills

wADfy + -+ uATfo =0 fori=0,1,...,n—1 (0.2.1)

or, equivalently,

2n—1

a(z) f(x) = p1(z) + 22"ps () with a(z) = Z a;z’ and deg(py) < n.
i=0

In the block case we denote the matrix size by N x N instead of n x n and instead
of the vectors b and u we take block vectors (i.e. N x 32 matrices) z and y and
determine the first 2N/32 terms of {Aiy}?go/&. From now on we use X instead of x
as polynomial variable, because z already denotes a block vector. The question is:
Can we determine a combination of these block vectors Ay with at least some of its
columns in the nullspace of A7 We have to reduce the amount of memory needed for
the computation to something comparable with the storage for the sparse matrix;
otherwise, the original Wiedemann method will be more practical (though slower).

Taking the scalar Wiedemann algorithm as a guideline, we store {a(i)}?i\fo/32 =

{ﬁvTAiy}?i\fO/32 and try to solve

aTAlyfi+ - +2TAMyfo =0  fori=0,1,...,2N/32—1—-1  (0.2.2)

1 consider from now on only 32 bit-computers
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where the f; are 32 x 32 matrices. This means we have either to generalize the
Berlekamp-Massey algorithm to work with matrices instead of field elements or to
find another way to solve (0.2.2).

1. COPPERSMITH’S BLOCK WIEDEMANN ALGORITHM

Coppersmith has generalized the Berlekamp-Massey algorithm to the case of matrix
polynomials, i.e. polynomials with matrices as coefficients. These polynomials can
also be regarded as “polynomial matrices”, i.e. as matrices having polynomials as
entries. This means one can speak of the degree of an element of the matrix and the
degree of a row of the matrix (the maximum of the degrees of the elements of that
row). There is no reason to restrict ourselves to the case of blocks of 32 vectors?, so
we take a block of m vectors for z and and a block of n vectors as y, with m,n € N.
As a generalization of the scalar Wiedemann algorithm we try to solve

N/m+N/n
a(M)f(A) =pi(A) + AN/m+N/np2(>\) with a(A) = Z a X, deg(p1) < N/n.

i=0

The coefficients of f(A) should be vectors from Fj*, but we compute a polynomial
with m x n matrices as coefficients, giving n solutions for f. We develop this matrix
polynomial f step by step, starting with f(0)()\) with ¢, = [] and computing
FED () from £ (X). In the scalar Berlekamp-Massey algorithm we have to update
both 7#) () and o¢®(z) to find o*” 1)(z); in the block case we also have to
do about twice the work expected and update what might be considered as the
concatenation of two matrix polynomials: f*)()\) will be a (m 4 n) x n polynomial
matrix. Define

N
Coefi(j; f"a u—§:§: fradyt 0<j < —+
k=0v=1

,1<u<m, 1<I<m+n

s|=

where a/), is the entry of (z7A7y)T in position (v, ). Let Coeff(j; f(a) be the
matrix with Coeﬁ(j;fl(t)a)u as entry (I,p) with 1 <l <m+n,1 <pu<m. As
an upper bound to the degree of a row of f®) we store for every row its so-called
nominal degree. This is initialized with a suitable value, for instance the real degree
of the row, and updated using the following rules:
degnom (f +9) = max{degnom(f),degnom(9)}
degnom(Af) = degnom(f) +1.

In every step we maintain the following two conditions:
C1: Coeff(j;fl(t)a) =07 for1<I<m+nand degnom(fl(t)) <ji<t
C2: Rank(Coeff(t; fPa)) = m.

Condition C1 is the generalization of the condition
o) () Z sit' = w® () mod zFH!

in the scalar case. C2 is necessary to perform the inductive step. Coppersmith [5]
assumes m > n for his probabilistic analysis; Villard [21] shows that this condition
can be weakened. Let A be an N x N matrix. This is Coppersmith’s algorithm in
the homogeneous case, i.e. for Ax =0

2Not even in the case of 32-bit computers!
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1. Choose x € M(Fy, N x m),z € M(Fy, N x n); let y = Az.
Compute a'? = (z7Aly)T for all 0 < i < & + & 4 O(1).
Define a(\) = Y, aV A%,

2. Let to = [2] and choose for f() an (m+n)xn matrix polynomial of nominal

degree to: Let the first m rows of f(*o) have degree to — 1 and satisfy condition
C1 and take Ao, for the last n rows.

3. Determine a non-singular (m +n) x (m +n) matrix 7 such that the first n
rows of 7(Y) Coeff(t; f()a) are zero and such that the nominal degrees of the
rows of 7(t) f(*) are the same as those of the rows of f(*). Note that the last m
rows of 7(t) Coeff(t; f()a) must be linearly independent to maintain condition
C2.

4. Compute f**1) = D7® () where D is the diagonal (m +mn) x (m +n) matrix
with as diagonal elements first n times a 1 and then m times a A.

5. Stop if 1) = f() for a few consecutive values of ¢; else increase ¢ by one
and continue with step 3.

We discuss the algorithm step by step. The “O(1)” term in step 1 is a safety
measure; the actual number of terms needed to find a solution follows from the
stopping criterion in step 5, but it will be shown to be very likely about % + % The
best choices for m and n are multiples of the computer word size, because matrix-
block vector products can be computed most efficiently in these cases. By takingn =
m = 32k the number of matrix-vector products is reduced by an extra factor k. The
amount of work per product increases, but these computations can be distributed
over k computers. Each computer computes =T Aly; for i = 0,1,..., % + 0(1)
where y; is the block vector containing the columns 325 — 31, ...,325 of y. Making
m a multiple of n reduces the number of matrix-block vector products at the cost
of an increase in work per block vector product 27 x A%y. Note that Coppersmith
transposes the a(?.

In step 2, finding a matrix polynomial satisfying all restrictions might be difficult.
Coppersmith suggests one may need to take another block vector as x or increase tg
to be able to find such an f(fo). In the case m = n, we have to = 1 and the first m
rows of f() have to be linearly independent rows with constant elements. The first
m rows of Coeff(1; f(1)a) will be formed by the product of the first m rows of f)
and a("). So if m = n, and z and z are chosen subject to the condition that 2T Ay
is non-singular, then choosing m linearly independent rows with constant elements
as the first m rows of f(!) is sufficient to satisfy condition C2.

Finding 7 in step 3 can be achieved by sorting the rows of Coeff(t; f(!'a) in
order of increasing nominal degree of the corresponding rows of f). Then deter-
mine n independent vectors in the nullspace of this sorted matrix by bringing it
in row-echelon form using Gaussian elimination. Each of the n vectors is found by
substituting 1 for one free variable and 0 for the others. These are the first n rows
of 7!, Take the unit vectors corresponding to the positions of the pivots as the
other m rows. This means that the last m rows of 7® f) are m rows of f), and
the first n rows of 7() f(*) consist of one of f(©)’s other rows plus some rows of lower
or equal nominal degree. This assures the nominal degrees of the rows of 7(*) f(t) to
be the same as those of the rows of f(*).

In step 4 we simply apply the linear transformation 7® to f®) and multiply the
last m rows of 7() ) by X. This means we have to increase the nominal degrees
of these last m rows by 1.

The estimated number of iterations needed in step 1 and the stopping criterion in
step 5 can be justified only heuristically: In every iteration we increase the average
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nominal degree by m/(m +n). We start with all rows having nominal degree ¢y, so
when we have determined f® the average nominal degree is to+ (t—to)(m/(m+n)).
Now we see why we have to compute &+ +(0(1) terms of the sequence (z A'y)2;
by the time ¢ > % + % +to the difference between ¢ and the average nominal degree
is

m n
t—to—(t—to) :(t—to)m+n> :N/m

n
N N
m+n ( /m+ /n)m—l-n

This means that there are values of I such that ¢t — degpom ( fl(t)) > N/m. For such
values of [, condition C1 consists of more than N/m x m = N equations: We set

dy = degnom(fl(t)). Now C1 gives

= Coeff(j; fi"a) = > fiFal with alf P = 2l AT ky,

v, v,
0<k<j, 1<v<n

for 1 < p < mand d; < j <t This means that the vector ), tkAd by, is

orthogonal to the vectors a:z;AJ (1 <pu<m,d <j<t),sofor l such that
t —d; > N/m, our candidate-generating polynomial fulfills more than m x N/m
equations, which seems to be the appropriate generalization of the N equations
(0.2.1) which f has to fulfill in the scalar case. Coppersmith proves that with high
probability for such a t = N/n 4+ N/m + O(1) even the following holds:

Coeﬁ(j;fl(t)a) =00 for1<i<n,d <j<oo. (1.2.1)

This equation may fail for a few values of I, but it holds (with high probabil-
ity) for most of the I € {1,...,n}. In every iteration we compute Coeff(t; f(a).
Usually this is non-zero, so we have to compute a transformation 7(Y) that makes
Coeff(t; f**1a) zero, but when we have performed enough iterations and the above
equality holds, Coeff(t; f®a) = 07. In this case fl(tH) = fl(t) for 1 <1< n. If we
detect this last condition on a few successsive iterations, we assume that we arrived
at the point where (1.2.1) holds and stop the iterations. Now we know that

(zf AT Zf,““Ad Fuy=0 forl<p<m,d <j<t.
Let d; be the actual degree of f;; d; < d;. Define
g (A Z““Ad k for1<i<n,1<v<n.
This is the reciprocal polynomial of fl(’ty). Now define our solution vectors:

wy = Zglﬂ,(A)z,, for 1 <[ <n.

We know that
aT Al x AMFdi—diy — 0 for some | € {1,...,n}

and Coppersmith [5] proves that this means that with high probability
Altdi=diyy, — 0 for some I € {1,...,n}. (1.2.2)

If w; = 0 we find the trivial solution to Ax = 0, but the probability that this
happens is small, if we assume that (1.2.2) holds: In the computation of the matrix
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polynomial £ (\) we do not use z; we only use y = Az. This means that any vector
2" that differs from z only by an element from Ker(A) gives the same polynomial f.
Since Az’ = 0, values of w; computed from z and 2z’ will differ by the constant term
of f times z — 2'; this is an element of the kernel of A. Our vector z differs from
the vector 2’ which gives w; = 0 by a random element of Ker(A4), so the w; that we
get is the constant term of f times that random element, i.e. a random element of
Ker(A). This means that the probability that w; = 0 is 1/|Ker(A)|, which is in our
case very small. So with high probability the block w = (A% =%, ... Adn—dny,)
contains almost n non-zero vectors from the nullspace of A.

2. BLOCK TOEPLITZ ALGORITHMS

Wiedemann already suggested the possibility of computing a generator polynomial
for the sequence of matrix-vector products by fast algorithms for Toeplitz systems
instead of the Berlekamp-Massey algorithm, but remarked that this would only
mean a speed-up of a part of the algorithm which already used only a negligible
fraction of the total computing time. Kaltofen [10] uses this suggestion in the block
case to propose several other block Wiedemann algorithms. Having computed

, . N N 2
aV =T Aty forallO§i<—+—+—n+1
m n o m

we want to find a polynomial
< N
=> g ith D =[—] and ¢ € M(F
f(z) izoc x wi [n]an " e M(Fy,m x n)

satisfying

D

> et =0 forj=0,1,...,E—1withS=n(D+1), E= (51.
m

=0

(2.2.1)

Note that Coppersmith shows that usually the solution to this problem which his
algorithm finds, also solves it for 7 > E. This a priori stronger requirement is used
in the further analysis of the algorithm. It is not clear that just any solution to
the above equations will give a solution to Az = 0. Kaltofen ignores this point: he
proposes other ways to solve (2.2.1) without showing explicitly that these solutions
can be used in Coppersmith’s further analysis just as well. The system which
Kaltofen solves is a linear system of block Toeplitz structure:

a(D) a(Dil) . a(l) a(o) c(D) 0
a(D+1) a(D) e a(z) a(l) C(Dfl) 0
Q(DAE-1)  o(D+E—2)  4(B) (E-1) o0) 0

(2.2.2)

with ¢(9) € F}. We compute m solutions, so actually we find ¢¥) € M(Fy,n x m).
Kaltofen [10] suggests to use the generalized Levinson-Durbin algorithm to solve
this system, or a speeded version of this algorithm using Fast Fourier Transform-
based polynomial multiplication and a divide-and-conquer approach. Both solutions
require that the matrix has generic rank profile, i.e. that the leading i x 4 principal
submatrices® are non-singular for 0 < i < rank A. Kaltofen shows that A = VAW

3the i x i submatrices located in the left upper corner of A
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has generic rank profile with probability at least 1 — 1N (N —1)/q if V is an upper
triangular Toeplitz matrix and W a lower triangular Toeplitz matrix with elements
from the same field F, as A. Unfortunately, in the case ¢ = 2 this lower bound is
negative for N > 3 and, even worse, with a reasonably high probability the matrix A
does not have generic rank profile: The probability that the first principal submatrix
is singular, i.e. that the element in the left upper corner of A is 0, is already %
Kaltofen suggests some more approaches, but shows that these alternatives will be
considerably slower than Coppersmith’s algorithm.

3. POWER HERMITE PADE APPROXIMATION
Villard [21] proposes yet another method to find a generating polynomial for a(z).
He considers (0.2.2) as a matrix Padé approximation problem: Given a p X ¢ matrix
A with power series over a field K as elements and given M, N,r € N find P €
K@M [z], Q@ € K@ [z] with deg(P) < M, deg(Q) < N and the columns of Q
being linearly independent over K such that

A(z)Q(z) + P(zx) = 2M TN+ R(z) with R € K®*)[[z]].

Our case can be written as

(i a<i>xi> Q(z) + P(x) = 2V/m+N/m+OM R()  with R € K(™*32)[[z]].
= (3.2.1)

We want to find P € K(m*32)[z], Q € K("*3?)[z] with deg(P) < N/m, deg(Q) <
N/n; a solution @) with linearly independent columns gives independent solutions
to our system. Now we show (3.2.1) to be equivalent to a power Hermite Padé
approximation problem, that is, to approximating a vector of power series by a
vector of rational functions. The product FG of two vectors of power series (or
polynomials) simply is the inner product of these two vectors.

Definition Let F=(Fy,...,F;) be an Il-tuple of formal power series with coeffi-
cients from a field K and let ¢ > 0,s > 0,ny,...,m; € NU {0,—1} be in-
tegers; n=(n1,...,n;). Then a power Hermite Padé approximant (PHPA)
P = (P,...,P) of type (n,0, s) consists of polynomials P; with scalar coeffi-
cients having degrees bounded by the n; with

P(z")F(z) = Py(2°) fu(z) + - -- + Pi(2°) fi(7) = 27 R ().

This concept was introduced by Beckermann and Labahn in [1]. It is important to
realise that they use the convention that the zero polynomial has degree —oo. We
need a somewhat more general concept to prove the correctness of the algorithm
that we give later on:

Definition For § € Z and n = (n1,...,n;), n; € Z,n; > —1, we define n(d) by
n(d):=(max{—1,n1 + 6}, ... max{—1,n; + 0}).

We use the notation L§ for the set of all PHPA’s of type (n(d),o,s). Beckermann
and Labahn [2] show that this set L§ is a finite-dimensional space over K for every
0 € Z and 0 € Z>o . They also give an algorithm to compute a basis for all
the PHPA’s of a given F, and show that classical Hermite Padé approximations
and matrix-Padé forms can be regarded as special cases of power Hermite Padé
approximation. We use the following definition:

Ax) = Za(i)xi where a9 = :nTAiy
i=0
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and rewrite (3.2.1) as

A(z)Q(z) + P(x) = £N/"N/m+OM R(z)  with R € K> (mEm)[[z]].
(3.2.2)

Denote the j* column of P,Q and R by P;,Q; and R;, respectively, and take
B = N/n+ N/m+ O(1). The last equation is equivalent to

A(z)Qj(z) + Pj(x) = :UBRj(a:) (1<ji<m+n)

that is

(Ai(2)Qij(2) + eiPyj(x)) =2PRj(z)  (1<j<m+n)

M-

=1

where A; is the i*" column of A, e; the i*" unit vector and P;;(z) the element in
row ¢, column j of P. Replace x by ™ and we find the equivalent equation

M-

(Ai(z™)Qij (z™) + e; Pij(x™)) = 2P R;(z™) (1<j<m+n).

=1

(3.2.3)

This vector equation consists of m scalar equations. It is equivalent to the following
single scalar equation:

(1,z,..., mm_l) Z (Ai(2™)Q45 (™) + €, P (™)) = (1,.. ., mm_l)xmBRj(a:m)

(3.2.4)

for 1 < j < m + n. The condition that the it" entry of the left vector in (3.2.3)
equals the i*" entry of the right vector in (3.2.3) is equivalent to the condition that
the coefficients of 2% with k =i — 1(mod m) in the left and right side of (3.2.4) are
equal. This means that we can rewrite (3.2.2) as

((1, T,... ,mm_l)Ai(mm)Qij (™) + xi_lPij(a:m)) = xmB(l, . ,xm_l)Rj (z™)

n

2

for 1 < 7 < m+n. Our matrix Padé problem (3.2.2) can indeed be seen as a power
Hermite Padé approximation problem

P(2")F(z) = P,(e") fi(z) + - + P(e") file) = 2" R(2)

withl=m+n,s=m,oc =mB =m(N/n+ N/m + O(1)) and
i1 i=1,....m
fl(x)_{ (Lz,..., 2™ HA;(z™) i=m+1,....m+n

where A; is the " column of A. The elements of P and Q are

Pi;(z) = P;(z) from the j* solution fori=1,...,m,j=1,...m+n

Qij(x) = Piym(z) from the j" solution for i =1,...,n,j=1,...m+n.

We introduce the defect and order of a power Hermite Padé approximant to give a
better description of the solutions to our problem:
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Definition The defect of a power Hermite Padé approximant P = (Py,...,P)
(with respect to the fixed multiindex n=(n1,...,n;)) is

det(P) = min{n; + 1 —deg(P;) : 1 <i <}
where the zero polynomial has degree —oo.

Definition The order of a power Hermite Padé approximant P (with respect to
s€Nand F) is

ord(P) = sup{o € Ny : P(2*)F(z) = 2° R(z) with R € K[[z]]}.

With these definitions we can describe our PHPA solution set L§ simply as
¢ ={P e K'[z]: dct(P) > -4, ord(P) > o}
and we can define the so-called o-bases of PHPA’s:
Definition The system Py,...,P; with P; € K'[z] is a o-basis if and only if

1. Py,...,P; ELioo
2. For each 6 € Z U {400} and for each Q € L§ there exists a unique

tuple of polynomials (a1, ...,q;) with deg(a;) < dctP; + ¢ such that
Q=a1Py +-- + Py

As a consequence of this definition, the elements of a o-basis are linearly independent
over K[z]. See [2] and the references therein for a proof of the existence of o-bases.
Note that

det(cP)=dct(P), dct(P+Q) > min{dct(P), dct(Q)}, dct(zP) = dct(P) — 1,

ord(cP)=ord(P), ord(P + Q) > min{ord(P),ord(Q)}, ord(zP) =ord(P) + s.
Now it is easy to derive the following result:
Lemma L™ C L, dim L{*" > dim L§ — 1

Proof The first statement is obvious.
For the second assertion, consider P € LI\LS™', i.e. ord(P)=0, dct(P)> —6.
Then for Q € L§ there exists a ¢ € K such that Q —cP € Lg“:
Write P(z®)F(z) = 2" Rp(z), Q(2°)F(z) = 27 Rg(z). The trailing coefficient
of Rp(z) is non-zero since ord(P)=c. Let ¢ denote the quotient of the trailing
coefficients of Rg and Rp; then Rg(z) — cRp(z) = xR(x). This means that
(Q — cP)(2°)F(z) = 27 (Rg(z) — cRp(z)) = 2° ' R(z) so Q — cP € L.
So adjoining P to a basis of Lg'H gives a system of generators for L§. This
proves the second part of the lemma.

The proof of the lemma suggests the following way to construct o-bases of PHPA’s:
it is the Fast Power Hermite Padé Solver by Beckermann and Labahn
LetlZ 27 s ENﬂ F= (fl:'-'afl)Tﬂ n= (nla"'anl)

1. d;p « ni; Pig < e, the it unit vector, fori =1,...,0; 0 + 1
2. ¢y 2P, 5 (2°)F(x)|g=0 for i =1,...,l and A, < {i : ¢;» #0}

3. If Aa’ = (b then Pi7g+1 — Pi,o’a and di,o’+1 — di,o’ for i = 1, - ,l



3. Power Hermite Padé approximation 22

4. If A, # 0 then 7, < 7 with dr , =max{d;, : 1 € A, }

Ci,o . .
Picr1 & Pio—2%Prs, digr1 « dig fori € Ay,i#
Pioy1 < P, digr1 <+ dio for i € A,
P7r,a'+1 — :L'P7r,a'7 dﬂ',a+l — d7r,a' -1

5. 0 < 0 + 1; continue with step 2

This FPHPS algorithm is well defined (in particular step 2) and the Py 4,...,P;,
satisfy

Lg = {041P170 + -4 OquJ : deg(ai) < diﬂ + 6} and ord(PiJ) > 0.
This can be seen from the following lemma:
Lemma The Py ,,...,P;, form a o-basis with dct(P;,) = d; » + 1 for 0=0,1, ...

Proof By induction on o for fixed 4.
For o = 0 this follows directly from the definition of LY.
Suppose that the assertion is true for o. We show that FPHPS gives the right
output for o +1. By assumption P; ,(z*)F(z) = 2 R;(z) with R;(z) € K[[z]]
s0 ¢i» = R;(0) is well-defined. We have

OI'd(PiJ_H) Z c+1 and dCt(Pi7g+1) Z di7g+1 +1

by construction. A linear dependency relation between the Py 541,..., P o141
would give a linear dependency relation between the Py ,...,P;,, which we
assume to be linearly independent with respect to polynomial coefficients, so
Pist1,...,P1 o411 are linearly independent with respect to polynomial co-
efficients. Now we have to show that P ,41,...,P;,+1 generate L and
dCt(Pi,O'Jrl) Z di,0'+1 + L

First consider the case L™ = Lg. Now each Q € L7 has a representation

Q=a1Pi,+ -+ P, degla;) <dct(P;,)+ 0.

If a; # 0 we get det(P; ) + 0 > deg(a;); otherwise we have deg(a;) = —oo <
dct(Pj,o41) + 6. Since P;, € LY = Lg“ we have ¢;, = 0. This means
that Pi’0—+1 = Pi,o- and di,o- = di,a+1; SO dCt(Pi’0—+1) = dCt(Pi’O—) = diJ +1=
di »+1+1. This means that the above representation for Q already is a suitable
representation in terms of a o + 1-basis:

Q=a1Pisr1+ -+ aPior1, degla;) <det(Piyi1)+ 0.
This shows that Py 541,..., Py s+1 generate Lg“ and det(Pipq1) = digr1+
Lif L™ = L.
Now consider the case Lg“ # L§. Put

Ls :={a1P1 11+ -+ P oy1 : deg(a;) < det(Pjoq1) + 3}

We have Ls C L§T! and we can estimate the dimension of L as follows:

dim(Ls) = max{dct(Py,54+1)+ 0,0} +--- + max{dct(P;s41) + 6,0}
> max{di 41 +1+0,0} + -+ max{dj o1 + 14,0}
> max{di,+1+6,0}+ - +max{d;, +1+6,0} -1

dim(L§) — 1 = dim(L{*)
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so L; = L7 and we have equality in the above inequalities. We have L™ #
L% (YA > 6) since 0 # LI\L{T ¢ LZ\LX™, so the above remains valid if
we replace § by A > 4. We know that

max{dct(P1 s41) + 9,0} + - - - + max{dct(P; 5+1) + 0,0} =
max{d; s+1 + 1+ 9,0} +--- + max{d; ,+1 + 1+ 4,0}

so if we choose A sufficiently large, i.e. make sure that dct(P;s41) + A >0
and d; y41 + 1+ A > 0 (V) we can conclude that

det(Proy1) + A+ +det(Pror1) +A=diop1 + 1+ A+ +di o1 + 1+ A

Since dct(Pyo4+1) > dipy1 + 1 this gives det(Pyo41) = dipy1 + 1 for i =
1,...,] which completes our proof.

This gives us a deterministic way to find all solutions f(A) = fo + fiA + -+ + fi\l
to

T Alyfi+ - +2TAMyfo =0  fori=0,1,...,2N/32—1—1

but we still have to rely on probabilistic results to see that these solutions are likely
to solve

A(Alzf+ -+ A o f) = Alyfy+ -+ Aty fo =0 fori=0,1,...,2N/32—1—1
so we have another probabilistic block Wiedemann algorithm to solve Az = 0.

4. PROBABILISTIC RESULTS

Coppersmith [5] proves that his algorithm works for most matrices with high prob-
ability. His lower bounds to the probabilities that some sufficient conditions are
met impose a few conditions on the matrix A. Matrices which do not meet these
requirements are called pathological. The formal definition of pathologicalness is
quite unintuitive and it is infeasible to verify whether a specific matrix really is
pathological. Coppersmith’s block Wiedemann algorithm probably is the best test
for pathologicalness: If the algorithm fails, the matrix is pathological with high
probability. Coppersmith remarks that it has been his experience that matrices
arising from integer factorization are not pathological ([5, p344]). There is a more
intuitive criterion: Pathological matrices are matrices with several eigenvalues with
high multiplicity (compared to m and n). This means that the algorithm will work
correctly with high probability for all matrices having at most a few eigenvalues
with high multiplicity.

Kaltofen [10] discusses several ways to randomize the block Wiedemann algo-
rithm. These randomizations lead to probabilistic algorithms for which Kaltofen
gives lower bounds to the probability that the desired results are obtained, but un-
fortunately all these lower bounds involve the number of elements in the field over
which we solve Ax = b. We are interested in huge matrices with elements from
F,. In this case all lower bounds are negative. Since we know already that the
probability that the algorithm gives the desired results is at least zero, these lower
bounds are not much of a help to us.

Villard [21] shows that the algorithm works with high probability for all matrices
(including pathological ones) if m > n. This condition is not necessary in general;
Villard shows that m > min{¢,n} is sufficient, where ¢ is the number of blocks of
the Frobenius normal form of the restriction of A to its range space. See appendix
A of [21] for a description of the Frobenius normal form of a matrix. Usually this
¢ is smaller than the computer word size, of which m is a multiple; this makes
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m > n superfluous. Since we know that the algorithm by Beckermann and Labahn
computes a basis for the solution space of our block Toeplitz system (2.2.2), which
contains the generating polynomial f of S, = {zT A'y}22,, the only remaining
question is whether this polynomial generates S = {A'y}>°,, too. The number of
terms of S, used in the computation of f is N/n+ N/m+ O(1). To be able to take
a better look at the O(1) term, we denote this number by [N/n] + [N/m] + A.
This A is called the shift parameter. Villard studies the relation between A and
the probability that at least one column of f generates the corresponding column
of S. In this case, we find at least one solution to Az = 0. This is what Villard
calls “success”. The following lemma is Corollary 9.2 from [21]:

Lemma If m > min{¢,n} + 2 and A > 8 then the probability of success is always
greater than ey = 0.03.

Usually, ¢ << m and this gives a much stronger result ([21], Corollary 9.3):

Lemma If m > 4¢, A > 8 and |Ker(A)| > 4 then the probability of success is
greater than 0.6.

Compare this to the lower bound ®(k) to the probability of success within k it-
erations in the scalar case; this is still the strongest lower bound known. It only
gives ®(2) > 0.3 over F». The above Lemma shows that in the block algorithm one
iteration usually suffices. In practice, the block Wiedemann algorithm performs
even better. This is why the only iteration in the block algorithm is the iteration
in the generalized Berlekamp-Massey (or the FPHPS) algorithm, which is the gen-
eralization of the inner iteration in the scalar algorithm, i.e. the iteration in the
Berlekamp-Massey algorithm. In the block algorithm there is no generalization of
the outer iteration; we do not have to repeat the whole procedure several times
with other random block vectors z. Moreover, it follows from Villard’s analysis
that the probability of success is an increasing function of A. Villard also gives a
lower bound to the probability that f generates S, i.e. that we find n solutions,
from which similar corollaries (with much lower probabilities) can be derived.
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Chapter 3
Experiments with the Wiedemann algorithms

In this chapter we describe the implementations of the scalar and block versions of
the Wiedemann algorithm which we used and discuss the results of computations
using these computer programs.

1. THE SCALAR WIEDEMANN ALGORITHM
In the scalar case we only used random matrices as test material, because the
smallest matrices available from integer factorization already were too big to solve
with scalar Wiedemann within a reasonable time. These matrices are not very
carefully generated in my program wiedeman: It simply multiplies numbers from
a standard random number generator by a suitable sparsity factor to compute the
number of zeroes which separate two ones. The program starts in the left upper
corner and fills the matrix column by column with such a random number of zeroes,
a one, another random number of zeroes and so on. The sparsity factor determines
the sparsity of the matrix, hence the name. Columns containing only zeroes are
deleted and generated again. Note that all-zero columns can occur only if the
product of the sparsity factor and rand_max (the maximum output of the random
number generator) exceeds the number of rows. The big advantage of this sloppy
procedure is its speed. A disadvantage is that it does not generate matrices that
closely resemble factorization matrices. In matrices from sieve-based factorization,
the first few rows are much more dense, i.e. contain many more ones, than the other
rows. The first 100 rows of a factorization matrix with 100,000 rows and columns
may already contain 25% of all the ones. Later we show that in the block algorithm
these quasi-random matrices behave just like matrices arising from factorization.
The matrices must have more columns than rows; the number of solutions re-
quested must not exceed the column surplus to grant the existence of these solu-
tions. First a dependency relation between the first n + 1 columns is found. Then
the program replaces the first column of the matrix involved in the dependency
relation by one of the excess columns that were ignored when finding the previous
solutions, and repeats the whole algorithm to find another column dependency.
Instead of random vectors the program uses unit vectors. These are chosen using
the following procedure: Start with u; = ey, the first unit vector; if by = 0 after the
kth iteration, we are ready; else ury1 = e; where [ is the smallest index of a non-
zero entry of bg. The first reason to use this procedure is that computing the inner
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product of a vector v with the unit vector e; is easy; it simply is v;, the [** entry
of v. The second reason for this choice is that we avoid the risk that the sequence
{(upy1, A'bg) 275 ™ is the zero sequence, which gives fri1(z) = 1 as the trivial
factor of f(z), so we avoid the risk of doing a complete iteration in vain. Since the
sequence is not all-zero, the Berlekamp-Massey algorithm will find a polynomial
of degree at least one that is a factor of f/(fi...fr), i.e. one of the non-trivial
factors of the minimum polynomial that we still had to find. This means that the
algorithm always finds a solution to Az = 0 in at most n + 1 iterations, where A
is an n x (n + 1) matrix. Apart from this modification, the computer program is a
straightforward implementation of the algorithm as described in the second chapter.

2. EXPERIMENTS WITH THE SCALAR ALGORITHM

This version of the scalar Wiedemann algorithm is randomized only in the sense
that we do not know precisely in how many iterations the solution will be found.
We do know that the algorithm will succeed in at most n + 1 iterations, and that
we avoid iterations without result, so we may hope that the performance of the
algorithm with this special choice of uy is at least as good as that of the algorithm
with random uy,. If this is true, we can use Wiedemann’s lower bound for ®(k) as a
lower bound to the probability that a solution is found by our algorithm in at most
k iterations. In most of the experiments, the algorithm found more than 85% of
the solutions in at most two iterations. This is much better than the Wiedemann
lower bound ®(2) > 0.31. Matrices for which Az = 0 can easily be solved by hand,
may sometimes be quite difficult to solve for the program. In one case, the third
and fourth column of the matrix were identical; the algorithm found a dependency
relation involving almost all other columns of the matrix, after four iterations.

We have computed five solutions to Az = 0 for 200 random matrices A of approx-
imately the same average sparsity (i.e., matrices generated with the same sparsity
factor) with 100 rows and 105 columns. In the following table we summarize the
results for groups of matrices with average column weight 42, 21 and 5. The ap-
proximate average column weight of the matrices is denoted by «a. Usually, the
algorithm performs much better than suggested by the lower bound for ®(k):

a =42 a=21 a=2>5
k freq. cum. freq. cum. | freq. cum. | ®(k)
1 542 542 522 522 484 484 -
2 353 895 365 887 381 865 | 0.307
3 98 993 100 987 117 982 | 0.712
4 6 999 13 1000 16 998 | 0.866
5 1 1000 0 1000 21000 | 0.935

The number of solutions found for matrices of this weight in exactly k steps is
listed under frequency (“freq.”); “cum.” is the cumulative frequency, i.e. the num-
ber of solutions found in at most k steps. Wiedemann’s lower bound for ®(k) is
listed in the last column. The algorithm seems to need more iterations for matrices
with lower weight. To see this effect more clearly, I have repeated this experiment
with matrices of much lower weight. To generate matrices with such a low column
weight we have to choose such a large sparsity factor that the product of this factor
with the maximum random number exceeds the number of rows. In this case all-zero
columns may be generated. These are deleted and re-generated. This means that
we refuse certain “random” matrices. To see whether this selection of the matrices
influences the performance of the algorithm we repeated the experiment, this time
allowing all-zero columns.
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no zero columns a=17 zero columns a=2.1

k frequency cumulative frequency cumulative | ®(k)
1 50 50 38 38 -

2 137 187 139 177 0.307
3 255 442 261 438 0.712
4 246 688 274 712 0.866
5 180 868 157 869 0.935
6 91 959 81 950 0.968
7 33 992 35 985 0.984
8 6 998 13 998 0.992
9 2 1000 2 1000 0.996

Comparing these results to those in the previous table, we see that this scalar
Wiedemann algorithm needs more iterations to solve Az = 0 for sparse matrices
than for dense matrices, regardless of the appearance of all-zero columns. We can-
not rely on Wiedemann’s lower bound to predict the number of iterations needed
for our program, since we do not take random vectors as ug. For (extremely) sparse
matrices the algorithm needs more iterations and hence it takes longer than ex-
pected to solve the system for such matrices. A similar experiment with matrices
of size 500 x 505 shows the same results: The algorithm finds the solutions in fewer
steps if the matrices are more dense, see the next table.

a=1.6 a=3.7 a=9.7
k freq. cum. freq. cum. freq. cum. | ®(k)
1 11 11 341 341 476 476 -
2 47 58 438 779 402 878 | 0.307
3 111 169 174 953 110 988 | 0.712
4 195 364 43 996 12 1000 | 0.866
5 236 600 2 998 0 1000 | 0.935
6 197 797 2 1000 0 1000 | 0.968
7 108 905 0 1000 0 1000 | 0.984
8 59 964 0 1000 0 1000 | 0.992
9 28 992 0 1000 0 1000 | 0.996
>9 8 1000 0 1000 0 1000 -

The running time of the algorithm is dominated by the matrix-vector products.
These products each take oV bit-operations, so although the number of these prod-
ucts is a bit lower for dense matrices, the total number of bit-operations for dense
matrices is still higher than for sparse matrices.

3. COPPERSMITH’S BLOCK WIEDEMANN ALGORITHM

For the original block Wiedemann algorithm by Coppersmith I used the program
WLSS2 by Austin Lobo [16]. It consists of four sub-programs which write their
results to files and an auto-scheduler to execute these sub-programs consecutively.
Together they solve Az = 0 over Fy. These are the four parts:

select selects = and z randomly such that o) = (27 Ay)” is nonsingular;
sequence computes the sequence {a(i)]»?fo/32n"_2 = {(a:TAiy)T}?gl/&nH;
minpoly computes a matrix-polynomial f generating this sequence;

evaluate evaluates the solution by computing f(A)y.

In select random block vectors = and z are chosen; if 7 Ay = 27 A%z is singular
then other vectors z and z are chosen. The number of vectors in the block vectors
z and z, m and n respectively, have to be multiples of 32 in this program. By
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taking n = 32k the matrix-vectorproducts can be distributed over k computers;
each computer runs sequence and evaluate with 32 of the columns of y = Az.

The matrix-block vector products in sequence are performed as described before.
Having computed the matrix-block vector product A’y, the computation of =7 A’y
boils down to taking the “inner-product” of block vectors z7 x A’y. Computing
this as a standard matrix product, i.e. using

N
Wij :Zukivkj 1<i<32,1<5<32,
k=1

requires 2 x 322 x N bit-operations. Of course this can be improved with a factor
32 by using block-arithmetic:

N
w; = Zukivk 1 <3 <32.
k=1

This w; is the i*"* row of w. In this way the computation of w = uTv takes 2 x
32 x N = 64N bit-operations. A matrix-block vector product Av takes aN bit-
operations for a sparse N x N matrix A with on average a ones per column. This
means that the standard way to compute an inner-product of block vectors takes
more time than a matrix-block vector product (usually 20 < « < 40). Coppersmith
([5, p342]) describes a better way to compute such an inner-product u”v, using a
look-up table C': Let v and v be N x 32 block vectors, stored as vectors of N 32-bit
words u; and v;, and let C be a 4 x 256 array of 32-bit words C(k, j).

e Do for i=1, ... ,N:

— Express u; as the concatenation of four bytes: u; = (j1|j2|73]ja);
- C(k‘,]k) — C(k,jk) XO0R v; for k= 1,...,4.

e Write for i=1,...,32: i=8(k— 1)+l with1 <k <4and 1<1[<8;

w; =Y C(k,j) where J, ={j:0<j <255, the I'" bit of j is 1}.
JEN

In the first step the look-up table C(k,j) is initialized; XOR amounts to bit-wise
addition modulo 2. At the end of this step, the word C(k,j) is the sum of the
words in v corresponding to the words in u whose kt* byte has value j. The sum
in the next step is again a bit-wise sum modulo 2. The it word of the product
w = uTv is the sum of all v; corresponding to u; with a 1 as their i** bit, i.e. the
sum of all C'(k,j) where the I** bit of j is 1if i = 8(k — 1) +1 with 1 < %k < 4 and
1 <1< 8. So the product w = u"v is the 32 x 32 matrix w with w; as its i*" row
for 1 <4 < 32. Hence this computation gives the desired result. The number of
bit-operations needed to compute w in this way is only O(8N).

This technique is needed not only in sequence, but also in minpoly. We need to
compute

q(t—deg(r™))

N
—+
n

ORI (1) :
Coeft(t; fPa) = (fdeg(f(t))|...| £ ) : for tg <t <
a®

where fl(t) is the coefficient of z' in f®)(z). The degree of f increases from to to
N/n, so it will be on average about N/2n. The a(? are n x m matrices, so the

=
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vectors have average length N/2. Compare the number of bit-operations needed
for the computation of Coeff to that for the matrix-block vectorproducts: The
latter ones require (N/n + N/m + O(1)) x aN operations. Consider the case m =
n = 32,a = 24: Without look-up table, the computation of Coeff(t; f!)a) takes
0(64 x N/2 x (N/n + N/m)?) = O(2N?) bit-operations. Using the look-up table
it only requires O(8 x N/2 x (N/n + N/m)) = O(N?/4) bit-operations. Compare
this to the O((N/n + N/m) x aN) = O(3N?) bit-operations of the matrix-block
vectorproducts: without this look-up table, computing the minimum polynomial of
our sequence would take more time than the computation of this sequence itself!
Block Wiedemann would be 16 times faster than scalar Wiedemann, if the running
time of the complete algorithm was almost completely spent on matrix-block vector
multiplications. Without the look-up table, both the inner-products of block vectors
and the computation of Coeff would take more time than the matrix multiplications.
In this case, block Wiedemann would not be much faster than the scalar algorithm.
This subprogram stops if Coeff(t; f®a) = 07 for 20 consecutive values of ¢.

In evaluate a similar technique is used to compute the product of an N x 32
block vector u with a 32 x 32 matrix w: again u and v = uw are stored as vectors
of length N with 32-bit words as elements; w is stored as 32 of these words, each
containing a row of w.

e Do for j=1, ... ,255:

(410]0]0) x w, C(2,j

) (0171010) x w,
(0]0[510) x w, C(4,5)

(0]00]5) x w.

Q

—

5/3

) .

~—
|

e Do for i=1, ... ,N:
— u; = (j1ljelialis),
— w; = C(1,1) XOR C(2, ) XOR C(3,j3) XOR C(4, js).
It is clear that this gives the desired results:
vy = C(l,]1) X0R 0(2,]2) X0R C(3,]3) X0R C(4,]4)
(4110[0]0) x w + (0]52/0[0) x w + (0]0[j5|0) x w + (0[0]0]ja) x w
((7110[0]0) + (0152(0[0) + (0]0145|0) + (0[0]0]j4)) % w

= (fi1lg2lssliz) X w=u; x w.

This computation takes about 7N bit-operations for large N. The standard way
would take some 64N bit-operations, so again without this technique this prod-
uct would take more bit-operations than a matrix-block vector product; with the
technique, it takes less.

The computation of f(A)b uses a Horner scheme:

A"y + -+ AbfL +bfo =bfo+ A(bfy + A(bfo+ A+ A(bfn))...)).

This expression is developed backwards; we compute bf,,, A(bf,), bfn—1 + A(bfn),
Abfr1+ADfn)), bfn—2+ A(bfrn-1+ A(bf,)) and so on. Every column of f(z) is
a vector polynomial representing a possible solution to Az = 0. The degrees of the
columns of f are usually different. When a column has been developed completely,
it is made inactive before we continue the Horner evaluation. If we would not
do this, we would multiply vectors from A’s nullspace by A and thus destroy the
solutions found.
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4. THE FPHPS BLOCK WIEDEMANN ALGORITHM

The program FPHPSwie is my implementation of the version of the block Wiede-
mann algorithm which uses the Fast Power Hermite Padé Solver by Beckermann
and Labahn to compute a generating polynomial for the sequence of matrix-block
vectorproducts instead of Coppersmith’s generalization of the Berlekamp-Massey
algorithm. This program only works with m = n = 32, i.e. = and y are N x 32
matrices. The random block vector z is generated by a random number generator.
The block vector z, however, is not chosen at random. I take the first 32 unity
vectors as the columns of x, as Coppersmith suggests in his article ([5, p342]). B
this choice of x we avoid the computation of the block vector inner products  x Aly;
now a'? = x x A'y simply is the matrix consisting of the first 32 rows of A’y. The
computation of {a:TA’y}N/16 simplifies to a repeated matrix-block vector product;
we compute Ay, store its first 32 rows, multiply it by A to get A%y, store its first
32 rows etc.

The FPHPS-algorithm is implemented in the following way: The initialization
in the first step is trivial. In the next step we compute the coefficient of =7
in P”( 32)F(z). This is the sum of the coefficients of 27 in the 64 products

P; . (z®?)f;(x) where P;, ; denotes the j'* polynomial from the tuple P;,. Re-
member the definition of F = (f1,..., fe4):

. i=1,...,32
ST (L, 23 Ag(232) i=33,...,64

where A; is the i*" column of A = o aWz’. From the first 32 products, only
the product P; , ;(z3?)f;(z) with j = ¢ (mod 32) has a non-zero coefficient for z7;
this coefficient is the coefficient of zl7/32] in Pl(ff) (). In the last 32 products, the

computation takes much more work. The coefficient of 2/ in fi(x) is a(LfT/”J) ie.

the element in position (i, ') of a(l?/32]) where j' = j (mod 32), 0 < 5’ g 31. This
means that the coefficient of 27 in the last 32 products 50 (232) fi () is

R p (o2l
32—k
o= 2 P Ay
j=33 k=0
where PEkJ)J is the coefficient of z* in P;, ;, the j* polynomial from the tuple

P; . Computing ¢; , amounts to taking the sum of 32 inner products of vectors.
Since these computations involve only vector manipulations we cannot use the block

vector multiplication techniques with the look-up table described before. The com-
(k) P(k)

Logr 1% 32,0,
a 32-bit word P( ) and compute ¢ = (¢q,. .., c32) simultaneously. For j =33, ... ,64

putation of ¢; , is done for 32 values of ¢ in parallel: We store P

we do the same. For k=0,1,...,max{deg(P;,)} we take row j' of a(l7/321=F) and

consider it bit by bit; if a(LJ/:% M = 1 we add P ]) to our sum.

If all these coefﬁments are zero, this iteration is completed else we determine for
which index ¢ with a non-zero coefficient the value of d; , is maximal. The tuple
P; , is added to the other tuples with non-zero coefficients, P; , is multiplied by
x (i.e. all coefficients of powers of z in polynomials in the tuple are moved one
position up) and the d; , are adjusted accordingly. This completes this iteration.

The program stops the algorithm after [2/N/32] + A iterations, where A is spec-
ified as a command line argument. If the evaluation shows that there are fewer
solutions found than desired, the FPHPS algorithm continues and after a given
number of iterations the solution is evaluated again. Both the extra number of
iterations performed between two evaluations and the maximum number of itera-
tions have to be specified as command line arguments. In the evaluation we use
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a Horner evaluation scheme as explained in the previous section and the look-up
table technique to compute a block vector inner product.

5. EXPERIMENTS WITH FPHPS BLOCK WIEDEMANN

The main goal of these experiments has been to investigate whether the FPHPS
algorithm can obtain the right results with our particular choice of the random
vector x, and if so, in how many iterations, i.e. with which shift parameter A. We
used random matrices, generated exactly as in the scalar case. In the scalar case,
sparsity seemed to be a crucial factor in the performance of the algorithm. To see
whether this is true for the block algorithm too I compared N x N matrices with
varying densities. In the following tables the number of solutions found for several
values of the average column weight « and shift parameter A are listed in the case
N = 8200 (left) and N = 15,000 (right):

a\A| 0 17 18 19 20 21 a\A| 0 10 30 40 50 60
20230 30 30 30 30 30 172116 16 16 16 16 16
239130 30 30 30 30 30 265 0 17 17 17 17 17
37% |10 0 0 O 18 26 564 0 O 0O O O 13
78|10 0 12 28 - - 14631 0 0 0 24 24 24

16010 0 6 19 19 20 246310 0 0 25 25 25

32350 0 11 27 - - 744410 0 0 22 23 23

81231 0 0 4 16 16 16| 14891 | 0 O O 23 24 24

32126 | 0 0 8 23 23 242968 | 0 0 0 25 25 25

In both tables we see a distinction between the two smaller values of a and the
five bigger values of a: In the first case the algorithm finds solutions without or
with only a few extra iterations; in the second case it takes about 20 (N = 8200)
or 40 (N = 15,000) iterations to find some 20 solutions. Within each of these two
“sparsity classes”, the exact magnitude of o does not seem to influence the number
of solutions found or the number of iterations needed. It is not clear yet whether
a =3.76 (N = 8200) and o = 5.64 (N = 15,000) belong to one of these classes, or
to a third class. This gets clear in the next table, for N = 25,000:

a\A| 0O 5 50 55 60 100 105 110 120
171130 32 - - - - - - -
297 0 0 0O O O 0 0 0 30
4650 0 0 O O 0 0 28 28
590, 0 0 0 0 O 0 28 - -
965/ 0 O O O 28 - - - -

196410 O O 9 21 21 21 21 22

246510 0 0 17 17 - - - -

4960 0 0 0 25 25 - - - -

9470 O 0 22 27 - - - -

24846 | 0 0 0O 6 22 - - - -

The program stops if the number of solutions or the number of iterations exceeds
a given bound. This is why for most matrices the number of solutions is unknown
for some of the larger values of A. Columns that give rise to non-zero solutions are
not changed in the rest of the program, so we do know that the number of solutions
for these values of A is at least as high as that for the last value of A for which it
is known. For sufficiently dense matrices the algorithm needs about 55 iterations
to solve the system Az = 0. To solve this for the matrix A with a = 1.71 extra
iterations are not needed. The matrices that are not sufficiently dense to be solved
in 55 iterations, but also not sufficiently sparse to make extra iterations superflu-
ous, are in a class of their own; the algorithm needs more iterations to solve these
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matrices than to solve matrices from both other classes. We see globally the same
picture for N = 20,000:

a\A| 0 5 40 50 60 70
216 | 30 30 30 30 30 30
272118 21 21 21 21 21
4650 0 0 O 0 27
75410 O O 28 - -
964 0 O O O O 29

1964 0 0 0 25 26 -

3960 0 0 0 O 0 O

795010 0 0 21 21 21

15906 | 0 O O 20 20 20

26463 0 0 0 26 - -

Note that the algorithm did not find any solutions at all in one case; the random
matrix may have been non-singular. Apart from this case, the algorithm needs 51 to
60 iterations and finds 20 to 26 solutions for the matrices with o > 10, irrespective
of the exact magnitude of a. For extremely small values of @ (a < 3) the algorithm
finds solutions without extra iterations. Only the performance in the third class,
i.e. for a neither extremely small nor sufficiently large, is quite unpredictable. This
holds even more for N = 30,000:

a\A| 0O 60 70 8 90 100 110 120 130 140 150 160
1.71 {30 30 30 30 30 30 - - - - - -
265 1|30 - - - - - - - - - - -
36| 0 0O O O O 29 - - - - - -
5651 0 0 0 0 O 0 0 0 0 0 0 27
766 | 0 0 28 - - - - - - - - -
966 | 0 O O O O 0 0 0 0 29 29 29

1465 0 0 13 13 13 13 - - - - - -

29631 0 0 18 - - - - - - - - -

5960 0 O 18 18 18 18 18 18 18 18 18 -

11945 0 0 22 22 22 22 22 22 - - - -

19902 0 0 11 11 11 11 - - - - - -

The performance in the third class can be quite bad for N = 40,000 too:

a\A| 0O 10 8 90 95 100 110 120 150 160
17230 30 30 30 30 30 30 30 30 30
232130 32

366 | 0 0 O O O 0 0 0 0 28
766 | 0 0 0 28 28 30 - - - -
966 | 0 O O 28 - - - - - -
15650 0 0O O 6 16 - - - -
19670 O O 9 10 10 10 10 10 10
39651 0 0 0 24 24 24 25 25 25 25

13281 0 O 0 21 21 21 21 22 - -

The extremely sparse matrices are solved without extra iterations and the suf-
ficiently dense matrices take about 70 (N = 30,000) or 90 (N = 40,000) extra
iterations. As in the case N = 20,000, the number of extra iterations in the third
class is sometimes the same and sometimes up to twice as much as in the class of
the sufficiently dense matrices. The last table of this kind summarizes the results
obtained for N = 50,000:
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a\A ] 0 10 100 110 120 150 160 270 280
216 | 30 32 - - - - - - -
21711 1 1 1 1 1 1 - -
466 | 0 O 0 0 0 0 0 0 27
6.80( 0 O 0 0 0 0 30 - -
7991 0 O 0 29 - - - - -
966 | 0 O 0 22 29 - - - -

24651 0 O 0 20 20 20 - - -

4964 | 0 O 0 17 17 17 - - -

99591 0 O 0 17 17 - - - -

These results confirm our observations: extremely sparse matrices are solved im-
mediately, sufficiently dense matrices require a number of extra steps that does not
depend on the exact sparsity and the matrices that are neither sufficiently dense
nor extremely sparse take up to a small multiple of this number of extra steps,
but compared to the total number of iterations (and the number of matrix-vector
products needed) the differences are small. Theoretically, we need about 3N/32
matrix-vectorproducts. For a 25,000 x 25,000 matrix the 120 extra terms that we
needed in the worst case constitute about 5% of the expected number of terms. For
N = 50,000 we needed 280 extra terms in the worst case; this is still less than 6%
more than expected. Moreover, the algorithm performed even better if the density
of the matrices is not extremely low, but more like that of actual factorization ma-
trices. The number of extra iterations needed for sufficiently dense matrices does
depend on the size of the matrix. We take a better look at the relation between NV,
the size of the matrix, and the number of extra terms needed, A, for the matrices
that are sufficiently dense:

N | 8200 15,000 20,000 25,000 30,000 40,000 50,000
Al 18 35 45 93 65 90 105
N/A | 456 429 444 472 462 444 476

Of course these values are estimated and interpolated. Nevertheless, they give a
heuristic to estimate the number of extra terms needed beforehand. These numbers
fit the relation A = N/450 remarkably well. This means that usually we need only
2.4% more matrix-vectorproducts than expected theoretically if we use unit vectors
instead of random vectors.

We also did experiments with 10,000 x 10,000 matrices using each time 25 matrices
of approximately the same sparsity instead of one, to improve the reliability of the
results. In the next table we give the number of matrices with an average column
weight of about « for which at least ten solutions were found after A extra iterations.

a\A] 0 5 10 15 20 25 30 35 40 45 50 55 60 | 200
22123 24 24 24 24 24 24 24 24 24 24 - - -
3014 4 6 6 9 11 12 13 15 17 17 - - -
4710 0 1 2 2 4 5 9 9 15 15 17 23| 25
63,0 0 O O 9 9 13 16 16 22 22 - - -
97170 0 O O 0 21 21 22 22 24 24 24 25| 25

97,0 0 O O 0 18 18 18 18 18 18 18 18| 18
3950 0 O O 0 20 20 20 20 20 20 20 20| 20
7310 0 O O 0 19 19 19 19 19 19 - - -

This confirms our other observations quite well: For sufficiently dense matrices,
finding dependencies always takes 21 to 25 extra iterations, regardless of the ex-
act magnitude. This accords with our heuristic: 10,000/450 ~ 22. The extremely
sparse matrices (o & 2.2) are almost all solved without extra iterations. The matri-
ces with @ = 3.0, a ~ 4.7 and a = 6.3 belong to what we called the third class; here
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the number of extra iterations varies, but usually it is bigger than for the sufficiently
dense matrices.

The bound for extreme sparsity is an average column weight of about 2.8 or 2.9.
It is almost impossible to determine an exact bound for being sufficiently dense;
usually an average column weight of about 7 or 7.5 seems to be sufficient, although
sometimes matrices with a ~ 9.7 or @ ~ 15 seem to belong to the third class.
Moreover, these bounds seem to be independent of the matrix size; at least there
is no indication that bigger matrices need a higher average column weight to be
sufficiently dense, i.e. to be solved with A = N/450 extra iterations.

6. COMPARING THE BLOCK ALGORITHMS

To compare the two different versions of the block Wiedemann algorithm we solved
the 61,249 x 85,095 matrix arising from the factorization of r7; = (10" — 1)/9
with each of these algorithms. This matrix had already been solved by Mont-
gomery’s block Lanczos [18] using the program gauss by Montgomery which is a
part of the implementation of the General Number Field Sieve developed at Ore-
gon/CWI [8]. The matrix has quite a lot of excess columns. The program FPHPSwie
solved the truncated matrix containing only the first 61,249 columns of the matrix.
The algorithm needed 130 extra iterations, which accords well with our heuristic
(61,249/450 =~ 136). Moreover, we solved two random matrices of the same size
and weight. One matrix took 140 extra iterations, the other 130. This indicates
that the number of iterations needed for our sloppily generated random matrices
is the same as that for factorization matrices. Lobo’s program WLSS2 was able to
solve the system with only 100 excess columns. Block Lanczos needed 10,000 excess
columns to solve the system. To compare these last two methods I also solved the
system with the complete matrix with both of them. In the following table are the
running times (in hours:minutes) for the four parts of the algorithms, the number
of non-zero solutions and the column surplus, i.e. the number of excess columns.
In the column for FPHPS we give the running time for the parts of the program
corresponding to the subprograms of WLSS2. Note that there is no running time
for select in this column; we simply take the first 32 unity vectors as our random
block vector z and we do not have to test whether 27 Ay is singular. Generating
y is considered as a part of sequence in this table. We tried to use unity vectors
instead of a random block vector in Lobo’s program, too. The results from this
experiment are in the column with as remark “e;”. As explained before, the com-
putation of the sequence and the evaluation of the minimum polynomial can be
distributed over several computers by taking for m and n suitable multiples of 32.
The remarks “m = n = 96” and “m = n = 192” indicate that in these cases the
matrix multiplications have been distributed over 3 and 6 computers, respectively.
The times given are the running times for one computer. We used Silicon Graphics
Indy workstations with a 100MHz IP22 processor.

program | FPHPS WLSS2 WLSS2 WLSS2 WLSS2 WLSS2
surplus 0 100 100 23,254 23,254 23,254
remark - - m=mn = 192 - m=n =96 e;
select - 0:01 0:02 0:01 0:01 -
sequence 1:10 1:41 0:21 3:00 1:06 2:59
minpoly 3:43 0:42 2:01 0:58 1:29 1:52
evaluate 0:41 0:52 0:11 1:06 0:25 3:23
total 5:34 3:16 2:35 5:05 3:01 8:15
solutions 30 32 192 32 96 17

We start with comparing the two different versions of block Wiedemann. This
means we have to compare the first and second column. The running time of
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Lobo’s program WLSS2, i.e. of Coppersmith’s block Wiedemann, is roughly de-
termined by the two parts which compute matrix-block vector products: sequence
and evaluate. For the FPHPS algorithm this is not true: the computation of
the minimum polynomial of the sequence of 32 x 32 matrices by Beckermann and
Labahn’s algorithm takes twice the time of the other parts. This makes the FPHPS
algorithm considerably slower than Coppersmith’s algorithm. The difference in
running time for the two ways to find the minimum polynomial is mainly due to
the fact that we cannot use a look-up table technique in the FPHPS algorithm.
Without this technique, Coppersmith’s generalization of the Berlekamp-Massey al-
gorithm would also take more time than the other parts of the algorithm together.
The FPHPSwie program performs the computation of the sequence {mTAiy}?iVO/ 52
about 30% faster than the program sequence, mainly because the first program
only computes {A’y}?ivo/ 2 and then takes the trivial inner products with unit vec-
tors, whereas the latter program has to compute 7 x A’y for a random vector z for
i=0,1,...,2N/32. Moreover, the a'? are transposed in the latter program. The
difference in the running times for the evaluation of the solutions is comparatively
small.

If we compare the running time of WLSS2 using one computer with that using
several computers, it is immediately clear that the overall improvement of this
parallelization is limited; the total running time using six computers is only 20%
less than with one computer. The running times for the parallelized parts decrease
almost by a factor six indeed, but the running time for minpoly (which is performed
on a single computer) increases strongly. It is clear that using even more computers
will not reduce the running time much further; it will reduce the running time of
parts of the program which are not time-critical, but increase the running time
of the part of the program which already takes most of the total running time,
minpoly. As a matter of fact, comparing the fourth and fifth column of the table
we see that for the complete matrix minpoly already uses half of the total time if
we use three computers. This means that using more than three computers will not
decrease the running time much. Although the increase in speed is quite small, this
parallelization has another possible advantage: the coefficients of the polynomial
found using k computers has 32k columns, so we find up to 32k solutions instead
of up to 32. If we want to find more solutions with the FPHPSwie program, we can
take advantage of the fact that the FPHPS algorithm produces a o-basis containing
64 elements and evaluate the other 32 PHPA’s from the o-basis too. This doubles
the time for the evaluation, without affecting the other parts of the program. The
number of solutions found may increase, but the experiments with random matrices
showed that usually almost all solutions are found in the last 32 elements of the
o-bases. Only in the case of the extremely sparse matrices most solutions are found
in the first 32 PHPA’s.

Now we take a look at the experiment where we tried to combine the advantages
of the two versions of block Wiedemann by using unit vectors in Coppersmith’s
algorithm. This means we have to compare the sixth column of the table with the
fourth. The running time for the computation of the sequence is the same in both
cases, because the program computes the inner products with the unit vectors in
the standard way. This can be improved, in which case we expect an improvement,
similar to the difference between the running times for sequence in the second and
the first column. The time needed for the computation of the minimum polynomial
doubles if we use unit vectors instead of a random block vector, but finally the
program succeeds to find a suitable polynomial, although it produces thousands of
warnings that matrices that should be non-singular are singular. The degree of the
polynomial is higher than expected so we need more matrix-block vector products in
the evaluation of the solution than with the random vectors, but finally, we find 17
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non-trivial dependency relations in our matrix. Unfortunately, the possible gain in
computing time from the easier computations of the block vector inner products is
superseeded by the extra time needed to find and evaluate the minimum polynomial.

Finally, we try to compare these running times with those of block Lanczos. In
the look-up table computations in WLSS2 a 32-bit word is split into four words of
eight bits; in the block Lanczos program, a 32-bit word is split into three words
of length 11 (where the last bit of the last word is not used). This makes these
techniques even more effective. In theory, block Wiedemann needs about 3N/32
matrix-block vector products and block Lanczos only 2N/32. Moreover, the number
of bit-operations needed for block Lanczos is even more dominated by the matrix-
block vector products than that for block Wiedemann. So theoretically we expect
block Wiedemann to use more than 50% more time than block Lanczos. In fact,
it only took 64 minutes to solve the complete matrix with block Lanczos. This is
almost five times faster than the 5h05 for Lobo’s block Wiedemann. In this case
block Lanczos had an extra handicap: It simulated a 64-bit computer (splitting a 64
bit word into five words of length 13). However, Coppersmith’s block Wiedemann
found 32 solutions in 3h16, using only 100 excess columns. Block Lanczos needed
10,000 surplus columns to find 8 solutions, but this took only 35 minutes (without
simulating a 64-bit computer). Without the handicap, the block Lanczos program
is even more than five times faster than WLSS2 and more than nine times faster than
FPHPSwie.
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Conclusions

We have implemented a new version of the block Wiedemann algorithm (using the
FPHPS algorithm by Beckermann and Labahn) to solve large systems of linear equa-
tions with sparse coefficient matrices over F; and compared the performance of this
algorithm with that of Coppersmith’s block Wiedemann and that of Montgomery’s
block Lanczos algorithm. First we experimented with the scalar (i.e. standard)
Wiedemann algorithm. This showed better practical performance than expected
when considering Wiedemann’s lower bound for the probability of success. We
used a particular way to choose unit vectors instead of random vectors (see section
3.1). This may have improved the performance of the algorithm. The most impor-
tant observation, however, is the fact that the sparsity of the matrix influences the
number of (outer) iterations, i.e. the number of factors of the minimum polynomial
of the Krylov sequence which we have to find to determine this polynomial and
hence to solve our system. For extremely sparse matrices the performance of our
version of the Wiedemann algorithm is worse than the lower bound. This must have
been caused by our way of choosing “random” vectors.

Using block algorithms (i.e. working with blocks of 32 bits instead of single
bits to perform computations more efficiently) we do not have to choose random
block vectors several times; we find solutions with our first choice. This means
that there is no equivalent in the block case of the outer iterations of the scalar
algorithm. Thus, using blocks instead of single vectors improves the performance of
the Wiedemann algorithm. This is already observed in [15], [11]. In Coppersmith’s
block Wiedemann algorithm we have to choose the random vectors obeying the
condition that T Ay is non-singular. In the FPHPS version of the block Wiedemann
algorithm there is no such condition and we can use the block vector consisting of
the first 32 unit vectors. This makes the computation of the block vector product
2T x Ay trivial, but we have to perform a few percent extra iterations. Villard’s
theoretical analysis shows that this would not be necessary with high probability if
either our matrix or our blocking factor m would fulfill a condition which is hard to
verify. The number of extra iterations needed is about N/450 for “sufficiently dense”
matrices. In our experiments (matrix dimensions from 8200 to 50,000) sufficiently
dense meant an average column weight of at least 7. For extremely sparse matrices
(an average column weight of at most 2.9) the FPHPS program solved the system
(almost) without extra iterations. Between these two classes of matrices, we find
a third class where the performance of the algorithm varies. We needed up to two
times as many extra iterations as usual to solve systems with matrices from this
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third class. We see no clues that the bounds between the sparsity classes vary with
the matrix size.

The FPHPS program computes the sequence {a:TAiy}?iVO/ 3248 30% faster than
Lobo’s implementation of Coppersmith’s block Wiedemann algorithm, the program
WLSS2, because the multiplication with z? is trivial (in this case, 27 is a unit
vector) and because the a(® do not have to be inverted in FPHPSwie. The number
of extra iterations needed because our z is not a “good blocking vector” is very small
for most matrices. Yet, FPHPSwie is much slower than Lobo’s program since the
computation of the minimum polynomial with the FPHPS algorithm takes much
more time than Coppersmith’s algorithm. In the FPHPS algorithm we manipulate
polynomials with scalar coefficients. Although we can perform 32 of these operations
in parallel by storing the polynomials in blocks, we cannot use the techniques with
the look-up table for the computation of matrix products explained in section 3.3.
These techniques are essential for the speed of Coppersmith’s block Wiedemann
algorithm.

Compared with Montgomery’s block Lanczos, the block Wiedemann algorithms
are much slower. Theoretically we expected block Wiedemann to use at least about
twice the running time of block Lanczos, but in practice Montgomery’s block Lanc-
zos program is five times as fast as Lobo’s program for Coppersmith’s block Wiede-
mann. This is partly caused by the very efficient implementation Montgomery
made of his block Lanczos algorithm. Both versions of block Wiedemann seem to
be better in solving systems with few excess columns than block Lanczos. How-
ever, factorization matrices normally have quite a lot of excess columns, since it is
practically infeasible to stop sieving exactly at the moment when enough columns
are found. Moreover, these matrices are “filtered” by combining relations [8], which
results in smaller but denser and almost square matrices. Usually, block Lanczos is
able to solve these filtered matrices. This means that in practice, the cases in which
block Wiedemann beats block Lanczos do not occur.
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