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Abstract

This thesis presents a new algorithm for computing the Hermite form of a polynomial
matrix. Given a nonsingular n x n matrix A filled with degree d polynomials with coefficients
from a field, the algorithm computes the Hermite form of A using an expected number of
(n®d)*+°M) field operations. The algorithm is randomized of the Las Vegas type.
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Chapter 1

Introduction

Among the classical normal forms for matrices over a principal ideal domain, the Hermite
form is the best known. Recall the definition of the form over the ring K[z| of univariate
polynomials over a field K. Corresponding to any nonsingular A € K[z]"*™ is a unimodular
matrix U € K[z]"*" such that

hi hip - len

hy -+ hop

H=UA= 2
I,

is upper triangular, h; is monic for 1 < j < n, and deg Bij < degh; for 1 <i < j<n. The
problem of computing the Hermite form has received a considerable amount of attention.
For example, the theses [5, 25, 22, 35, 6, 26] and ISSAC papers [33, B1], B4, 23] have
addressed this topic.

Modulo determinant algorithms [14], [16], 8], see also [4], compute the Hermite form of
A working modulo the determinant and require O™ (n*d) field operations from K. Matrix
multiplication can be introduced [I4] 3] to reduce the cost to O™ (n“'d), where 2 < w < 3
is the exponent of matrix multiplication. The iterative approach in [24] gives a deterministic
O(n3d?) algorithm, achieving a running time that is cubic in n but at the cost of increasing
the exponent of d to two. In [I3] we give a Las Vegas algorithm to compute H using an
expected number of O"(n3d) field operations from K. In this thesis we give a Las Vegas
algorithm to compute H using an expected number of O7(n*d) field operations from K.

Our result closes the time complexity gap between the computation of the Hermite form
and many problems on polynomial matrices that have an algorithm which costs O™ (n“d)
field operations. Examples include the high-order lifting based linear solving, determinant
and Smith form algorithms in [27, 28], the fast row reduction algorithm of [I1] and minimal
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approximant basis algorithms in [I1], B6]. The techniques in [21] can be adapted to the case
of polynomial matrices and achieve algorithms that are subcubic in n for many problems. It
is even known that the explicit inverse of A, which has total size Q(n3d), can be computed
in nearly optimal time O™ (n3d) [18, 30].

The rest of the chapter is organised in the following manner. Subsection defines the
cost model over which we work and the cost of some common operations. In Subsection [I.2]

we introduce some preliminaries and recall a few definitions and results which will be used
often in the thesis. Subsection gives the overview of the thesis.

1.1 Cost Model and Operations over K|z]

Algorithms are analyzed by bounding the number of required field operations from a field K
on an algebraic random access machine; the operations 4+, —, x and “divide by a nonzero’
involving two field elements have unit cost.

9

We use the cost function M for polynomial multiplication: let M:Z>y — R+ be such
that polynomials in K[z] of degree bounded by d can be multiplied using at most M(d) field
operations from K. The operation of multiplying by a power of z is free. We shall often use
the fact that M is a super-linear function:

M(ab) < M(a)M(D), (1.1)
for a,b € Z~(. Note that superlinearity also implies that for any ¢ € Z-q,t € O(M(t)).

We use the cost function MM for matrix multiplication: let MM:Z-y — R, be such
that two matrices, of dimensions bounded by n, filled with entries from K can be multiplied
using at most MM(n) field operations from K. Throughout the thesis we shall assume that

MM(n) € O(n*), (1.2)

where 2 < w < 3 denotes the exponent of matrix multiplication. As can be seen from (|1.2])

MM is super-linear:
MM (ab) < MM(a)MM(b), (1.3)

for a,b € Z~q. In fact we assume that MM is super-quadratic function:
MM(n) € Q(n**°),
for some € > 0.

For multiplication of rectangular matrices, let MM :Z-y X Z~¢ X Z~o — R+q be such
that a scalar matrix € K®*? can be multiplied with a scalar matrix € K®*¢ in cost bounded
by MM(a, b, ¢). Using an obvious block decomposition we get

MM(a,b,c) < [a/r] - [b/r] - [c/r] - MM(r), (1.4)
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where r = min(a, b, ¢).

Now consider the multiplication of polynomial matrices. The degree of a matrix over
K[z] is the maximum of the degrees of the entries. Let MM:Z+ X Z>o — R be such that
two matrices over K[z], of dimensions bounded by n and degree at most d, can be multiplied
using at most MM(n, d) field operations from K. We can similarly define MM(a, b, ¢, d) as
the bound for the cost of multiplication of a matrix € K[z]**® by a matrix € K[x]"*¢, where
the degrees of the matrices are bounded by d. We shall often use the fact we can multiply
two polynomial matrices using the procedure to multiply two scalar matrices but replacing
the scalar operations with polynomial operations. This gives

MM(n,d) < MM(n)M(d) and MM(a,b,c,d) < MM(a,b,c) M(d). (1.5)

We refer to [10] for more details and references about w and M. Some of our complexity
estimates will explicitly make the assumption that

M(t) € O(t*~1). (1.6)

This assumption states that if fast matrix multiplication techniques are used, then fast
polynomial multiplication should also be used.

Given two polynomials a, b € K[z] with b nonzero, we use the subroutines Rem(a, b) and
Quo(a,b) in our algorithms to return the unique polynomials such that a = Quo(a,b) b+
Rem(a,b) with degRem(a,b) < degb. If a and b have degree bounded by d then the
Rem operation has cost O(M(d)) and Quo operation has cost O(M(dega — degb)) =
O(M(deg Quo(a,b))). Note that if b is a power of x then both the Rem and Quo operation
are free in our cost model. If the first argument of Rem or Quo is a matrix or vector the
intention is to apply the operation element wise to the entries.

The ged problem takes as input two polynomials a,b € K[z] and asks as output the
monic greatest common divisor of @ and b. The extended gcd problem takes as input two
polynomials a, b € K[z|, and asks as output polynomials g, s,t,u,v € K[z] such that

o] l]=16) )

with g as the monic greatest common divisor of a and b, and sv — tu a nonzero constant
polynomial. In our algorithms, we denote by Ged(a,b) and Gedex(a,b) the subroutines
that return g and the tuple (g, s, ¢, u,v) as described above.

It will be useful to define an additional cost function B to bound the cost of the extended
gcd operation, as well as other ged-related computations. We can take

B(d) < min{M(d)logd, d*}. (1.8)
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Then the extended ged problem with two polynomials in K[z] of degree bounded by d can
be solved in time O(B(d)). Due to the superlinearity of M, (1.1)), and (1.8) B is super-linear:

B(ab) < B(a)B(b) (1.9)

for a,b € Z~y.

1.1.1 Operations over K|z|/(s)

Throughout the thesis we shall deal with two kinds of algebraic structures: the principal
ideal domain (PID) K][z], and principal ideal rings (PIR) of the form R = K[z]/(s), s € K|x]
nonzero. A PIR is a nonzero commutative ring whose ideals are principal, i.e., can be
generated by a single element. A PID is a PIR with no zero divisors. In the previous
subsection we have already defined the operations Rem, Quo, Ged and Gedex over K|z].
In this subsection we define some additions operations and show how their analogues can
be computed over the residue class ring K[z]/(s).

Let R be a principal ideal ring (either K[z] or K[z]/(s)). An element a € R is said to be a
unit if and only if there exists an element b € R such that ab = ba = 1. In other words a € R
is a unit if and only if it is invertible. Two elements a;,as € R are said to be associates of
each other if and only if there exists a unit u € R such that a; = uas. A set of elements of
R, one from each associate class, is called a prescribed complete set of non-associates; we
denote such a set by A(R). Two elements a1, a2 € R are said to be congruent to each other
with respect to another element 0 # b € R if and only if b | (a; — az). Corresponding to an
element b € R, a set of elements, one from each congruence class, is said to be a prescribed
complete set of residues with respect to b; we denote such a set by R(R, b).

The natural and canonical choice for A and R over K[z| are A(K[z]) = {0} U{f € K[2] |
f is monic} and R(K|z],s) = {f € K[z] | deg f < degs}. For a nonzero s, we can identify
the residue class ring K[z]/(s) with the set of elements R(K[z], s), and define

A(K[z]/(s)) = {ged(a, 5) | a € Rem(K][z], 5)}

and
R(K[z]/(s),b) = R(K[z], ged(b, s)).

For a a € R, the operations Ass(a) returns the associate of a in the proscribed set of
associates A(R), and the operation Unit(a) returns a unit u € R such that Ass(a) = ua €
A(R). For R = K[z| and a € K[z], Unit(a) returns 1 if a is zero, and the inverse of the
leading coefficient of a otherwise.

We shall often pass back and forth between K[z] and its residue class ring K[z]|/(s). A
homomorphism ¢, : K[z] — K]z]/(s) can be naturally defined as ¢s(a) = Rem(a, s) for
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a € Klz]. We choose to denote by ¢;! : K[z]/(s) — K][z], such that for any a € K[z],
¢;'(a) is the unique element of R( [x] s) that maps to b under ¢. For example if
a=3z+1¢eK[z]/(z® + z), then gbz3+x( r+1)=3z+1¢€K[z].

For a,b € K[z]/(s), let a = ¢;'(a) and b = ¢;1(b). We can do the following basic

operations over K[z|/(s) by translating them into operations over K|z]:

aob=¢s(Rem(aob,s)), where o € {+, —, *}.
e a/b= ¢(a/b). This operation is valid only if b | a.

(%, u, *, %, %) = Gedex(a, s)

e Unit(a) = return ¢4(u).

e Ass(a) = Unit(a) xa

e Gced(a,b) = Ass(¢s(Ged(a,b))).
e Rem(a,b) = ¢,(Rem(a, Ged(b, 5))).

Quo(a, b) = Unit(b)((a — Rem(a, b))/Ass(b)).

Thus we see that that any basic operation in K[z]/(s) has a cost bounded by O(B(deg s))
basic operations from K.

1.2 Preliminaries

We shall be working primarily with square matrices. For any square matrix A of dimension
n, we denote by Ali, j| the ¢, entry of A, 1 < i,5 < n. We will often use * to denote
an index which takes values from the entire domain. For example A[*,i] implies the i-th
column of A. We denote by Asj7) the submatrix of A comprised of the intersection of only
those rows of A whose index is in the list S and only those columns of A whose index is in
the list 7. For A € Klz|"*", we denote A;(A) to be the ged of all i x ¢ minors of A and
A$(A) to be the ged of all ¢ x ¢ minors of the first ¢ columns of A. Let Ag(A) = A§(A) =1

Next we describe two normal forms of matrices over K[z] and some of their properties
that we shall use often.



1.2.1 Hermite Form

Definition 1.1. A matriz H € K[z]"*" is said to be in Hermite form if H can be written

as _ _ _
hi hig f_l13
hy  hosz
hs
with

e h; is monic for all 1 <1 <n, and

e degh;j <degh; for1 <i<j<n.

]:1171,
];LQn
h3n

hon

e R”I'LX'I’L7

Corresponding to every nonsingular A € K[z|"*", there exists a unimodular U € K[z]"*"

and the unique H € K[z]™*" in Hermite form such that

H=UA.

H is called the Hermite Form of A; hnf(A) = H.

Theorem 1.2. [19 For the Hermite form H € Klz|™*™ of a nonsingular A € K[x]"*™, the

following properties hold:

o i = H;':1 h; = A§(A), for all1 <i<n,

o h; =AS(A)/AS ((A), for all1 <i<mn, and

o degh; <idegA, foralll <i<n,

where AS(A) is the ged of all i X i minors of the first i columns of A.

1.2.2 Smith Form

Definition 1.3. A matriz S € K[z|"*" is said to be in Smith form if S can be written as

diag(s1, $2, 83, - - -, Sn) € R™™ with

e s; is monic for all 1 <1 <n, and

® ;| sit1 foralll <i<n.



Corresponding to every A € R™*" there exist unimodular matrices P,(Q) € R™*" and
the unique S € R™"™ in Smith form such that

S = PAQ.
S is called the Smith Form of A; snf(A) = S.
Theorem 1.4. [19 For the Smith form S € K[z]"*" of a nonsingular A € K[z]"*", the
following properties hold:
o s =T[5 = Ay(A), forall 1 <i < n,

=1
o 5, = A (A)/A;_1(A), forall1 <i<mn, and

o degs; < H_LMdegA, foralll <i<n,

where A;(A) is the ged of all i x i minors of A.

Note that Smith form is also a canonical form over R = K[z]|/(s) and for the Smith form
S e R ofa Ae R, s; divides all the entries of A.

1.3 Overview

We present a brief overview of our algorithm developed in the thesis. Given a nonsingular
A € Klz]™™ with the degree of each element bounded by d, we aim to develop a Las Vegas
algorithm to compute the Hermite form H of A in cost O™(n“d).

The main difficulty to obtain fast algorithms for the Hermite form seems to be the
unpredictability and non uniformity of the degrees of the diagonal entries. The best a priori
bound for deg h; is jd, 1 < j < n. Summing these a priori bounds gives } 7, jd € O(n2d),
which overshoots by a factor of n the a priori bound Z?:1 degh; = det A < nd. For
comparison, for the diagonal Smith form S := UAV = Diag(si, ..., s,) of A, a canonical
form under left and right unimodular multiplication, we have the a priori bounds degs; <
(n/(n — j+ 1))d; summing these yields ©(ndlogn). These good a priori bounds for the
invariant factors s; are exploited, for example, in [27, O] to get improved algorithms for
computing the Smith form.

Consider the following nonsingular matrix

i
A=V (d) ) [ | €K
d d d [d



where [d] represents a polynomial with degree bounded by d. The a priori bounds for the
entries of the Hermite form of A are the following:

[d] (2d) (3d) (4d)

2d] (3d) (4d)
[3d] (4d) |

[44]

where (t) represents a polynomial of degree strictly less than t. The a priori bounds for the
entries of the Smith form of A are the following:

[d]
[4/3 d]
[2d]
[4d]

Thus, while the degree bounds for the diagonal entries of the Hermite form decrease in a
arithmetic progression from the last diagonal entry to the first, the degree bounds for the
diagonal entries of the Smith form decrease faster in a harmonic progression.

The key to our approach in the thesis is to use the Smith form S of A, together with
partial information of a right unimodular transform V', in order to obtain the Hermite form
H of A. Our algorithm has four main phases.

The first phase computes a row reduced form of the input matrix A. We use existing
algorithms [12] to compute the row reduced form.

The second phase is to compute the Smith form S, and V', such that A = USV mod s,,.
In Chapter , we modify the QuterProductAdjoint algorithm of [30] by working over blocks
of columns of A instead of one column at a time. The major hurdle in reducing the cost of
this phase to O™(n* d) is carrying out an operation of the type Rem(Rem(F'G, s), z%) where
F € K[z]™! G € K[z]'*™ with degree of each term in F and G bounded by deg s < nd.

For example, consider the following matrix with the Smith form diag(sy, s2, - , Sn):
[d] (] [d]
d |d d
o [
[d] [d] [d] Id]

The outer product decomposition of this matrix will look like the following:
[nd]

s, A7 = [ [nd] [nd] -~ [nd] ]+ sp/s0-1% mod s,.



In the course of computing a reduced Smith decomposition of A, we need to compute
entities of the following shape and bounds on the degree of the entries:

F

——
i ¢
Rem | Rem [n] r[[nd] nd] -+ [nd] ],s, | .2
[nd]

Notice that the size of the input and output in this operation is bounded by n?d, but
we are not aware of any known algorithm which can compute this in O™(n* d) operations
from K. The direct way to perform the above operation is to first compute Rem(F'G, s,,)
and then reduce it modulo 2. The direct method costs O(n3d) basic operations from K.

In Chapter , we develop a procedure PartialProduct to compute Rem(Rem(FG, s), 2%)
in O"(n“d) operations from K. The main idea is to use the Sylvester matrix representation
for multiplying two polynomials. For example consider the following operation:

Rem | Rem { EZ% }[[2& 2d] ],[2d] | , 2"

We transform it to the following:

After some preprocessing the above procedure reduces to two matrix multiplications of
matrices with degree of entries bounded by d.

The third phase is to compute the degrees of the diagonal entries of H. In Chapter
We show that this can be accomplished via a unimodular matrix triangularization:

[5%%}_H{Ll;}eKm%““ (1.10)

The matrix V is obtained from V by reducing entries in column j modulo sj, 1 <3 <n. We
show that the submatrix 7" in ([1.10) will be left equivalent to A and thus, up to associates,
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has the same diagonal entries as H. When performing the triangularization in (L.10)), we
exploit the fact that S is diagonal by keeping off-diagonal entries in the first n columns of
the work work matrix reduced modulo the diagonal entry in the same column. Using the
upper bound Z?:l deg s; < nd, and by avoiding explicit computation of the off-diagonal
entries of 7" and the block above T', we can compute the diagonal entries of T"in O™ (n“ d)
operations from K.

Chapter |5 describes the fourth phase of our algorithm. It uses the knowledge of the
degrees of the diagonal entries of H to set up a minimal approximant basis problem for
recovering H. In particular, the Hermite form H can recovered by computing a left kernel
basis in canonical form for the first n columns of the matrix in ((1.10):

S
—HVS ' |H | || =0.
| 4]
We show how to transform the kernel computation shown above to an equivalent problem
that can be solved in time O(n“ B(d)) using the fast minimal approximant basis algorithm
of [T1]. Our problem transformation makes use of the partial linearization and reduction of
order techniques in [29].

Chapter [0] sums up the whole algorithm and recalls the main result of the thesis. It also
discusses some future directions of research.

10



Chapter 2

Partial Product

Let K be a field. Let A € K[z]"**, B € K[z]"*", and s, h € K[z]. We want to compute
Rem(Rem(hAB, s), z%).

Our target cost in terms of number of basic operations from K is O(MM(n, d)) subject to the
conditions that deg B,degh < deg s, and [deg A, (deg B,deg s € O(nd). If we measure the
size of the input and output in terms of the number of elements from K required to describe
the input, it is interesting to note that in this case even though the size of the input and
the output is bounded by O(n?d), the direct method which computes Rem(hAB, s) as an
intermediate quantity would require Q(n3d) operations to compute Rem(Rem(hAB, s), z¢)
since the size of Rem(hAB, s) can potentially be of the order O(n3d). Consider the following
example of solving the problem by the conventional method.

Example 2.1. Let K = Z;,

4r*+2x+1
A=| 32°4+x+5 | ,B=[2+3 52> +x+4 32246 ],
2 +2
s=a8+52° +32* +22+2, h=52"+32* +223+ 22+ 32, and d = 2.
To find Rem(Rem(hAB, s),z?), one would first find the product

44 4+223+622+6x+3 6x*+222+2x+4 52t +62°+622+5x+6
AB = 3zt + 3 +3x+1 43 +322 42246 224 +322 +5224+6x+2
2 +522+6 Sat4+ et +2x+1 32t +522+5

11



and then multiply it by h and reduce mod s as
Rem(hAB,s) =

5’ +at+622+322+6x+3 62°+32*+323+62+2 422 +32*+528+322+4x+3
62°+62*+623+62+2 22°+2r 4523 +622+4x+5 A’ +42*+322+5x+4
24522 +222 44246 62+ +323+522+5x+4 4+t +23+222+4x+5

Finally, we get

6rxr+3 6x+2 4x+3
Rem(Rem(hAB,s),2?) = | 6x+2 4x+5 5x+4
446 dx+4 4x+5

In this chapter, we shall discuss a new method to compute Rem(Rem(hAB, s), %)
efficiently, without calculating Rem(hAB, s) explicitly.

To explain the different ideas used we proceed in three subsections. For f, g, s € K|z]
and d € Z~ , Subsection presents the algorithm to reduce the operation of computing
Rem(Rem(fg, s),z%) to that of computing the dot product of two polynomial vectors with
degree bounded by O(d). In Subsection [2.2] we extend the idea of the previous subsection
to accommodate vectors F € K[z]"*! and G € K[z]'*", reducing the computation of
Rem(Rem(F'G, s),z%) to that of multiplying together two matrices degree O(d). Finally,
for A € K[z]™*, B € K[x]™™, h € K[z], Subsection [2.3 reduces the operation of computing
Rem(Rem(hAB, s), z%) to polynomial matrix multiplication.

Section gives a generalization of the technique described up to this point in the
chapter. For any k > 0, not just & = 0, we show how to find the coefficient of X* in the
X-adic expansion of Rem(hAB,s), X = x¢.

2.1 Scalar Case: Computing Rem(Rem(fg, s), z9)

Let f,g,s € K[z] and d € Z~y. In this section we show how to transform the problem of
computing Rem(Rem(fg, s), z%) to that of computing two dot products of vectors with
degree bounded by O(d).

We can write f, g € K[z] uniquely in z¢-adic expansion as
f=fot+ ha® + for® 4+ frat (2.1)

and
g9=go+ gzt + gr® + - + g1, (2.2)

12



where u = [(deg f)/d], t = [(degg)/d]|, and deg f; < d, degg; < d for 0 < i < ¢ and
0<j<u. Let X = 24,

A

H = [1 X X2 Xu+t—1 Xu+t ]7
G =19 9 9  Gu1 Gul
and _ -
Jo
fi fo
fi
. f()
F= fi | € K[zt (2.5)
i
i
i fi

We can now express the product of f with g as
fg=HFG, (2.6)

where deg F,degG < d. Thus the polynomial multiplication can be done through a
multiplication of a vector with a Toeplitz matrix and vector dot product. We shall develop
this idea further to compute Rem(Rem(fg,s),z%). First we recall that we can also go
in the other direction, i.e., reduce a multiplication of a vector with a Toeplitz matrix to
multiplication of polynomials.

MiddleProduct

Algorithm MiddleProduct in Figure is used to the compute the product of a polynomial
vector with a Toeplitz matrix by reducing it to polynomial multiplication. Algorithm
MiddleProduct in Figure [2.1| takes as input H € K[z]*** and f € K[z] and outputs HF),
where F'is a Toeplitz matrix as described in the algorithm.
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MiddleProduct(f, H, ¢, m,d)

Input: H € K[z]'*, f € K[z],m,d € Z-q

Condition: deg f < (I —m + 1)d.

Let t =0 —m, u=m—1, write f as f = fo+ fia® +--- + frz™

[ fo
i Jo
S
. Jo
Let F = fi | € K[z]xm
Ji
Ji
fi ]

Output: HF € K[z]'*™

v = deg(H) + d;

fexp = ft + ft‘—ley + ft‘—QxQ’y +-+ fOxt’Y;

hexp = (H)l ‘I’ (H)Qx’y ‘I’ (H)S'IQ’Y + Tt + (H)Zx(lil)’y;

Qexp = fexp X hexp;

Write dexp S Qexp = G0 + 127 + agz? + -+ + ap 2=
return [ a; apo o Gy |

Figure 2.1: Algorithm MiddleProduct

First, the algorithm augments the matrix F' to

e - fi | fo

fe - fi fo
fi | fo fi

c. . N fO

_ i fo Ox (m+2t)
Foug = f [ € Klal
fi | A fo
ft
_ foltin o o fo
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We now compute HF,
multiplication of

ug, instead of HF', as we can compute HF,,, using polynomial

fexp :ft + ft—ly + ft—2y2 Tt foyt S K[.I] [y]
with

hexp =(H)1 + (H)ay + (H)3y* + -+ + (H)ey" V.

Next, we use Kronecker substitution, y = 27, to obtain the same result in z7-adic expansion,
where deg,, fexp + deg, hexp < 7 = deg(H) + d. This shift from z%-adic system to z7-adic
system ensures a one to one correspondence between the x7-adic coefficients of the product
and the entries of the vector HF,,,. Finally, we multiply

fexl;) :ft + ft—l,fl?’y + ft_2$2’y 4+ oo+ foxt’y
with
hexp :(H)l + (ff)2$7 + (H)3$27 4+ 4 (H)gl.(l—l)'y‘

The coefficients in the middle of the polynomial give the entries of the vector HF.

Algorithm MiddleProduct(f, H,¢,m,d) in Figure involves only a single multipli-
cation of two univariate polynomials of degree less than [ - (deg H + d). We obtain the
following result.

Lemma 2.2. Algorithm MiddleProduct in Figure[2.1)is correct and costs M(I- (deg H +d))
basic operations from K.

Here is an illustration of Algorithm MiddleProduct in Figure [2.1}
Example 2.3. Let us work in the field Z7. Let

H=[62>+62>+4r+1 42> +5x+4 32> +62° +4x+3 4dr+4 |
f=22" 442> + 42+ 2

d=2
4z + 2
ja 20 +4 4x 4+ 2
o 0 2z + 4
0

15



To compute HF, we shall augment the matrixz F' to

0 204+4 |4z +2
0 20+4 4x+ 2
0 20 +4 | 4x + 2
0 20 +4 4x+ 2

Faug:

So we get

v =5,
fewp =™t + 2210 4 22° 4 427,
Neap =420 + 42" 4+ 3213 + 6212 + 42 + 3210 + 427 + 52® + 42 + 62° + 62% + 4u + 1,

and

Nveap feap =222 + 32+ 1) x 2% + (52" + 22 + 2% + 22 + 1) x 2% + (62* 4 52® + 42% + 62 + 6) x 2'°
+ (32" + 22° 4+ 52 + 51 +4) x 2% + (5t + 2% + 4a® + 4o + 4) x 2°.

The part corresponding to HF would be coefficient of v'° and x1°, i.e.,

[3z* + 223 + 52% + 5z +4 62" + 52® + 42% + 6z + 6.

PartialProduct

Now we turn to the main problem of this section: calculate Rem(Rem(fg,s), z¢). Algorithm
PartialProduct(f,g,s,d) in Figure calculates Rem(Rem(fg, s),z%), where f,g,s €
K[z] and d € Z~(. As we calculate only the low order coefficients of the product Rem(fg, s),
we call this algorithm “PartialProduct.” In the next section we shall scale this method to
handle vector outer products. The cost of the PartialProduct(f, g, s,d) method, for two
polynomials, is O((deg s)/d - M(deg s)). This cost is much higher than that of the standard
method; it is only presented to help understand the case where single polynomials are
replaced by column and row vectors.

Consider the problem of multiplication of two polynomials f, g € K[z]. Using equations
E1) - [@5), we get
fg = HFG,
Rem(Rem(fg,s),z%) = Rem(Rem(HFGQ),z?)
— Rem(Rem(Rem(H, s)F @, s), z%).
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Let H = Rem(f], s) and ¢ = Quo(HFG, s), we get

Rem(Rem(fg,s),z?) = Rem(Rem(HFG,s),z%)
= Rem(HFG — gs,z%)
Rem(HFG,z%) — Rem(gs, z%)
Rem(HFG,z%) — Rem(qRem(s, 27), 2%). (2.7)
It is given that
deg F' < d,
deg G < d,

deg H < deg s (by assumption),
thus,

deg HFG < deg s + 2d,
degq < 2d.

Let 2z = [degs/d]. We split H = H® + H® where H® consists of the low order terms of
H .
—Rem(H, 29572),
Hw —g — gO
HFG=HYFG+ HYFG.

Since deg(HVFG) < degs, HY FG does not contribute to Quo(HFG).
Quo(HFG, s) = Quo(H™WFG, s)
= Quo(z*2Quo(H, ™"\ FG, s). (2.8)
Let X = 2%, putting (2.7) and (2.8) together we get

Rem(Rem(fg, s),z?) =Rem(HFG, %) — Rem(qRem(s, z%), 2)
=Rem(Rem(H, X)FG, X)

— Rem(Quo(X*2Quo(H, X* ?)FG, s)Rem(s, X), X).
(2.9)

Equation (2.9) summarizes the whole Algorithm . We next analyze the cost of
Algorithm 2.2
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The cost of Preprocessing phase of Algorithm PartialProduct in figure is bounded
by the cost of computing H, i.e., O((u+t)-(M(deg s)+M(d))) basic operations from K. Using
the fact that u, t € O((deg s)/d), we can bound the cost of phase 1 by O((deg s)/d-M(deg s)).
The cost of MiddleProduct phase is bounded by O(M((u + t)d)), using lemma [2.2] Using
the bounds on u and v, this cost reduces to O(M(deg s)). The cost of Vector dot product
phase is bounded by O(uM(d)), which reduces to O((degs)/dM(d)). Putting everything
together to get the final result in phase 4 costs O(M(d)) basic operations from K. Therefore,
the cost of the algorithm is dominated by the first phase. We can now state the following
result.

Lemma 2.4. Algorithm PartialProduct(f,g,s,d) in Figure 15 correct and costs
O((degs)/d (M(deg s) + M(d)))
basic field operations from K.
Let us illustrate Algorithm with the following example.
Example 2.5. Let us work in Z;. We want to find Rem(Rem(fg, s),z?), where
f=42+62° 4322 +3x+4, g =22+ +623+2+3, s = 42°4+22°+ 32 +622 and d = 2.

In Preprocessing phase , we compute H and trim it to the required low order and high order
parts HY and H.

H=[1 2* 2* 32°+a2*+22% 52°+ 52"+ 62° + 62> 2°+ 5a* + 323 + 527
HY=[1 0 0 0 0 0 0 0]
H® =0 1 2? 32°+2>+2 52°+52%>+62+6 2°+ 5%+ 3z + 5.

In MiddleProduct phase we compute the middle product of HO and H™ with f to get FY
and F™ using algorithm .

FO =[3z+4 0 0
FO =[42® + 60 +3 50 +32° + 322 + 4o +4 32* +32° + 322 + 2 +6].

In Vector dot product phase, we find the dot product of F" with G and F™ with G.
pY =322 + 6z + 5,
pW =2 4+ 32 +42° + 20 + 1

where
G=[r+3 6r 2v+1]",

In phase 4, we compute ¢ = 2x + 5 and finally put together everything to get the result
Rem(3z? + 6 + 5, 2%) — Rem((2x + 5)Rem(42° + 22° + 32* + 622, 2%), 2°) =62 + 5.
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PartialProduct(f,g,s,d)

Input: s, f,g € K[z],d € Z+o

Condition: s # 0, f = Rem(f,s), g = Rem(g, s)
Output: Rem(Rem(fg, s), z¢)

if deg(s) < 2d
return Rem(Rem(fg,s), z%)
fi
de de deg(s
tou,z, X = L gd(f)J’ L i(g)Jv L i( )J’xd;

[1: Preprocessing]

H-:[ 1 X X2 ... Xxttutl ];
H := Rem(H, s);

H® .= Rem(H, X) , H® := Quo(H, X*7?);

[2: MiddleProduct]
FO .= MiddleProduct(f, HO u +t + 1,u + 1,d) € K[z]"* !
F® .= MiddleProduct(f, H™,u+t + Lu +1,d) € K[a]>*;

[3: Vector dot product]

Write g as: ¢ = go + 1. X + g2 X2+ - - + g, XU
G = [90 g1 92 Gu ]T;

p0O pw .= FO.q F® G,

[4:Combining the terms|
q := Quo(z™==2p) )
return Rem(p), X) — Rem(gq x Rem(S, X), X)

Figure 2.2: Algorithm PartialProduct(f,g,s,d)
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2.2 Vector Case: Computing Rem(Rem(FG, s), 2%)

Let F € K[z]™!, G € K[z]"*", and deg F’,deg G < deg s. This section deals with the problem
of computing Rem(Rem(FG, s),2%). Algorithm PartialProduct(F, G, s,d) in Figure
is analogous to Algorithm [2.2] with polynomials f and g replaced by vectors of polynomials
F and G.

The preprocessing phase in Algorithm [2.3]is same as that in Algorithm [2.2] and costs
O((degs)/d - M(deg s)) operations from K. MiddleProduct phase is also same as that in
algorithm [2.2] except that we repeat the procedure for every entry in . The cost of this phase
is bounded by O(nM(deg s)) operations from K (Lemma[2.2). The MatrixMultiplication
phase in Algorithm involves matrix multiplication instead of dot product and costs
O(MM(n, (deg s)/d,n,d)) operations from K. The last phase puts everything together and
costs O(deg s + n> M(d)) operations from K.

The cost of Algorithm was dominated by the preprocessing phase. The cost of
Algorithm is dominated by the matrix multiplication step in Phase 3. This is due to the
fact that the cost of the preprocessing phase is not related to the number of polynomials
but the degree bounds on the polynomials. Thus as the number of terms increase the cost
of Phase 3 dominates the cost of the algorithm. Now we can state the following result:

Theorem 2.6. The algorithm 2.3, PartialProduct, is correct and costs
O(MM(n, (deg s)/d,n, d))

operations from K.

Let us illustrate Algorithm [2.3 with the following example.

Example 2.7. Let us work in Z;. Let

F=[0 2*+2*+5z4+6 6x+1]",
G =[0 62?4623 +22% + 4z + 1 42° + 52 + 32° + 322 + 2],
s =62° + 62° + 2 + 62° + 42% + 3, and d = 2.

In Preprocessing phase, we compute H and trim it to low order and high order parts
HWY and HW | required for the computation.

H=[1 2* 2* 62°+a*+ 62>+ 42 +3 325 + 2° + 42? + 4z + 6],
HD =[1 0 0 3 4x+6],
HY =[1 0 2® 62°+2>+6x+4 32°+x+4)
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PartialProduct(F, G, s,d)

Input: s € K[z], F € K[z]"*1,G € K[z]'*",d € Z~o
Condition: s # 0, G = Rem(G, s), F = Rem(F, s)
Output: Rem(Rem(FG, s), z%)

if deg(s) < 2d
return Rem(Rem(FG, s), z%);

fi

deg(F deg(G deg(z
oz, X o= | FEEL), | S| | S g,
[1: Preprocessing]
H=[1 X X% ... Xttetl|,

H := Rem(fI,s);
HW := Rem(H, X) , H® := Quo(H, X*71);
[2: MiddleProduct]
fori=1ton
FY .= MiddleProduct (Fj, HO, u+t + 1,u+ 1,d) € K[z]'*u+1;
F") .= MiddleProduct(F,, H® u +t + 1,u+ 1,d) € K[z] X"+,
od

[Phase 3: Matrix multiplication]
Write G; as: (G)i = gio + gin X + ¢i2X? 4+ + giu X for 1 < j <n.

gi1,0 92,0 930 - Gno
91,1 921 931 - Gnl
G=| 912 922 932 - Ggn2 | ¢ K[m](uﬂ)xn.
91u 9204 Y93.u e In,u
[ Foi 1 [ Fon ]
Fro Fya
F](\/l)’FJ&J) _ Frs , Fys c K[x]nx(u-ﬁ—l)'
FLn L FUn i

PO, pw .= F).G FiY.G

[Phase 4: Combining the terms]
Q := Quo(z?==2) p(¥) )
return Rem(PW, X) — Rem(Rem(Q, X) - Rem(s, X), X);

Figure 2.3: Algorithm PartialProduct(F,G,s,d)
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In MiddleProduct phase, we compute the middle product of HY and H™ with each
entry in F to get F]E? and FJ&J) using Algorithm .

0 0 0
F)=|50+6 0 3¢+3
6z +1 0 0
[0 0 0
Fﬁ): r4+1 23+22+52+6 62 +523+6224+3x+4
|0 6x + 1 623 + 22

We then multiply the matrices F](Vl[) and F](\;) with G to get PO and P™ in MatrizMul-
tiplication phase:

4z + 1 2
6xr+2 3xr+3
6 dxr + 5

0
0
0
0 0 0
PO =10 622+5x+3 522+2x+6
0 32+ 3x+1 5x + 2
0 0 0
0 323 +2224+62+2 32 +4x* +623 +422+32+5
_0 3+ 4r + 2 3xt 4+ 623 + 222+ 3

plw) —

Finally we find the quotient and put everything together in phase 4.

Q =Quo(z®> PW | 5)

00 0
=10 0 4x+6
00 4
Thus the output is
0 0 0

0 Sx+3 4x+2
0 3z+1 b5z+4

2.3 Array Case: Computing Rem(Rem(hAB, s), z¢)

We now extend the PartialProduct algorithm to compute Rem(Rem(hAB, s), z?%), where
A € Kz B € K[z]™™, h,s € K[z] and d € Z-g, along with the conditions that
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deg A, deg B,deg h < degs. The problem in this section is more general than the problems
tackled in the previous sections, but the central idea remains the same. To keep the
description of the main idea simple, we chose to solve a slightly simplified problem in the
previous sections.

Algorithm PartialProduct(h, A, B, s,d) in Figure describes the procedure to com-
pute Rem(Rem(hAB, s),x%). It is exactly analogous to algorithm and algorithm
except for phase 1 which accommodates for the multiplication of h by AB, (The same
change would be required for computation of Rem(Rem(hfyg, s), z%) by Algorithm . This
can be seen easily by multiplying both sides of by h.)

We now discuss the cost of Algorithm [2.4] The cost of the preprocessing phase is
bounded by O((u +t) - M(deg s)). Using lemma we can bound the cost of the Middle
Product phase by O(nIM((u + t)d)). The matrix multiplication phase has cost bounded by
O(MM(n, (u+ 1)l,m,d)) and the cost of the last phase is bounded by O(nmM(d)). Thus
we can state the following result.

Lemma 2.8. The cost of Algorithm PartialProduct(h, A, B, s,d) in Figure 18 bounded
by O(1/d (deg A+deg B)M(deg s+ d)+niM(deg A+deg B) +MM(n, { deg B/d, m,d)) basic
operations from K. Here A € K[z]™** and B € K[z]>™.

We also like to mention the following corollary, which will be useful in the next chapter.

Corollary 2.9. If A € K[z]"™¢, B € K[z]*™, I deg B,{deg A € O(nd) and deg s < nd, then
the cost of Algorithm PartialProduct(h, A, B, s,d) in Figure[2.4] is bounded by O(nM(nd)+
n M(d)) basic operations from K.

2.4 Extension: Compute Quo(Rem(Rem(hAB, s), X*1), X*)

We can easily extend Algorithm to find any z%-adic coefficient of Rem(hAB, s) in the
same cost. For the sake of keeping the presentation simple and the use of this algorithm in
the rest of the paper, we have described the algorithm only for the trailing coefficient case,
in the previous sections.

Let X = 2. The basis of all PartialProduct algorithms described in previous sections
has been (2.9). We shall now derive a similar equation for the case of finding the X adic
coefficient of X* in Rem(fg,s), i.e.,

Quo(Rem(Rem(fg, s), X*™), X*).
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PartialProduct(h, A, B, s,d)
Input: A € K[z]"*!, B € K[z]"*™,s,h € K[z],d € Z~o

Condition: s # 0, h = Rem(h, s), A = Rem(A4, s) and B = Rem(B, s)

Output: Rem(Rem(hAB, s), z%) € K[z]"*™

if deg(s) < 2d
return Rem(Rem(hAB, s), x¢);

fi
d deg(A deg(s
ut,z, X = | egd(B)J,ma:r{ L%J,u}, L%()J,xd;

[1: Preprocessing]

H=[h hX hX® ... hXttetl|;
H := Rem(H, s);

HO H® .= Rem(H, X), Quo(H, X*~1);

[2: MiddleProduct]
for each f;; = Ajj

FZ-(;) := MiddleProduct(fi;, HV, u+t+1,u + 1,d) € K[z]'*"+1;
F{ = MiddleProduct(f;, H™ u + t + 1,u+ 1,d) € K[z] <+

od
[3: Matrix multiplication]
fori=1tol
Write Bij = gjo0 + gj1 X + -+ gj. X" for 1 <j<m.
gi0 920 - Gmo
Gy = 91.,1 92-71 T g’".lvl c K[x](u+1)><m
Jg1u 92,u e Im,u
od )
G
G = c K[;U](“+1)l><m7
G
Gy ]
l l l l u u
Fl(l) F1(2) Ff(;—n Fl(l) Fl(l) F1(2)
@) @) @) @) (u) (u)
W g _ | For Fezoo Pyl Py Py Fyy
Fyf By = . . ) . .
It It ) It (u (u
Fél) F’I(LQ) F7(1,()l—1) F7(ll) Fél) Fr(zz)

PO, pw .= FY g, FMW .Gy e Klzmm,

[4: Combining the terms]
Q := Quo(X*2P™ s)
return Rem(P", X) — Rem(Rem(Q, X) x Rem(s, X), X);

Figure 2.4: Algorithm PartialProduct(h, A, B, s, d)
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We use . . ) to get
fg = HFG
= Rem(Rem(fg,s), X**') = Rem(Rem(HFG), X"
— Rem(Rem(Rem(H, s)FG, s), X*1).

Let H = Rem(ﬁ, s) and ¢ = Quo(HFG, s), now the above equation can be written as

Rem(Rem(fg,s), X*™) = Rem(Rem(HFG,s), X*™)
= Rem(HFG — gs, X"t
= Rem(HFG, X"™) — Rem(gs, X*)
= Rem(HFG, X*™) — Rem(qRem(s, X*™), X*™)
= Rem(H, FG,X*)
— Rem(qRem(s, X**1), X*+1) (2.10)

where Hy,; = Rem(H, X**1). Tt is given that

deg F' <d,
deg G <d, and
deg H <degs (by definition),

thus,

deg HFG <degs + 2d, and
deg q <2d.

Let z = [degs/d]. We split H = H® + H®_ where HY contains the lower order terms of
H | in the following manner:

HY =Rem(H, X*7?),
HY —g — gO
= HFG=HYFG+ HYFQG.

Since deg(HOFG) < deg s

Quo(HFG,s) = Quo(HWFG, s)
= Quo(X*?Quo(H, X" *)FG,s). (2.11)
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Putting (2.10)) and (2.11]) together we get as before (2.9))

Rem(Rem(fg,s), X*') =Rem(Hy1 FG, X*™) — Rem(qRem(s, X**1), X*1) (2.12)
=Rem(H 1 FG, X )
— Rem(Quo(X*~2Quo(H, X*~2)FG, s)Rem(s, X 1), X*+1),

We now split Hy1 as
Hoy = H, + X520,
where

H{", =Rem(H, X*2).

Therefore

HeyFG = HY FG+X*®YHP FG
= Rem(H 1 FG, X*1) = Rem(H\) FG, X"
+Rem(X*2HE) FG, XM, (213)

Since the degree of the first term in (2.13)) is less than kd, we get

Quo(Rem(Hy 1 FG, X", X*) = Quo(Rem(Xk’zH,gi)lFG, XD xR, (2.14)

Similarly let Rem(s, X**!) = 55, and let s = 5&21 + X’“_Qs,(jzl. We get

Quo(Rem(gRem(s, X*™), X*) X*) = Quo(Rem(qu_2s,(izl, XF XR, (2.15)

Using (2.12)), (2.14]) and (2.15) together we get

Quo(Rem(Rem(fg, s), X**1), X*) = Quo(Rem(X*2H\? FG, X**1), X*)
— Quo(Rem(gX* 257, X*+1), X*), (2.16)
where
H = Rem(H,s),
HP, = Quo(Rem(H, X**), X*),
(

s,(fll = Quo(Rem(s, X*™) X*), and

¢ = Quo(Quo(H,X*?)FG,s).
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PartialProduct(f,g,s,d, k)

Input: s, f,g € K[z],d, k € Z~g

Condition: s # 0, f = Rem(f,s), g = Rem(g, s), kd < deg s
Let X = 2.

Output: Quo(Rem(Rem(fg,s), X*1), X*)

if deg(s) < 2d

return Quo(Rem(Rem(fg, s), X*1), X*)
fi
tu,z=|

de de deg(s
T L L
[1: Preprocessing]

H=[1 X X? ... Xxttul]
H := Rem(H,s);

]3'(1)7 H(u) = (Quo(];{elrl(]_[7 Xk‘-i—l)’ X]g)’ QUO(H7 XZ_Q);
s; = Quo(Rem(s, X*+1) X*)

[2: MiddleProduct]
F® .= MiddleProduct(f, HO,u 4+t + 1,u +1,d) € K|[x]">"*!;
F9 .= MiddleProduct(f, H®,u +t + 1,u +1,d) € K[z] "+,

[3: Vector dot product]

Write g as: ¢ = go + ¢1.X + g2 X2 4+ - - + g, X"
G = [90 g1 92 - Gu ]T;

PO, pw = FO.G FO G:

[4:Combining the terms|
¢ == Quo(X**p™), 5)
return Quo(Rem(X*~2p(). X*+1) X*) — Quo(Rem(qX* 25, X*+1), XF)

Figure 2.5: Algorithm PartialProduct(f,g,s,d, k)
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Equation (2.16)) summarizes Algorithm PartialProduct(f,g,s,d, k) in Figure[2.5] This
algorithm is almost same as Algorithm PartialProduct(f,g,s,d) in Figure but for
slight modifications.

Similarly, analogous to Algorithm PartialProduct(h, A, B, s,d) in Figure we can
describe Algorithm PartialProduct(h, A, B, s, d, k) in Figure [2.6] to compute

Quo(Rem(Rem(hAB, s), X*t1), X*),
where A € K[z]"¢, B € K[z]*™ and h € K[z].
Using cost estimates similar to one used in lemma [2.8] we can state the following results

Lemma 2.10. The cost of Algorithm PartialProduct(h, A, B,s,d, k) in Figure is
bounded by O(1/d (deg A+ deg B)M(deg s) +nlM(deg A+ deg B) + MM(n, £ deg B/d, m,d))
basic operations from K. Here A € K[z]"¢ and B € K[z]**™.

Corollary 2.11. If A € K[z]"**, B € K[z]**™, deg B x{,deg Bx{ € O(nd) and deg s < nd,
then the cost of Algorithm PartialProduct(h, A, B, s, d, k) in Figure is bounded by
O(nM(nd) +n* M(d)) basic operations from K.
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PartialProduct(h, A, B, s, d, k)

Input: A € K[z]"*!, B € K[2]"*™,s,h € K[z],k,d € Z~

Condition: s # 0, h = Rem(h, s), A = Rem(A4, s) B = Rem(B,s), kd < degs
Output: Quo(Rem(Rem(hAB, s), Xk*+1), X*) € K[z]"*™

if deg(s) < 2d
return Rem(Rem(hAB, s), 2¢);
fi
u,t,z, X = LdegT(B)J,max{ Lde%(mj,u}, LdegT(s)J,xd;
[1: Preprocessing]
H=[h hX hX? ... hXttetl|;
H := Rem(H, s);
HO HW := Quo(Rem(H, X**+1), X*), Quo(H, X*~1);
51 = Quo(Rem(s, X*+1), X*)
[2: MiddleProduct]
for each fi; = Ay
F{ == MiddleProduct(fi;, HO,u+t + 1,u + 1,d) € K[z]**+1;
F{* = MiddleProduct(fij, H™,u + t + 1,u + 1,d) € K[z]">"+!
od

[3: Matrix multiplication]

fori=1tol
Write B,] = 45,0 + gj71X —+ -+ giju, for 1 S ] S m.
gio 920 - gm0
g11 921 " Gn
Gi — ) ] ) c K[x](qul)xm
Jg1u G2u Im,u
od _
G1
G = c K[x](“""l)lxm,
Gi—1
Gy ]
l 1 l l u u u u
my me o P RO PRD RS- B A
l 1 l l u u u u
FO gl _ By By oo F2(z-1) Fy o7 Byt o F2(z—1) Fy
Mot M T . . ) . . . .
R0 0) 0) (W () (w) (w)
Fnl Fn2 e Fn(l—l) Fnl Fnl Fn2 T Fn(lfl) Fnl

PO, P = F).q, F{¥.G € Kla]™*™;

[4: Combining the terms]
Q := Quo(X*2PW s)
return Quo(Rem(X* 2P0 X*+1) XF*) — Quo(Rem(QX*~2s;, XF+1), XF);

Figure 2.6: Algorithm PartialProduct(h, A, B, s, d, k)
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Chapter 3

Reduced Smith Transform

In this chapter R represents either K[z] or K|z]/(s), for s # 0 € K[z]. We need a few
definitions before we describe the central problem dealt with in this chapter. Recall from
Chapter [1], Definition [1.3] the notion of Smith form that S € R™" is said to be in Smith
form if S can be written as diag(si, sg, ..., S,) € R™*" with

o 5, € A(R) for all 1 <7 <n, and

e 5| s forall<i<mn.

We now define the notion of a Smith transform, a reduced Smith transform, a Smith
decomposition and a reduced Smith decomposition as follows:

Definition 3.1. A Smith transform of A € R™™ is a tuple (U, V') such that

e U,V € R are unimodular, and

e UAV =S € R™™™ where S is the Smith form of A.

We call the tuple (U,V) a reduced Smith transform if V[*,i] = Rem(V[x,i],s;) and

Uli, %] = Rem(U[i, %], s;), for 1 <i <n, for some Smith transform (U, V).

Definition 3.2. A Smith decomposition of B € R"*™ is a tuple (U, S, V') such that

o U,V € R are unimodular, and

e B=USV € R, where S is the Smith form of B.
We call the tuple (U, S, V) an s-reduced Smith decomposition if
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e B=Rem(USV,s), and
o degUlx,i| < degs/s; and deg Vi, *] < degs/s;, for 1 <i <n,

where s s a multiple of the largest Smith invariant of B. When s = s, the largest invariant
factor of B, we call the tuple (U, S, V') a reduced Smith decomposition of B.

Note that if A € K[z]™*™ with deg A < d, then the size of a reduced Smith transform is
a priori bounded by O(n?d) elements from K. This is a direct consequence of the bounds
on the degree of the invariant factors of A as given in Theorem [1.4]

Given a nonsingular A € K[z]™*™ along with S = snf(A) € K[z|"*", where deg A < d,
we want to find a reduced Smith transform of A. Our target cost is O7(n“d) basic
operations from K. It is not unreasonable to assume that we are given S, the Smith form
of B, as there exists a Las Vegas algorithm that computes S, given B over K[z], in cost
O(n® (logn)?B(d)) [28]. We compute a reduced Smith transform of A by reducing the
problem to the computation of a s,-reduced Smith decomposition of s, A~t. The following
lemma shows the connection between a reduced Smith transform of A and a s,,-reduced
Smith decomposition of s, A7.

Lemma 3.3. Given a nonsingular A € Klz]™*", and S = snf(A) € Klz|"*", with the
condition that deg s, A~ < degs,. The following statements are equivalent:

o (U, V) is a reduced Smith transform of A,
e (VP Ps,S7'P,PU) is a s,-reduced Smith decomposition of s,A~",

where P € K[z]™™ is a permutation matriz with 1 on the antidiagonal.

Proof. Let (W,Y) be a Smith transform of A. Then

WAY =S eK[z|"™"
& 5,A7" =VYs,87'W e K[z]™ (3.1)
& s5,A7' =YP(Ps,S"'P)PW € K[z]"™.
Note that
Ps,S7'P = snf(s,A™") = diag(s,/5n, 5n/Sn_1, - - - 5n/51)- (3.2)

This implies that (Y P, PW) is a Smith decomposition of s,A~. Therefore, (W,Y) is a
Smith transform of A if and only if (Y P, PW) is a Smith decomposition of s, A~'. Let w;
be the i-th row of W and y; be the i-th column of Y, for 1 < i < n. Equation (3.1) can
now be written as

Sn

S
1 n
SnA = —YpWp +
S

n n—1

Sn
Yn-1Wp-1+ -+ S—y1w1- (3.3)
1
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Consider taking equation (3.3) modulo s,. The left hand side remains unchanged as we
assume that deg s, A™' < degs,. Since each y;w; is scaled by s,/s;, the equation will still
hold if entries in w; and y; are reduced modulo s; to Rem(w;, s;) and Rem(y;, s;), 1 <i < n.
Let U= [wl |wl - | wl] and V = [y | y2--* | yn). A s, reduced Smith decomposition
of s,A71 is

snA”1 = Rem(V P(Ps,S™'P)PU, s,,),

with deg((V P)[*,1]) < degsp—i+1 and deg((PU)[i, *]) < degs,—iy1 for 1 < i < n, which
simplifies to deg V'[x,i] < degs; and degU[i, *] < degs;, 1 < i < n. This is equivalent to
stating that a reduced Smith transformation of A is (U, V') where Ui, %] = Rem (Wi, %], s;)
and V[*,i] = Rem(Y[x,1],s;). O

Note that if A is row reduced, then deg s, A1 < deg s,,.

We can infer from the above lemma that, for a nonsingular A € K[z]"*™ with deg A = d,
the a priori size of a s,-reduced Smith decomposition of s,A™! is same as that of a
reduced Smith transform of A and is bounded by O(n?d) elements from K. This is a direct
consequence of the bounds on the degree of each invariant factor of A ( Theorem ).

From now on we focus on computing a reduced Smith decomposition of s, A~! modulo s,,.
A iterative algorithm for computing a reduced Smith decomposition of s, A~ is given in [30].
It computes a s,-reduced Smith decomposition of s, A~" in cost O(n? B(nd)) operations from
K, when deg s, A™! < degs,,. We adapt the iterative algorithm in [30] to give an algorithm
to compute a s,-reduced Smith decomposition of s, A~ in cost O(n*(logn)?B(d)).

In the Section [3.1] we discuss the problem of computing a reduced Smith decomposition
of nonsingular B € K|z]"", where S = diag(si, s2,--+ ,8y) is the Smith form of B. In
Section [3.2| we adapt the techniques developed in Section [3.1| to compute a s,-reduced Smith
transform of s, A~! from A and S, where deg A < d and snf(A) = S = diag(s1, s2, .. -, Sn).-
Our target cost is O™(n“d) basic operations from K. We cannot achieve the target cost by
directly working over s, A~! as the size of s, A7! in terms of number of elements from K
can potentially be O(n3d). To achieve the target cost, algorithm in Section takes A as
an input and works implicitly on s, A™! by using the high order lifting technique [28] and
the partial product technique from Chapter [2]

3.1 Reduced Smith Decomposition of B

Given a nonsingular B € K[z]"*™ and S = diag(s1, 9, . . ., $n) € K[z]"*", the Smith form of
B, we want to compute (U, V) a s,-reduced Smith decomposition of B :

B=USV mod s,. (3.4)
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Let R = Kz]|/(sn) (refer to Section for details). Recall from Section [1.2] ¢, is
the homomorphism from K[z| to R defined by ¢, (b) = Rem(b, s,,) € R, for b € K[z]. Let
B = ¢,,(B) € R™". A reduced Smith decomposition (U, V) of B € K[z]™*" satisfying
equation can be obtained by computing a Smith decomposition of B over the ring R.
From now on we concern ourselves with computing a Smith decomposition of B over the
ring R. We make the following assumption about B € R"*":

SHf(B[l i1 i]) = diag(sy, 52, -+ ,5;) € R™" (3.5)

..........

for all 1 < i < n. For a sufficiently large field K, any B € K[z]™*", and unit upper and
unit lower triangular matrices U, L € K[z]"*"™ where the nonzero, non diagonal entries are
chosen at random from K, ¢, (UBL) satisfies the equation (3.5 with high probability [20].
Thus the assumption (3.5)) is not a limiting assumption.

_ Subsection [3.1.1] presents an iterative method to compute a Smith decomposition of
B in O(n?) operations from R. Subsection builds on Subsection to compute a
Smith decomposition of B in O(n“) operations from R.

3.1.1 TIterative Approach

Let R = K[z]/(s), 0 # s € K[z]. Given B € R™™ and S = snf(B) € R" ", we outline a
algorithm for finding a Smith decomposition of B, where B satisfies property . We also
assume that none of the invariant factors of B are zero. This is not a limiting assumption;
if only the first r invariant factors of B are nonzero, then using assumption (3.5)) we can
work over the smaller matrix By, ,1,.., to get a Smith decomposition of B.

Let BY) = B € R™". Due to (3.5), there is a unit #; € R such that
t; x BY[1,1] = s, € R,
Let
CcW = diag(t;,1,1,...,1)BW,
Note that
cW =, BO ¢ Rmxm, (3.6)

By Theorem , s; divides all the entries of C"), hence using elementary row and
column operations we can eliminate the non diagonal entries in the first row and first
column of CM to get BX):




We are careful of the fact that for a,b € R, the operation a/b is not defined for a nonunit b
with any a € R. We only use a/b when ever we are sure that b divides a in R and b € A(R).

Using (3.6]) we get

B

-----

1
1 ‘ _C[(u)z..-sn]/sl ] — { s 0 ] e R™".
0

Thus B decomposes in the following manner:

v v
| t! |0 | s1| 0 1 ‘ 1ot /s
B — — L |: 1 :| 1 “YNy2,.,n)/°1 e R
[ t'Cy) /s [ 1| [ 0]BP | |7 B

We know from ((3.5])

snf(B[(i)m’Q]) = diag(s1, $2).
Therefore B®[1,1] must be an associate of s,. Thus we follow the same procedure on B®?
and so on to get a complete Smith decomposition.

For B € R3*3, the matrix B decomposes in the following manner:

B UD Giag(s1,B®) VD U UD diag(sy,52,B®) v e
_1A g(s1 ) P - — - g(s1,52 ) ] - i

kK ok t1 51 Lo % t1 51 L]l

x ok k| = | % 1 * ok 1 = t2_1 x 1 So 1 1 %

ok oK x 1 * X 1 % 1 x 1 *1 L 111

U®) U@ U,(\l) diag(s1,52,53) %)) V@ V(3
1 1 tfl 51 1*xx771 1771
1 , ty! x 1 [ S9 } { 1 } 1 % 1
ty * 1 x 1 53 e 1lt

Finally we get the Smith Decomposition as:

U diag(s1,s2,53) 14

7\ 7\ 7\
7 _1 Y Y Y

ty 51 1 =%

-1
= * t2 S92 1 y
-1
ko ok 1y 53 1

where U = UBURUM and V = VIOV AV G We obtain the following result:
Lemma 3.4. Let R = K[z]/(s), s # 0 € K[z]. If B € R"", with S = snf(B) € R™",

satisfies the condition that:
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for all 1 < ¢ < n, then B admits a Smith decomposition (U, S, V') over R, where U is
unimodular lower triangular and V' is unit upper triangular. We can compute this Smith
decomposition in O(n?®) basic operations from R.

In the next section, we introduce matrix multiplication and try to reduce the number of
operations over R to O(n¥).

3.1.2 Recursive Approach

As in Subsection [3.1.1] let R = K[z]/(s), 0 # s € K[z]. Given B € R"™" and S = snf(B) €
R™™ we outline a recursive algorithm for finding a Smith decomposition of B, where B
satisfies property . We assume that none of the invariant factors of B are zero. This
is not a limiting assumption; if only the first r invariant factors of B are nonzero, then

.......... r] to get a Smith
decomposition. The algorithm returns ”fail” if is not satisfied. Let this algorithm be
called SD(B, S, n,s). Algorithm SD works over R. Let us write B in the following manner:

- B1 B2 nxn
o [215] cr.

where B; € R"*™ | for some 0 < n; < n. Applying recursively SD on B; we get:
Ulash‘/l :SD(BlaS[l ,,,,, nill,..., nﬂ;nlvs) € Rnlxnl'
We then apply the following unimodular transformation on B:

o] ] P - e
|1 || Bs| By |1 Bs | B, '

As in Subsection 3 1, due to Theorem [1.4| every element in B, [z *] and Bg[* i] is divisible
by Si[i,i], 1 < < ny. This suggests that ST 1B, € Rmx(n=m) and BgS e R—n1)xna
Thus we can apply the following unimodular operation:

|: ] ‘ 1[51B2]|:[_S11B2]_|:Sl 1€Rnxn
—BgSfl‘[ 33‘34 I - B4 '

Therefore we reduce the matrix B in the following manner:
ot B[ By | [ Vi | =S{UT'By | _ [ 5 c RXn
—BsVi 'S T || Bs | Bs | I - By '
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SD(B, S,n, s)

R = K]/ (5}
Input: B € R™", S =snf(B) € R™™ with S[n,n| # 0, n € Z+,0 # s € K[z].
Condition: : snf(B[l ,,,,, i) = diag(si, sa, - ,8;) € R, 1 <i<n.

Output: U, S,V € R : A =USV € R™" or fail if the condition above is not satisfied.
if n =1 then

ty := Unit(B[1, 1]);
if ¢;B[1,1] # S[1,1] then return fail fi
return (¢, 5,1)

fi

ny = [n/2];
Ulaslv‘/l = SD(B[l ..... ni|l,..., n1]7S[1 ..... ni|l,..., n1]7n178);

Sl ‘ — le_1 ‘ B ‘/1_1 ‘ _SI_IUI_IBQ c R
| B, —BsV S| I | I ’
U27S27‘/2 = SD<B47S[H1+1 ..... nlni+1,..., n]7n_n178> )
Uy ‘ Vi ‘ ViST U By }
return —— .9, e R™*":
RS I

Figure 3.1: Smith Decomposition

This also gives the following decomposition of B:

Bl BQ - U1 ‘ Sl ‘ ‘/1 ‘ %SflUleQ c Rn><n
Bs| By |~ | BV 'S, TUL | T | B, | I '

Now we compute a Smith decomposition of By:

s — N1, 5).

----------

Finally we compile the result and give a Smith decomposition of B as:

B:[ L/ }spﬁ%&wﬁ%
B3V, 'S0, | U I

:| E RTLXTL.

SD(B, S,1,s) is the base case, where B,S € R'! If there exists a unit ¢ such that
tB[1,1] = S[1,1], we return (t,S[1,1],I) else we return fail. Figure summarizes
Algorithm SD.

We now analyze the cost of Algorithm SD(B, S,n,s) in Figure The multiplication
of By with V! and B3V, 'S, ! with U; will cost MM(n — ny,n1,n1) operations from R
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each. Similarly the multiplication of U; ' with By and V;S;'U; ! with B, can be computed
in MM(ny,n — ny1,ny) operations from R each. We need n;(n — n;) operations from R to
apply S™!. Thus in all we need 2MM(n — ny,ny,ny) + 2MM(ny, n — ny,ny) + 2ni(n — ny)
operations from R in each recursive call to SD(B, S, n,s). If ny = [n/2]| and T'(n) is the
bound on the cost of SD(B, S, n,s) in terms of the number of basic operations from R, we
get the following relation:

T(n) <T(|n/2])+T([n/2]) + cn®,

for some constant ¢ € Z~o and T'(1) = 1. This implies that 7'(n) is bounded by O(n*). We
obtain the following result

Lemma 3.5. Let R = K[z]/(s), 0 # s € K[z]. Given B € R satisfying and
S € R™™ the Smith normal form of B, with Sin,n] # 0. Algorithm 8D in Figure
returns a Smith decomposition (U, S,V') of B in O(n*) basic operations from K[z]/(s). SD
returns fail if S is not the Smith normal form of B.

3.2 Reduced Smith Decomposition of s, A!

In Section [3.1], we discussed an algorithm to find a reduced Smith decomposition of
B € K[z]"*", given nonsingular B and S, the Smith form of S, by finding a Smith
decomposition of ¢, (B) over the ring R = K[z]/(s,). Let nonsingular A € K[z]"*™ with
deg A < d and S = snf(A) = diag(si, sa,...,S,) € Klz]™™. In this section we adapt the
technique used in Section [3.1{to compute a s,-reduced Smith decomposition of s, A~!, given
A and S, i.e., we want to compute U,V € K|x] such that:

sp A7 = Usnf(s,A™1 )V mod s,.

If we directly apply Algorithm SD in Figure|3.1lon s, A~!, the cost of computing a s,-reduced
Smith decomposition will be O(n* B(nd)). This estimate uses the bound that degs, < nd
(Theorem and the fact stated in Section that every basic operation in R can be
done in O(deg s,,) operations from K. In this Chapter, we reduce the cost of computing a
sp-reduced Smith decomposition of s, A™' to O7(n“d) basic operations from K. We know
that

snf (s, A™Y) = diag(s,/5n, Sn/Sn—2, - ., 5n/51) € K[z]"*™.

We make the fast multiplication assumption (1.6)) in this section: M(¢) € O(¢*~1). Also,
in line with Lemma [3.3] we assume that

deg s,A™' < deg s,,. (3.7)

37



As in Section [3.1] we work over the ring R = K[z]/(s,) to find a Smith Decomposition
of ¢, (s,A~") which translates into a s,-reduced Smith decomposition of s, A~ over K[z].

Let s, A~1 = ¢! (s,A7") . Analogous to (3.5]), we make the assumption that

snf(sn AT ])—dlag( n_ o On )eRm‘, (3.8)

Sn Sp— 1 Sn—i+1

for 1 <17 < n. As stated in Section this is not a limiting assumption. For a sufficiently
large field K, any s,A™! € K[z]™", and unit upper and unit lower triangular matrices
U,L € K|z]™™ where the nonzero, non diagonal entries are chosen at random from K,
b, (Us, A71L) satisfies the equation (3.8)) with high probability [20]. Applying U, L to
s, A7 to get Us, A™'L is same as applying L=, U ! to A and get A = L' AU~! and then
computing s,A7!, ie., Us, AL = s, AL,

In Subsection [3.2.1] we work on s, A" directly and introduce ideas which exploit the
structure of s,A~!. In Subsection we introduce ideas to work without having s, A~
explicitly, rather we will compute the parts of s,,A7! needed in each step and in this manner
achieve the target cost bound of O (n“d) operations from K.

3.2.1 Blocking

We are given a matrix s, A~ € K[z]™" satisfying and (3.7), and S e Klz]™",
the Smith normal form of s,A7!. We develop an algorithm to find a s,-reduced Smith
decomposition of s, A™! by computing a Smith decomposition (U, qﬁsn(g ), V) of s, A1 over
R. The algorithm returns "fail” if is not satisfied. The algorithm works over R. For
the sake of simplicity, let us assume that

n= Z 9l = ot _ (3.9)

This assumption can be made without loss of generality as we can always augment a matrix
s, A7 to diag(I, s, A7) to fulfill (3.9), where the dimension of I is less than the dimension
of s,A~'. We know from Lemma hat sp A~ has a Smith decomposition (U, ¢, (5’), V),
where U is lower triangular and V' is upper triangular. We divide the columns of s, A=1
and U into blocks of sizes 1,2,22,..., 2! Similarly we divide the rows of V into blocks of
sizes 1,2,22,...,2% The following diagram shows the division of U, S’, V € R™T,
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S
(i Vitjs)

S12,32,3) Vi2,3]4]

Ulsj1]]  Ulsj2,3]

As explained at the beginning of this chapter, the column Uy, is bounded by deg s;,
which by Theorem [1.4]is bounded by nd/(n — i + 1). Thus, the a priori bounds on the size
of each block is O(n*d) symbols from K. If we denote by precision the a priori bound on
the degree, then the dimension of each block times the precision will be bounded by O(n?d).
The idea to partition a problem into logn subproblems of size O(n?d), and compute each
subproblem in O™(n“d) basic operations from K to solve the whole problem in cost O™ (n“d)
operations from K is also used in [12]. In Subsection we recovered j-th Smith invariant
of B in the j-th iteration. Now, we recover (S,/S,_2ii1,Sn/Sn—2i;- - Sn/Sn_2i+142) and
corresponding columns and rows of U and V' in the j-th iteration, j starting from 0 and
going up to t.

We start with B = s, A-1. At iteration t = 0 we recover s, /sy in exactly the same
manner as done in Subsection [3.1.1] At the end of iteration ¢ = 0, we have unimodular

U,V and BW:

For the next iteration, we try to recover the next two invariant factors. From ((3.10))
and (3.5)), we know that:

1
saf (B{))) = sn/s01,
Snf<B[(11)2|1,2]> = diag(sn/snfly Sn/5n72)-

)

Using Algorithm , SD, we can find unimodular Tl(l), TV € R2*2 such that

B[(ll,)2|1,2} = Tl(l)diag(sn/sn—h Sn/Sn_z)Tr(l).
Let " N
o) — { () ‘ } B [ Ve ‘ }
‘ [”*1 ‘ [n73



Thus
1 :
Cl ey = diag(su /51, 5n/50-2).
As is clear from the iterative approach in Subsection 3.1.1], s,,/s,_1 divides all the entries
in the first row and first column of C® and s, /$n—o divides all the entries in the second

row and second column of CY. We can infer that:

1) n—
(C[(12\12) C’12| e R 1)7

C(l)

[+[1,2]

1 _ —
(C[(l,)zu,Q]) te R

Thus we can eliminate the non diagonal entries in the first and second row and column of
CW to get B@:

Sn/Sn—l
Sn/5n72

[3,...,n—1]1,2] \™[1,2]1,2] I

I (1) 1
| ] = {C(l) 2(00) 17 3} c® [IQ(CWM) Chis,. .- 11] .
B® "

Therefore B can be recovered from BM in the following manner:

Sn/sn—1 _ (1)y— (1) (1)
" Sn/Sn—2 ‘ _ (Tz(l)) ! ‘ B(l) (Tr™) 1‘(0[1,2|1,2]) 10[1 2(3,...,n—1]
- ) [€3) —1 ‘I .
(2) n—3

(300m—111,2) (Cl1 211, | In_s

Thus, B has been decomposed in the following fashion:

ey v
1 sn/sn—1 (1) M ™ —14M
{ - 7 )(1) (1)‘ } Sn/Sn_2 ‘ Iy ‘ T2 (Cliana)” Chiais,.mon]
~CG) 11,2 O ) T [ I | s | I3

where deg UM, deg VM) < deg s,,_1. We follow the same ame procedure on B® but with the
aim to recover the next 4 entries and so on. Finally s, A~! will have the following Smith
decomposition over R:

sn A1 =USV,
where
NEOE
v=11 [ 7w]
7=0
and

|

J
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For s, A=Y € R™7, the shape of the decomposition is as follows:

A71
P N ~ * 1 % % % % % %
% % ok ok ok ¥ % v 1 S7/87 1
% % ok ok ok ¥ % * % ok ok kX
k %k ok k ok k % * 1 * % ok k ok k 1
Tl *x*x**kkkx| ]=|% 1 * % ok ok ok X 1
¥ ok ok k ok ok k * 1 % ok ¥ k% ok ¥k 1
HRORRRIRoR * 1 R 1
9 1 % % ok ok ok % 1
* % ok ok ok X
i* Sn/ 51 11*****
% % % s7/56 1 % % % %
| xxx1 37/35**** 1
* ok % 11 % ok % * 1
* % ok * ok k% 1
* ok % 1 % % ok ok 1
. 87/87 1 % % % % % %
S7/S
- 7/ 56 1 % % % %
* ok % 87/85 IEEEE:
= | * % *x % 57/54 1 % % %
% ok k% ok s7/s 1 % %
EEEE 73 1 %
* ok ok ok ok kK s7/s2 1
L s7/$1

The following procedure summarizes the whole process.

BO UV =s,A71 I,, I, € R™"

for j from 0 to ¢t do
J=12...,2
nj=n—2+41

[1. Find the Smith Decomposition]

S(]) = diag(sn/sn_2j+1, Sn/Sn_Qj, ceey Sn/Sn_ngrl) (- RQjXQj
19, W, T = D(BY) ;. SV, 29,5, ) € R¥*¥,

[2. Eliminate rows and columns|
CW := diag((T)") 1, L—gsers1) BOdiag (1Y) 7, [_yrer 1) € R19*1;

§) Iy; \ } ‘ {[ _ (C(j) )flc(j) _
: = < T CcW | 12 \~V717] (T2 41,01 | ;
{ BU*t } {Cgﬂ)ﬂ,.‘.,n—lJ}(C[(é)ljl) 1‘[”—2”1“ | n—29+41
[3. Update]
) Tl(j)
UVY) .= Rem ) RS 6) ,Sn, | € RWXM;
_C[2Jj+1,...,n—1|j]<C[§|j]) 17}] ‘ [n—21+1+1 !
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() G @) \-10)
V) .= Rem T ‘ =Ty (C[J\J]) C[j|2.7'+1 ..... no1] | g | € Ruxns;
‘ In721+1+1 !

: Iy nxn.
U:=U {—W} € R
I2j—1 nxn.

V = |:4‘VW:| V € R x y

Assert: s,A~1 = Udiag(S(©,..., S0, BU+ ¢ R
od

In the j-th iteration, we can bound the cost of Phase 1 by O(27%) operations from R using
Lemma [3.5 It translates to O(27“B(deg s,)) basic operations from K. Using Theorem [1.4]
the cost of Phase 1 simplifies to O(27* B(nd)) basic operations from K. Phase 2 costs
O((n — 27 4+ 1)¥) operations from R which can be achieved by O((n — 27 + 1)~ B(deg s,,))
basic operations from K which simplifies to O((n — 27 + 1)¥ B(nd)) operations from K. The
shape of U, before Phase 3, is

*
v [ * | Ip_oiqy } '

Thus updating U and V is free and the cost of Phase 3 is just the cost of computing UV
and V. Since deg UY), deg V) < deg s,,, the cost of computing UY, VU is bounded
by MM(n,27,27)B(deg s,,) and MM(27,27 n)B(degs,,) respectively, which simplifies to
O((n27“~YB(deg s,,,)) operations from K. Using Theorem this cost bound simplifies
to O((n2?“~YB(nd/27)) basic operations from K. This can be further simplified using the
superlinearity of B and the fast multiplication assumption to O(n*lognB(d))
operations from K. Therefore, the cost of the algorithm is dominated by the cost of Phase 1
and Phase 2. The cost of the Algorithm is bounded by O(n* B(nd)) basic operations from
K. The cost of first two phases is higher than the target cost of O7(n“d). The next idea
deals with reducing the cost of Phase 1, i.e., the Smith decomposition phase.

Notice that the smallest invariant of BY) is s, /s,,_si1. By Theorem , we know that
Sn/8p_2i+1 must divide the entries of BY) and since deg BY) < s,,, deg(s,_2i41/5nBY)) <
deg s,_9i41. We also know that deng(]),degTT(]) < degs,_9ii1, and S,_9i1/5,59) =

diag (S, _2i41/Sn—2511, Sn-2i1+1/Sn—2is - - - Sn_2i41/Sn_2i+1). Therefore
By oo = TSVTY € (Klal/ ()"
s . . . Sp—9j . X . .
A %:HB& ..... 27(1,2,...,27] = Tl(]) (—;JH SU)) TT(J) S (K[aj]/<8n72j+1>)2j><2].

The idea is to reduce the entries of BY) by pulling out the greatest common factor (the
smallest invariant factor) and find a Smith decomposition of BY) working over the ring
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Klz]/{sp_2i41). Now the cost of Phase 1 becomes O(2/“ B(deg s,,_2;11)). Using Theorem
the cost is bounded by O(2/% B(nd/27)). Using superlinearity of B ([L.9)), the bound on cost
of B and the fast multiplication assumption , the cost of Phase 1 is bounded by
O(n® (logn)B(d)) basic operations from K.

Thus the algorithm now becomes:

BO.UV =5,A1 I, I, € R™"
for j from 0 to ¢t do

J=12...,2

nj=n—2+41

[1. Find the Smith Decomposition]

S(J,) = diag(sn—2j+1/$n—2j+1> Sn—2j+1/8n—2j> cee 3n—21+1/$n—2j+1)
j}(j)a W7 T7"(]) = SD(B[(})Lﬂa S(j)> 2j7 Snj) € (K[x]/<8nj>)2j><2];

[2. Eliminate rows and columns|
CV) = diag((Tl(J))_la[n—2j+1+1)B(j)diag((Tr(J))_l,[n_2]'+1+1) € R"*";

SG) } [ Iy \ } , l] . (CJ ) 1O(J
- = |~ 6) cW) | 127 | \M 719 [T|2041,n—1] | -
[ BUH Ci1,m11)(C ) Iz | T ot

BUHY .= In=2itln1 B(i+1).

Sn—2i 41
[3. Update]
U@ — R _ 7Y | | i
:= Rem ( _ C[(2J])+1 .... - 1|j]<0[§|j]) 1T(J) ‘ I wit ] ,Snj> € :
V) .= Rem 7Y ‘ _TT(J)(C[J]J]) lc<}|za+1 ,,,,, _ ,an) € Rmoxn.
n—27+1+1

. Iy 4 .
| faia nxn.
V= {4‘7(?} V e R,

Assert: 5,A™' = Udiag(s,, /5,57, ..., 8,/50-2i415Y), 8, /50 _9i+1.1 BUT))V mod s,
od

The cost Phase 2, i.e., the Eliminate rows and columns phase, still remains higher than
the target cost of O™(n“d) basic operations from K. The basic problem in reducing the cost
of Phase 2 is that the size of BY) can be potentially O(n*d) in terms of number of terms
from K. Subsection develops new ideas to reduce this cost.
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3.2.2 Delayed Updates: the Outer Product Formula

For nonsingular A € K[z]™" with deg A < d, we cannot work explicitly with s,A™" to
compute a s,-reduced Smith decomposition, (U, snf(s,A™!), V), of s,A™! in cost bounded
by O"(n“d), as the size of s,A~! can potentially be in the order of O(n*d) elements from K.
This is the basic hurdle faced by algorithm in Subsection to achieve the O (n“d) cost
bound. This subsection discusses an idea which provides a way out and improves on the
algorithm discussed in Subsection to achieve the target cost. The special shape of U
and V' will be helpful in this cause.

Consider the algorithm developed in the end of Subsection [3.2.1] The following is
the shape of U, diag(S©), s7/s65".s7/s,B?) and V after the 1-st iteration on a matrix
A € R™7. Note that the iterations are numbered from 0.

5(0) (0)
Vil
1
s7/565) Vo
v yw
Py ezl s7/54B® .

Due to the structure of U,V and diag(S©, ..., s,/8,_214159, 8, /8p_0i+1,1BUHD) we
can modify our assertion. Let

— . 0 Lo ' j
Uo) — W‘ e R V) = [ 0 ‘ V{iﬂ% .- ] c RYxn.
[%]1,2,...,29] 2,

After j-th iteration, we can assert

p@
Y AN 0
s, A7l = (Z Sn/Sn—ziHU(l)S(Z)V(l)) +8n/Sn_pit141 [#W] € R™™. (3.11)
i=0

Let :
J

pu) — an/sn_QiHU(“S(i)V(“ mod s, € R™™, (3.12)
i=0
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Rearranging the terms in (3.11]) we get

[ 0 B(j+l) } _ Sp—2i+141 (SnA_l i P(j)) c Rnxn' (313)
Sn

Further observe that to compute UU+Y and V(j+1), the algorithm needs only BYUTY =
Rem(B[(f;}.).’y'*],sn,zjﬂ) and BY™Y = Rem(B[(jr{,lQ)’“_’y],sn,yﬂ). This can be done effi-
ciently in cost bounded by O(n* log nM(d)) operations from K. See Section for details.
Figure describes the algorithm to get a reduced Smith transform of A or a reduced

Smith Decomposition of s, A~ (Lemma [3.3).

For the j-th iteration, the cost of Computing BY and BY phase is bounded by
O(n*lognM(d)), using Lemma [3.8] As proved in the end of the last section, the cost of
Smith decomposition phase is bounded by O(n“(logn)B(d)) basic operations from K. The
cost of phase 3 and phase 4 is bounded by the cost of multiplications of matrices of dimensions
27 x 27 and 27 x n, where every term is reduced modulo s,,_s; 1. Therefore the cost is bounded
by O(n/27 27“B(deg s, _2i11)). Using Theorem fast multiplication assumption (|1.6)),
and superlinearity of B (1.9)), we can simplify this bound to O(n“(logn) B(d)). We can now
state the following result

Theorem 3.6. Algorithm RST in Figure[3.4is correct. Its cost is bounded by O(n* (logn)? B(d))
basic operations from K. We assume M(t) € O(t*~1) for t € Zy.

3.2.3 Computation of Béj) and Bﬁj)

In this subsection we show how to efficiently compute Bﬁj ) = Rem(B[(f’)2 77777 23] Sp_9i41) and

BY) — Rem( B[(f‘)l I Y +1)- We calculate these quantities over K[z| and then reduce
them over R using ¢;, . For this subsection, we avoid the use of ¢ to keep the presentation

simple. Whenever for an object a over R, we state a over K[z] we imply ¢, !(a) over K[z].

Using (3.13),

0 Spn—2i+1 1 i—1 nxn
[%Bj } . (spA71 = PUD) mod s, € Klz]™"

i
A RN ; ) J
= [0|BY] =10/L0] (Sn; = (snA™" = P(J_l)) mod sn) mod s,_g4; € K[z]**"

(3.14)
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RST(A, 5)
Input: Nonsingular A € K[z]"*", Smith form S € K[z]"*™ of A, with d = deg A.

R = Klz]/{sn)-
spA~l = ¢ (s, A7),
Condition: e degs, A~ < degs,.

° snf(snA—l[1"“7””“@]) = diag (S” Sn_  —Sn ) € R 1 <i<n.

Sn? Sp—1""""7 Sp—i41

Output: (U, V) € K[z]"*", a reduced Smith transform of A or fail if the second condition is invalid.
[ Working over R: Computing a reduced Smith Decomposition of s, A=1 ]

BO. UV =s,A"11,,1I, € R™"
for j from 0 to ¢t do
[1. Compute B, B,]
J=12,...,2
nj=n—2+1
BY :=Rem([ I; |0 ] BY), s, 9i4,) € R¥*ms;
ng) := Rem(BW) [ I; ‘ 0 ]T,sn,gjﬂ) € R”jx2f;
[2. Find the Smith Decomposition]
S(j_) = diag_(sn—zfﬂ/sn—zfﬂ’ Sn—2i41/Sn—2is-- - 3n—2i+1/<_‘>‘n—_2a'+1)
T W, T = S0(BY 171, 89,2 5,) € (K[a (5n,)) %5
[3. Eliminate rows and columns]
C,Ej) — Rem((Tl(j))_lBT(»j), Snj) c RQjX";
cY) = Rem(ng)(TT(j))’l,snj) € Rmx?;

70) |
) 7o) ey gy 18y | € RN
_(Cb )[2j+1,...,7z—1|*]((oc )[j‘*]) T‘l ‘ In_2j+1+1 ’

V& = Rem ([ T | T () ) C ) i 41, m ) } Sn) € Rixn;
| I oi+1 4 !

o 19) o

U(J) = {W] R X2 :

V@) .= [ 0 ‘ 174€)) ] c R2-j><n;

Assert: s, A~ = (Zgzo sn/sniU(i)S(i)V(i)) + 5n/5n,4, {L‘@W] € R

od

[4. Update]
U .= Rem (

P € K[z]"*™ be a Permutation matrix with 1 on the anti diagonal.
return P¢_! ([ (VOHT | ... | (vnHT ]T) ([ TO | [ U® ) P e Kl

Figure 3.2: Reduced Smith Transform
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19
0

@) j j 7 J
|:W:| = (Sn—2 +1 (SnA_l _ P(J—l)) IIlOd Sn) Igj mod Sn,2j+1 € K[l’]nXQ .
S

n 0

(3.15)
The problem of computing BY) and the problem of computing BY) are similar. Thus let us
consider computing B((;j ). Note that [C(J )is a scalar matrix and hence

(Sn—21+1 (SnAil _ P(jfl)) mod sn) [c(j) mod s, _9j11

Sn

_ (Sn—27+1 (SnAfljc(j) _ p(jfl)[c(j)) mod sn) mod $,_9j 41

Sn

Note that even though s, 9i41/5n (spA™1 — PU™D) is over K[z], s, 21 A7 I and

Sp_2i+1/5n PYU™VIJ may not be over K[z]. Thus, to get BY we compute the series expansion

of Rem(s,_sis1 A~ 17, 5,) and Rem(sp_oi41/5. PU"DIY 5,) over K[[z]] up to a required
precision.

To bound the precision, as in [30], we make use of the following fact.

Lemma 3.7. Let a, N € K[z| with N nonzero. Then a = Rem(a, N) if deg N > dega + 1.

We can bound the degree of s,,_2i.1/5y (snA_lfc(j) — P(j_l)lc(j)>, using (3.7)), (3.12) and
Theorem [1.4]:

deg Sn-241 (snA’lLEj) — P(jfl)lc(j)) < degs, —degs, +degs, 21

Sn
= deg s, 941 < 2.
Using Lemma [3.7], we get
Sn—2i+1 (SnA—IIC(j) _ P(j—l)]c(j))
Sn
" W

= Rem | s,,_9i4+; Rem A_llj,x”d/2j —$,_9i4+1/5n Rem (Rem(PU—VIW) . ,x"d/2j ,x”dﬂj
+ c + c

and as $,,_oi41 | Sn, we get that

Rem (Rem (M (snA_llc(j) — P(j_l)lc(j)) ,sn) ,Snzj+1)

Sn
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nd/27
= Rem (Rem <Sn72j+1W1 - Sn72j+1/3nW2a a"? > 7Sn72j+1> :

Wi can be computed in cost O(n* lognM(d)) using the high order-lifting techniques in [28|
Section 9]. For the computation of W5 we use the techniques developed in Section .
Algorithm describes how we compute Ws.

From (33.12)), we know:

j—1
P(j_l) = Z Sn/3n72i+1U(i)S(i)‘7(i) mod Sp € K[‘r]nxn'
i=0
Therefore
Rem (PU~019 5,) =397 Rem (gn [$n—2i UDSOVO LI, sn>
Us Vs
- SN

=30 8n/Sn_gip Rem | UOSOVOTO) g 0y

This implies
W, = Rem (Rem(P(jfl)]c(j), Sn); Ind/2j>

= 37 Rem (Rem (UsVy, Sp—2ii1) ,x”d/2j>

In iteration 7 of Algorithm we compute Rem (Rem (UgViy Sp—9itq) , ™Y Qj) by invoking

Algorithm . Recall U € K[z]"*? VO e K[z]**", §O) € K(z)***. Computing U, is just
multiplying every entry in the k-th column of U® by SZ»(E), for 0 < i < 2¢. Since every entry
in S is a proper fraction or scalar, deg U, < deg U®. The cost of computing U, is bounded
by n2'M(deg s, _giy1). Using Theorem [I.4] we can bound this cost by O(n2'M(nd/2?)).
This bound can be further simplified to O(nM(nd)) by using the superlinearity of M.
The nonzero entries of V, are read of from the corresponding entries in V?, thus it entails no
cost. Lastly the cost of PartialProduct operation is bounded by O(nM(nd) + n* M(d)),
using Corollary 2.9 Thus the total cost of one iteration of Algorithm is bounded
by O(nM(nd) + n¥ M(d)). Using the fast multiplication assumption (|1.6]), we can bound
the cost of each iteration by O(n*M(d)). As j is bounded by logn, the total cost of

Algorithm [3.3]is bounded by O(n“(logn) M(d)). We can state the following lemma:

Lemma 3.8. BY) and BY can be computed in O(n¥(logn) M(d)) basic field operations
from K. We assume that M(t) € O(t*~1) for t € Z~y.
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Computing Rem(Reng(P(j—l)[éj)’ 5n), 272
Input: sy, (s,-2011, 0%, SO, VO) . YV|N

Output: Rem(Rem(sn,yH/snP(J'—l)[éj)’ sn),xnd/y) c K[[.IH”XZj

for i=0toj—1 ' _
Comment Calculating Rem(Rem(s,, /s, 941 TOSOYOTD) g ) and/?)
U, .= Rem(UDSD s, 0 ,1) € K[z]™*?;
V, = VI € K[a]?*m,
Ti—; := PartialProduct(s,/s, oiy1, Us, Vs, Sn, [nd/277) € K[[z]]™*"

od

i—1
return Z;:O Thej

Figure 3.3: Computing Rem(Rem(P(j—l)Ic(j), Sn), x”d/Qj)
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Chapter 4

Diagonal Entries of the Hermite
Form

Throughout this chapter let A € K[z]"*™ be nonsingular with degree d.

In this chapter we show how to pass over the Smith form of A in order to recover the
degrees of the diagonal entries of the Hermite form of A. The algorithm actually recovers
the diagonal entries and not just the degrees, but it is the degrees that will be required
by our Hermite form algorithm in the next chapter. Section details a way of efficiently
computing the Hermite form of a matrix where the largest invariant factor of the input
matrix is small. Some mathematical background and previous results are developed and
recalled in Section [4.2] Finally, the algorithm for computing the diagonal entries is given in
Section [4.3]

4.1 Hermite form via Howell form

The classical method to compute the Hermite form is to work modulo the determinant [8| [7,
16, 17, [14]. Given Rem(A, det A) and det A, this leads to an O(n“ B(degdet A)) algorithm
for computing the Hermite form. For some input matrices, though, the largest Smith
invariant factor may be much smaller in degree than the determinant of the matrix. The
following example shows a matrix of the type we might expect to encounter in our algorithm
to compute the diagonal entries of the Hermite form. Note that the largest invariant factor
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of the matrix is 2%, while the the determinant of the matrix is 2™
- xd —
o
d
T 2nXx2n
1 » € Klz|
1
E * 1 ]

To make the cost of computing the Hermite form sensitive to the largest invariant factor,
we work with precision just enough to contain the largest invariant factor. For nonsingular
A € Klz]™™, let s, be the largest invariant factor. We will work over R = K{[z]/(zs,) (see
Section for details on the proscribed set of associates and residues in R, and the basic
operations in R). The ring R is not a PID because of the presence of zero divisors and
hence the Hermite form is not a canonical form over R. For example both of the following
matrices are in Hermite form over Z;[z]/(z® + 22%), and they are left equivalent over R.
The largest Smith invariant of the matrix on the left is 22 + 5z + 6 over K|z].

{QHQ 1 }EL {QHZ 1 € (Zg[2]/(2” + 52” + 62)) 7.

x+3 22 +5x+6

We need to introduce some notions over R, which will be helpful in the computation of the
Hermite form of A € K[z]™*™.

Let R be any principal ideal ring. For a matrix A € R™*™ we write S(A) to mean the set
of all R-linear combinations of rows of A and S;(A) to mean the subset of S(A) comprised
of all rows which have first j entries zero. We can now define the Howell form over R.

Definition 4.1. Corresponding to every A € R*™*™ is an H € R**™ that satisfies:

1. Let r be the number of nonzero rows of H. Then the first r rows of H are nonzero.
For 0 <i <r let H[i,j;] be the first non zero entry in row i. Then 0 = jo < j; <
jo < e < g

2. H[i,j:] € AR) and H[k,ji] € R(R, H[i,5;]) for 1 <k <i <r.

3. Rowsi+1,i+2,...,r of H generate S;,(A).

H is the Howell canonical form of A [15].
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For the rest of this section let R = K[z]/(zs). Recall from Section[L.2)that ¢y, : K[z] — R
is the homomorphism ¢,,, (a) = Rem(a,xs,), for a € K[z]. For any b € R, we defined
¢, (b) as the unique element of R(K[z],xs,) that maps to b under ¢. For example if
b=3x+1¢€K[z]/(x®+ z), then qb;31+x(3x +1) =3z + 1 € K[z]. For a matrix A € K[z]"*™,
we write £(A) to mean the set of all K[z]-linear combination of rows of A. The next two
lemmas show how we can compute the Hermite form of a nonsingular A € K[z]"*", by

passing over the Howell form of ¢, (A) over R = K[x]/(zs,).

Lemma 4.2. Let A € K[z]"*" be nonsingular with Hermite form

hy hig - ZLln ]
b |
and Smith form )
51
S = >
Sn .

Then h; | s, for 1 < i <mn. Furthermore, for any s € Klz] we have s, | s if and only if
sl, € L(A).

Proof. Let s} be the ged of all ¢ x ¢ minors of A, where sj is defined to be 1. Let h} be the
ged of all ¢ x ¢ minors of A1 2,4, where hf is defined to be 1. We know from Theorem
and Theorem that s; = sf/si_, and h; = hj/h;_,. Note h = s, therefore h,, | s,.
Hence s,I[n,*| € L(A). We can swap columns ¢ and n in A and repeat the whole argument
and swap the columns i and n back to get that h; | s, and s,I[i,*] € L(A). Therefore
spl € L(A) and hence sI € L(A) if s, | s.

To complete the proof we prove that if s/, € L(A), then s, | s. We know that s, € L(A),
which implies that sf,, = U’'A, for a nonsingular U’ € K[z]"*". Since snf(A) =S, A =USV,

for some unimodular U,V € Klz]**". Therefore

s, =UA
& sl, =UUSV
& sVl =U0US
& sl, =VUUS,

where VU'U is nonsingular over K[z], hence si,, € L(5), thus s,|s. O
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Lemma 4.3. For nonsingular A € K[z]"*™ and nonzero s € K[z| such that sI,, € L(A), we
have

Hermite(A) = ¢ (Howell(¢,5(A))). (4.1)

Proof. Let H be the Hermite form of A over K[z] and let R be the residue class ring
R = K][z]/(xs). To prove the result it will suffice to show that H = ¢,,(H) € R™" is in
Howell form over R.

The definition of the Howell form is given in Definition [4.1} Note that the first condition
of the Howell form is satisfied by H by definition of Hermite form given in Definition as
H is upper triangular. For H to satisfy the second condition of Definition it is enough
to show that the diagonal entries of H are divisors of zs. Since xs € L(A), by Lemma
the diagonal entries of H divide xs.

We shall now show that H obeys the third property as well, i.e., rows i +1,i +2,...,n
of H generate S;(A) over R. We now prove the third property for i = 1. Let 7 € S1(A):
= @ H[1, %]+ ayH[2, ]+ - + a,H[n,*| € S1(A) over R,
= a H[1,%]| + aaH[2,%] + -+ - + a, H[n, ] € K[z], (4.2)

|

where a; = ¢} (a;), 1 <i < n. Therefore

s

T = Qus (T)

Since 7[1] = 0, by definition of S;(A), @, is an annihilator of H[1,1], i.e., aH[1,1] =0 € R.
This implies that for some ¢ € Klz],

a1 H[1,1] = ¢(zs) € K|z].

We know that sI[1, %] € L(A) over K[z]. Thus
cesl[l,+] = [ ayH[1,1] 0 --- 0] € L(A). (4.3)
Hence subtracting [4.3] from [4.2] we get 7' € £(A) with '[1] = 0:
v =1 —cszl[l,%] € S;(A) € K[z]"*".

Note that
T = ¢us(r’). (4.4)

Since over K[z| the Hermite form is also in a Howell form, rows 2,3,...,n of H can
generate 1’, i.e.,

v’ =byH[2, %] + bsH[3,%] - - - + b, H[n, x| € K[z]
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for some b; € K|z].

By (4.4), 7 = ¢us(r’). Thus 7 € Si(A) over R can be generated by rows 2,3,...,n
of H. By induction on 4, 1 < i < n, we can argue that S;j(A) is generated by the rows
1+ 1,24+ 2,...,nof Hover Rforall1 <i<n. O

Using (4.1)) and the result from [32], Section 4], [26, Proposition 4.8] on computation of
Howell form we have the following result.

Theorem 4.4. Given a nonsingular A € K[z]"*" together with a nonzero s € Klz| such
that sI € L(A), the Hermite form of A over K[z] can be computed in O(n* B(deg s)) basic
operations from K.

We like to comment that for s = xs,, all the conditions in Theorem are satisfied,
where s,, is the largest Smith invariant factor of A. The conditions in Theorem are
also satisfied for s = z det(A). Thus we can compute the Hermite form of a matrix via the
Howell form in cost bounded by O(n¥ B(nd)). If we know s, then we can compute it in
cost O(n¥ M(deg s,,) + n* B(deg s,,)) basic operations from K. The O(n? B(deg s,,)) part of
the cost is just to reduce all the entries of the input matrix modulo xs,,.

4.2 Hermite form via kernel basis

The Hermite form is a canonical form for left equivalence over K[z]|. Recall from Section
that a Hermite form H is the Hermite form of A if H is left equivalent to A: H = UA for a
unimodular transformation U. Solving for U gives U = HA™!. The following lemma gives
an alternative, equivalent criteria for a Hermite form H to be left equivalent to A that does
not explicitly involve U.

Lemma 4.5. A Hermaite form H is the Hermite form of A if degdet H < degdet A and
HA™ is over Klz].

To obtain a more compact representation of the matrix A=! in Lemma we will pass
over the Smith form. Recall from definition corresponding to A are unimodular matrices
U,V € K[z]™" such that S = UAV = Diag(sy, ..., s,) is the Smith canonical form of A,
that is, each s; is monic and s; | s;41 for 1 <4 < n—1. Solving for A~! gives A~1 = V.S~1U.
Considering Lemma , and noting that U is unimodular, we may conclude that, for any
matrix H € Klz]|™", HA™! is over K[z] if and only if HV S is over K[z]. Multiplying S~*
by s,, the largest invariant factor, gives s,S™' = Diag(s,/s1,. .., sn/sn) € K[z]"*". We
conclude that HV S™! is over K[z] if and only if HV (s,S™!) = 0 mod s,,. We obtain the
following result.
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Lemma 4.6. Suppose S = UAV = Diag(sy,...,s,) is the Smith form of A, where U
and V are unimodular, and let V € K[z]™™ be the matriz obtained from V by reducing
column j of V modulo s;, 1 < j <n. Then a Hermite form H is the Hermite form of A if
degdet H < degdet A and HV (s,5S7') = 0 mod s,,.

The following corollary of Lemma [4.6]is the basis for our approach to compute the
diagonal entries of the Hermite form of A.

Corollary 4.7. Let V and S be as in Lemmal[{.6 The Hermite form of

S ] 2nx2n
has the shape )

]Tl L 2nx2n

[ T € Klz] , (4.6)

where H is the Hermite form of A.
Proof. First note that

S |5

v v

where V' is a unimodular matrix. It follows that the principal n x n submatrix of the
Hermite form of the matrix in (4.5)) must be I,,. It remains to prove that H is the Hermite
form of A. The unimodular transformation that transforms the matrix in to its
Hermite form in must have the following shape:

s L] =[]

The result follows as the last n rows [ —HVS ! ‘ H ] of the transformation matrix are a
left kernel basis for
S
vl

Theorem 4.8. Let A € K[z]™" be nonsingular of degree d. If #K > 8nd, matrices S and
V' as in Lemma[{.0 can be computed in a Las Vegas fashion with an expected number of
O(n¥(logn)?B(d)) operations from K.

]
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Proof. First compute a row reduced form R of A using the algorithm of [11], or the
deterministic variant in [I2]. Then transform R into R’ = LRU, where L € K™*" is a
unit lower triangular matrix and U € K™*™ is a unit upper triangular matrix with the non
diagonal, non zero entries filled with elements from K, chosen uniformly at random. Note
that R’ is still row reduced. This ensures that with probability at least 1/2 the preconditions
of Algorithm RST in Figure |3.2] are satisfied. We can now use the RST algorithm to get
(U', V"), a reduced Smith transform of R’ in the allotted cost (Theorem [3.6]). Finally we
reverse the preconditioning to get V = UV". [

4.3 The algorithm for diagonal entries

Corresponding to a nonsingular input matrix A € K[z|"*" of degree d, let S and V be as
in Lemma Instead of working with the matrix in (4.5)) it will be useful to reverse the
columns of V. To this end, let P be the n x n permutation matrix with ones on the anti
diagonal. Note that post multiplying a matrix by P reverses the order of the columns. Our
input matrix has the shape

_ [P S | P |
o = [ ] e
s, _
Sn—1
_ S1 c K[x]QnX2n (4 7)
* * eeox |1 ’ ’
1
BE * R 1 ]

and satisfies the following properties:

1. Diag(si,...,s,) is the Smith form of A and hence satisfies > 7, degs; = degdet A <
nd, where d = deg A.

2. Off diagonal entries in column j of G have degree less than the diagonal entry in the
same column, 1 < j <n.

Our goal is to recover the last n diagonal entries of the Hermite form of G. The standard
approach to triangularize GG, without any regard to cost or concern for growth of degrees, is
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to use extended ged computations and unimodular row operations to zero out entries below
the pivot entry in each column.

for j from 1 to 2n — 1 do
for ¢ from j + 1 to 2n do

(9, 8,1, u,) := Gedex(G1j, 5], Gli, 71);
ErIE ik
od
od

Note that, for j = 1,2...,n — 1, the first n — j iterations of the inner loop do nothing
since the principal n x n block of G remains upper triangular during the elimination;
omitting these vacuous iterations, the following example shows how the shape of the work
matrix changes as in the case n = 3:

S3 O x ok ok | % %
S So 52
— —
1 * | %k
1 1 *
1 1 * 1
EREEEErE s [« x x|
S9 *
S1 S1
— — —
*
x ok |k %
” x ok |k % %

Note that even after only the first column has been eliminated, the upper triangular
structure of the trailing n x n block has been lost, thus necessitating that j range up to 2n.
Our first refinement of the algorithm is to reverse the order of elimination of entries in the
southwest block of GG, thus preserving the upper triangularity of the southeast block.

for j from 1 to n do
for : from 2n by —1to n+ 1 do

(9, S,f,u,v) 1= cheX(G[j,j],.G[i,j]);
ES I
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od
od

The following example for n = 3 shows how the shape of the shape of the work matrix
changes during the first few iterations:

S3 i EE x| ¥ x % x k]
So S9 52
S1 S1 S1
*
1 *
1 *
x % x k| [ T
59
S1 S1

— — — -

Initially, we assume that the offdiagonal entries in GG are reduced modulo the diagonal
entry in the same column. As the algorithm eliminates entries in column j, we can implicitly
perform unimodular row operations to reduce entries in column j + 1,...,n modulo the
diagonal entry in the same column. In the following example, entries that are kept reduced
modulo the diagonal entry in the same column are represented by *.

S3 i EREEE: x| R % k|
So S9 52
S1 S1 51
* ok ok * % ¥ % %
* % X 1 * 0k * Ok *
* ok ok i i * ok * | i * Ok i
¥ % * k| * * k|
S9 *
S S
- | : e (4.8)
* % * % *
* Ok * * i
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The second refinement of the algorithm is to keep the % entries reduced modulo the diagonal
entry in the same column during the elimination.

for 5 from 1 to n do
for i from 2n by —1 to n+ 1 do

(9,8, 1,u,0) := Gedex(Gj, 51, Gli, J1);
Glj.5], Glis j] = 9,0

U::{S t};
u v

for k from j + 1 to n do

G | = e (0 G o)
(f)ci';_ k fItom_n +1 to 2n' do
ek
od
od

od

Notice in that entries in the last n columns of the work matrix G are not kept
reduced and can suffer from expression swell. However, our goal is to recover only the
trailing n diagonal entries of the last n columns of the triangularization of G. To avoid
the cost associated with performing the unimodular row operations on the last n columns
of the work matrix, we can exploit the special structure of the work matrix and modify
the elimination procedure to only keep track of the the last n diagonals. The following
illustrates our point with an example for n = 3. Let

53
59
S1

a; x % 1
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The first elimination step computes the extended ged of s3 and ay, (g,$,t1,u,v;) =

Gedex(ss, a1), and updates the work matrix to have the following shape:

s t S3 g * x ty
S9 S92
1 S1 _ 51
1 1 a * 1
a9 1
| Uu U1 1L ay ] L U1 i
Continuing the elimination gives
* ok ok t ] [« * ty x|
52
S1 S1
* 1 - as 1
as 1 Vg  k
U1 | | U1 |
[« o+ x| t3 x x| [ % * % * ]
S 17
S1 S1
—
* ok | Vg ok V3 ok *
* Uy U2 *
Q4 O | U1V4 |

The key observation is that, although the offdiagonal entries in the last n columns are
modified during the elimination, they never affect the last n diagonal entries entries which
will depend only on the v; computed by the calls to Gedex. Our third refinement of the
algorithm is to avoid storing and updating any of the offdiagonal entries in the last n
columns of the matrix. Instead, we can keep track of the last n diagonal entries using a
vector D € K[z]"*". Thus, now we work on

o- [t [ e

For n = 3, the following shows the state of G and D during the execution of Algorithm
DiagonalHermite in Figure 4.1l Here v; is the value of v on the i’th call to Gedex in the

(4.9)

instead of G in (4.7)).
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DiagonalHermite(S, V)
Input: e S € K[z|"*", the Smith form of a
nonsingular A € K[z]"*" of degree d.
o Ve Klz]™", deg Col(V,j) < degs;, 1 < j <n.
Output: D € Z'™", the degrees of the last n diagonal entries

. . S
in the Hermite form of {VH] .

Let P be equal to I,, with columns reversed.

L P S
Initialize G = [—‘T] [V] P.
Initialize D = [1,...,1].

for j from 1 to n do
for i from 2n by —1 ton+ 1 do

(9,8, t,u,v) := Gedex(Glj, 7], G[i, 7]);
G[.]m?]vG[Z?]} = gaOa

s t
U= [u ! }

for k£ from j + 1 to n do
U :=Rem(U, $p—k+1);

d[ g[[‘z: g ] = Rem (U [ g%: ];]] } 7Sn—k+1)
(l))[z?—n} :=Dl[i—n] xv
od
od;
return [deg D[1],...,deg D[n]]

Figure 4.1: Algorithm DiagonalHermite
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above algorithm.

[ s i KRS EREEEE [ % i
S92 S92 S92
G sLlo s s s
* ok * *
* % * *
i ko k| | ko k| i * k| i * |
D = [ L 1 1} I L 1, v } [037 V2, V1 ] [U37 V2, U1U4]

We now bound the running time of Algorithm DiagonalHermite in Figure During
the elimination of column j, entries in column j remain bounded in degree by the diagonal
entry, a divisor of s,,_;4+1. Thus, each call to Gedex is bounded by B(deg s,,—;4+1) operations
from K. The cost of all n* calls to Gedex is thus bounded by ny~7_| B(degs;) < nB(nd),
using > 7, degs; < nd.

The cost of applying the transformation U, in each iteration of i, is bounded by
Yol g+ M(deg si) for some constant ¢; > 0. For every column j, the total cost of
applymg transformations is bounded by nc; Y] i+ M(deg sx). Thus the cost of applying
the transformation U, in all iterations, is bounded by

n n—j+l1

ney Z Z M(deg si) < cin® M(nd),

j=1 k=1

using the superlinearity of M and that fact that Z?zl degs; < nd.

Each entry in D is updated n times and also at any time during the execution of the
algorithm )" | deg D[i] < nd. This provides a bound for the cost of all updates to D as

O(nM(nd)).
We obtain the following result.

Theorem 4.9. Algorithm DiagonalHermite in Figure s correct. The cost of the
algorithm is O(n? M(nd) + nB(nd)) operations from K.

4.3.1 Via matrix multiplication

In this section we adapt Algorithm DiagonalHermite in Figure to a faster version using
matrix multiplication. For the sake of simplicity assume that

n_ZT—Qt“
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This assumption can be made without loss of generality as we can always embed S and V'
into matrices diag(/, S) and diag(0, V') to get the required dimension and the new dimension
shall at be at most twice of the original dimension.

We now introduce blocking. Figure shows a block decomposition for a 14 x 7 matrix

- [

from (4.9), where P € K[z]"™*" is a permutation matrix with 1 on the anti diagonal. The
lower part is 7 X 7 matrix, we add a additional 0 row at the bottom for convenience of
blocking.

Thus, for G € K[z]*"*", instead of working on each entry one by one as in Algorithm
DiagonalHermite in Figure [4.1], we shall split V, the lower part of G, into square blocks of
sizes 2¢, for i = 0,...,t. For keeping things simple, we pad V with an extra zero row to
keep the dimension of V' as 27! x (271 — 1). We iterate on each block in the same order
as we did in DiagonalHermite algorithm. For n = 7, Figure 4.2 shows the partition of the
lower part of G. The numbers on the blocks are the order in which the algorithm iterates
on the blocks.

Working over blocks instead of individual entries of the matrix, requires appropriate
changes in the Eliminate, Apply Transformation and Update Diagonal steps of the algorithm.
Figure [4.3] gives the basic scheme of BlockDiagonalHermite Algorithm. Figure [4.4] shows
the shape of the matrix G before and after an iteration of BlockDiagonalHermite algorithm.
The matrix on the left in Figure [1.4]is the shape of the matrix before Block Eliminate Phase
and the matrix on the right is the shape of the matrix after Apply Block Transformation
Phase. Non shaded area represents zero entries. The area boxed in the rectangle containing
rows indexed by elements from S is the area affected by Apply Block Transformation Phase.

In Phase A, we compute the Hermite form H of W in cost O(2/% B(deg s,,_2i,1)) using
the result in Theorem [£.4] To see that s,_oi411 € L(W), note snf(W) = diag(I, snf(Gz 7).
If we can show that s,,_si 41 is a multiple of the largest invariant factor of G 7, then by
Lemma [4.2] we are done.

Initially Gf;))j = diag(Sp_2i41, Sn_2i, - - - y Sp_2i+142), hence s,_9; 1 is the largest invariant

factor of GE;),)J' In the next iteration, Gf;?j is the Hermite basis of

Gy
G 0

j’z-

By Lemma , Sn_oi11 18 a multiple of the largest invariant factor of GE,;) 7~ Using similar

arguments, s, 9,1 is a multiple of the largest invariant factor of Gf;) 7
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S7
56
S5
S4
S3
S2
S1
8
7 (12
6
5 |11 14
4
3 110
2
119 13

Figure 4.2: Blocking to compute the diagonal entries of the Hermite form.

Each iteration of Phase A costs O(2/“ B(deg s,_i;1)) operations from K. For every
j = 0,1,--- t, there are O(n/2’) iterations. We shall now use the following fact from
Theorem [L.4]
deg sy < nd/(n—k+1)

Thus there exists ¢, > 0, such that the total cost of all Block Eliminate steps is bounded by

¢ Zzﬂ (nd/27) x nj2 < ¢ Zzﬂw )B(n/27) x nj2’,

7=0

using the superlinearity of B (1.9). We now use the fast multiplication assumption (|1.6))
along with the bound on B (1.8 to get B(t) € O((MM(t)/t)logt) and hence there exists a

63>OZ
t

c2 Y (27 B(d)(n/2')* x log(n/2')) < c3(n” B(d Zlog n/2%)).

J=0
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BlockDiagonalHermite(V,S)

Input: V € K[z]"*", diagonal matrix S € K[z]™*™ is the Smith form of nonsingular A € K[z]"*", with
d=degA.

Output: D € Z'*" | the vector containing the degrees of the trailing n diagonal entries of the Hermite form

s

Initialize D :=[1,1,...,1];

P is a n x n permutation matrix with ones on the anti diagonal;

o- [

for j from 0 to ¢ do
J = (27,...,20 —1);
for i from 2n + 1 by 27 to n+ 2/ do

T:=(G—-2"4+1,...,i);
A'[Block Eliminate]

w
—_—
{ Hy | Hy } := Hermite ({M‘i}), JFH=¢-r (Howell(gps .. (W)))*/
GI“_7 I o9 —27 41 n—27 41

-2

GIJ !

B:[Apply Block Transformation]
—
G |
U=H J.J }
[ —Gr Gy |1

for k from j+ 1 to ¢t do
C=(2F 28 +1,... 21 —1);
U :=Rem(U, s,,_or_1);

| G e (v G5 o)

od

C:[Update Block Diagonal]

for every index k in Z do
D[k] := DI[k] x Hylk — i+ 27];

od

od
od

return [deg D[1],deg D[2],...,deg D[n]]

Figure 4.3: Algorithm BlockDiagonalHermite
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R Wy R Wy

Figure 4.4: Shape of the work matrix after an iteration of Algorithm BlockDiagonalHermite

in Figure [£.3]

Thus the cost of all Block Eliminate steps is O(n®(logn)? B(d)).

Now let us account for the cost of Phase B. The following lemma shows that the cost of
all Apply Block Transformations is bounded by O(n*(logn)? M(d)).

Lemma 4.10. The cost of all iterations of Phase B in BlockDiagonalHermite is bounded
by O(n®(logn)?>M(d)). Assuming that that M(t) € O(MM(t)/t).

Proof. Note that GGz 7 is in Hermite form. Thus G}}J is a proper matrix fraction. Hence
degU < deg H < deg(s,,_2i41). Therefore, there exists a constant ¢, > 0, such that each
iteration of Phase B costs

t t
ca(MM (2, deg s,—ai1)+ > MM(27,27,2% deg s, or_1)) = ca(Dd_ MM(27,27,2%, deg s, 1))
k=j+1 k=j

operations. Also for every j there will be O(n/27) iterations. Using the properties of
MM; (1.5) and (1.4]), we can state that there exist constants cs, cg > 0 such that the total
cost of all Apply Block Transformation steps is:
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t t t t
cs (Z n/2’ Z MM (27,27, 2% deg 3n2k1)> = ¢ Z n/2 Z 27+ 2F=IM(deg Sn2k1)>
=0 k=3 =0 k=j
t t
= ¢ |n Z 21(w=2) Z 2FM (deg Sn_gk_1>>
i=0 k=
t k
= oo [n) 2"M(degs, o 1) Y 2ﬂ'<w—2>>
k=1 =0

t
2¢6 | n Z 2FM(deg Sn_gk_l)k2k(w_2)>

k=1

IN

t
= 2| n Z k2F@=DM(deg 3n2k1)>

k=1

IN

2 | n zt: k2’f<w—1>|v|(nd/2k)> (4.10)

k=1

< 2 nzt:ka(w-l)M(n/Qk)M(d)).

k=1

Note that in ([£.10]), we use the bound on the degree of Smith invariants in Theorem [1.4]
Now we use the assumption that M(t) € O(MM(t)/t). Thus, there exists a ¢g > 0 such that
the cost of all Apply Block Transformation steps is bounded by:

25 <i k2k(“’)n/2kM(n/2k)M(d)> < ¢ (i kn® M(d))

O

The cost of Update Block Diagonal steps remains the same as in the iterative case, that
is, O(nB(nd)). Thus, the total cost of finding the diagonal entries of the Hermite form of A
using matrix multiplication, given S and V such that A = V.S7!x, is O(n*(logn)? B(d)).

We can now state the following result.

Theorem 4.11. Algorithm BlockDiagonalHermite in Figure[].5 is correct. The algorithm
uses O(n®(logn)?B(d)) field operations from K. This cost estimate assumes that M(t) €
MM(t)/t.
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Chapter 5
Diagonal to Hermite Form

In this chapter we will recover the Hermite form of a nonsingular matrix A € K[z|"*", using

the information about the Smith form of A, the reduced Smith decomposition of A and the
degrees of the diagonal entries of the Hermite form. Section details a way to recover
the Hermite form from a genset for a sub lattice of A. Section gives a way to recover
the Hermite form from the kernel basis of a matrix containing the Smith form of A and
its reduced Smith transform. Finally Section improves on Section to compute a
genset for a sub lattice of A in cost of the order of the matrix multiplication of polynomial
matrices of the same dimension and degree bounds.

We begin by defining some notation. Let e = (ey,...,e,) be a tuple of integers and
U= [ Uy o Up } € K[z]"*". Following [2], the e-degree of u is equal to min; degu; — e;.
We define L¢(A) to be the set of row vectors of £(A) that have nonpositive e-degree, that
is, those vectors u that satisfy degu; <e;, 1 <17 < n.

Definition 5.1. Let L € K[z]**" and e = (ey,...,e,) be a tuple of degree constraints. A
matriz G € K[z]**™ is a genset of type e = (ey,...,e,) for Lo(L) if

e cvery row of G has nonpositive e-degree,

o Lo(G) = Lo(L).

Note that for some tuples e we may have L£(Lo(A)) C L(A). In other words, there
may not exist a basis for the lattice £L(A) for which every row in the a basis has degree
bounded by e. An obvious example is when e = (—1,...,—1), in which case £(L¢(A)) has
dimension zero.
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5.1 From genset to Hermite form

Let d = (dy,...,d,) be the degrees of the diagonal entries of the Hermite form H of a
nonsingular A € K[z]"*". Because H is a basis for £(A), and each row of H has nonpositive
d-degree, we have the following result.

Lemma 5.2. L(L4(A)) = L(A).

The following lemma shows how to recover H from a genset H of type d for L4q(A).
The lemma follows as a corollary of Lemma [5.2]

Lemma 5.3. Suppose H € K[z]™*" is a genset of type d for Lq(A) with m > n and H is
the Hermite form of A. Let L € K™ : Col(L,j) = Coeff(Col(H,j),z%), 1 < j <mn. If
U € K™™ s a nonsingular matriz such that UL is in reduced row echelon form, then UH
will have principal n X n submatriz equal to H, and last m —n rows zero.

Proof. Suppose UH did not have principal n x n submatrix equal to H. Let the 7, j - th
entry of UH be a # 0 for some i, j such that n >4 > j. Since UL is in row reduced form,
the dega < d;. This is a contradiction as we know that the degree of the j-th diagonal
entry of the Hermite form is d;, and from among all rows of £(A) which have first i — 1
entries zero and entry ¢ nonzero, the i’th row of the Hermite form has i’th entry of minimal
degree, 1 <1 < n.

Since the i, j entries of UH are zero for all n > i > j and the degrees of diagonal entries
are same as that of H, by uniqueness of the Hermite form the principal n x n submatrix of

UH is H. O

Example 5.4. Let K = Z/(7), and consider the following Hermite form H € K[z]**?,
together with a genset H € K[z]>*® of type (1,3,2) for L(H):

xr 2241 z+2
H = 2 4+222 z+3 |,
2+ 2

dr 623 +22°24+4 622 +3x+3
x 422 +22°+1 522 +5x+3
H=| = 22+522+1 322 + 3z
3v bad+622+3 4+ ax+1
2z 222 + 2 42 + 22 +5

The following shows the leading coefficient matriz L of H, together with a nonsingular
matriz U € K> that transforms L to reduced row echelon form, which due to Lemma 5.5
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will necessarily have principle 3 X 3 submatriz equal to Is.

U L
216 00 4 6 6 1
26 000 1 45 1
55300 1 2 3 |= 1
6 3 510 3 5 4
23 20 4 2 0 4

UH is equal to the Hermite form H augmented with two zero rows.

5.2 Hermite form via kernel basis

The quantities defined in this subsection will be used in the remaining subsections. Let
A € K[z]™*™ be nonsingular, with the following quantities precomputed:

e The Smith form S = Diag(sy,...,s,) € Klz]"*" of A.

e A matrix V' € K[z]"*™ such that u € L(A) if and only if uV S~ is over K[z]. The i’th
column of V' has entries of degree less than degs;.

e The degrees d = (dy, ..., d,) of the diagonal entries of the Hermite form H of A.
Let R:= —HVS™! € K[z]"*". Then

S
[RH][V]_O. (5.1)
Since column i of V' has degree strictly less than degs;, we have deg R < D where

D = max;d; — 1. Let D = (D,..., D), of length n. The matrix [ R ‘ H } is a basis

(with all rows of nonpositive (D, d)-degree) for the left kernel of | S| V' }T. In fact, by
Lemma , to recover H it will be sufficient to compute a genset | R | H ] of type (D, d)
for Lipa)(| R ‘ H }) The next subsection computes such a genset using fast minimal

approximant basis computation.

We remark that the transformation of a canonical form computation to that of a kernel
computation is used in [2, B]. In particular, note that

A
[UH}[IH]_O. (5.2)
The setup in ([5.2)) requires no precomputation, and is useful if the unimodular transformation
U to achieve the Hermite form is also required. What is important in our approach shown
in ([5.1]) is the shape of the input problem: we will exploit the fact that S is diagonal, with
sum of column degrees in both S and V' bounded by nd.
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5.3 Hermite via minimal approximant basis

Let G € K[z]"*™ and e be a tuple of nonnegative integers. The entries of e may be
considered to be degree constraints. Recall that an order N minimal approximant basis
(or o-basis [1]) of type e for G is a nonsingular and row reduced matrix M € K[z|"*" such
that MG = 0 mod z". The minimality condition means that the rows of M have e-degrees
as small as possible.

Lemma 5.5. Let M € K[z]*"*?" be an order N = D + degs,, + 1 minimal approximant

basis of type (D, d) for [ S ‘ VT }T. The submatriz of rows of M that have nonpositive
(D, d)-degree comprise a basis for £([ R ‘ H })

Proof. Let v € K[z]*?" have nonpositive (D, d)-degree. The order N is high enough that
U[S‘VT]T:Oifandonlyifv[S‘VT]TEOmode. O

Example 5.6. Consider the matriz H from Example[5.fl The degrees of the diagonal entries
of H are (1,3,2) and thus D = 2. The Smith form of H is diag(1,1, 2% + 22° + 22* + 423).
Since the first two invariant factors are trivial, we can restrict S to its last entry and V' to
its last column as the input:

28 + 225 + 22 + 423
S 1 | ba’+a*+62+6
{] T 625+ 32+ 32 42
Ax® + 22* 4 223

(5.3)

The following shows an order 9 minimal approzimant basis M of type (2,1,3,2) for
[ S ‘ VT }T, rows permuted to be in nondecreasing (D, d)-degree.

3x+6 %+ 2

M- T r 2+1 x4+2

a 22 4+4x+5 2 +22% 43
x4+5:c3+23:2+:1:+4‘0 Sa? x

FEzactly the first n = 3 rows have nonpositive (D, d)-degree. For this example, the northeast
block of M is the Hermite form of A up to a row permutation. In general, the northeast
block will be a genset of full row rank for Lq(H).

Using directly the approach of Lemma to recover H is too expensive because the
required order N = D + deg s,, + 1 of the minimal approximant basis computation is too
high. Indeed, we may have N € Q(nd). The reduction of order technique in [29, Section 2]
can be used to reduce the order down to one more than times the maximum of the degree
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constraints in (D, d). Unfortunately, the largest entry in d and D may be Q(nd). Before
applying the reduction of order technique we apply the partial linearization technique
from [29 Section 3] to transform to a new minimal approximant basis problem of type

(D, d;), with all entries of d; bounded by d.

We need to recall some notation from [29]. The norm of a tuple of degree constraints d
is defined to be ||d|| = (dy + 1) + -+ -+ (d, + 1). For b > 0, let ¢, be the function which
maps a single degree bound d; to a sequence of degree bounds, all element of the sequence
equal to b except for possibly the last, and such that ||(d)|| = d; + 1 = |[(¢s(d;))||. Let
len(¢y(d;)) denote the length of the sequence. For example, we have ¢3(10) = 3, 3,2 with
len(¢3(10)) = 3, while ¢2(11) = 2,2,2,2 and len(¢2(11)) = 4. Computing a genset of type
(D,d) for Lpa)([ R| H ]) can be reduced to computing an order N genset of type d; =
(pu(dr), ..., Pp(dy)). Corresponding to d; define the following 7 x n expansion/compression
matrix

1
2+

(b+1)len(g(d1)-1

B = 1
b+

I(b+1)(len(¢b(d2))—1)

where . = > " len(¢y(d;)) = D0 [(di + 1) /(b + 1)].

Lemma 5.7. Let b > 0 and define e; = [(d; +1)/(b+1)], 1 <i <n. Let My be an order

N = D +degs, + 1 minimal approzimant basis of type (D,d;) for [ S ‘ (BV)T }T, where

di = (¢p(dr),.- -, 0(dn)). If | Fa | Hy | is the subset of rows of My which have degree

bounded by (D,dy), then [ Ry | H\B | is a genset of type (D,d) for L a)(H).
Furthermore, with the choice b = d the row dimension n. of BV will satisfy n € O(n).

Example 5.8. The problem in Example was to compute a minimal approximant of
type (D,d) = (2,1,3,2) for the 4 x 1 input matriz shown in (5.3). Consider setting the
linearization parameter b in Lemma as b= 1. The expanded problem BV is

B BV
1 52° + 23 + 622 + 6
1 6x° + 32 4+ 32° + o
z? V=| 62"+ 325 +32° +2* | . (5.4)
1 425 + 224 + 223
x? 427 + 225 4+ 220
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The degree constraints for the expanded problem are

<D7d1> = (27¢1(1>7¢1<3)7¢1<2))
= (2,1,1,1,1,0).

The following shows an order 9 minimal approzimant basis of type (2,1,1,1,1,0) for
[ S| (BV"]".

3x+ 6 0 O 0 2 1

22 +4x+5 0 0 z+2 2+3 0

M= T rz 1 1 r+2 0
- 3r+6 0 O 0 22+2 0

0 0 z2? 6 0 0
|2t 452t 20+ +4]0 0 5 x 0 |

The first 3 rows of M have nonpositive (]:2, d;)-degree. Applying the compression matrix to
the northwest block of M gives a genset H of type d for Lq(H):

H
0 0 0 2 1 0 0 % 42
00 242 z+3 0| B=|0 23+22%2 z+3
r 1 1 z4+2 0 r 2+1 x4+2

Note that in this example H has full row rank. We remark that, in general, the genset
produced using this expansion/compression technique may have linearly dependent rows.

At this point, we have reduced the problem of computing H to that of computing the
rows [ Ry ‘ H, } of nonpositive (D, d;)-degree in an order N = D + deg s; + 1 minimal
approximant basis of type (D, d;), namely

[ R| A ] |—2| = 0mod 2.
BV
The degree constraints D = (D, ..., D) corresponding the columns of R; may still be too
large in general, since D = max; d; — 1 € {2(nd) in the worst case. The key idea now is
that R; is not required. Let C' be a matrix such that BV — C'S has each column of degree
bounded by s;, and consider the transformed input:

etr] o= 1) o5

Note that each column in F has degree strictly less than the corresponding diagonal entry

inS.
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Lemma 5.9. Let Dy = (d —1,...,d — 1), of length n. Let My be an order N = D +
deg s, + 1 minimal approximant basis of type (Dq,d;) for [ S ‘ ET }T. Let [ R, ‘ H, ] be
the submatriz of My comprised of rows that have nonpositive (D1, dy)-degree. Then HyB is
a genset of type d for Lq(H).

Proof. The order N is large enough to ensure that
[ fa| i ][S]E7 )" =0,
and gives that [ Ry — HyC ‘ H, } [ S ‘ (BV)T }T = 0, which implies that

_ _ g 17
[RQ_HQC‘HQB} |:V:| :O,
with all rows in H,B of nonpositive d-degree. But since V' has degrees of entries bounded by
the corresponding diagonal entry of S, each row of Ry — Hs has nonpositive D degree. We

conclude that [ Ry, — HyC ‘ H, } C E(D,d)([ R ‘ H D The other direction is similar. O

Provided we have chosen the linearization parameter b in Lemma [5.7 to satisfy b € ©(d)
(e.g., b = d will suffice), the final minimal approximant problem in Lemma will have
dimension O(n) x n. Note that entries of the compression/expansion matrix B are all
powers of x. Thus, the only computation (in terms of field operations) required to construct
the input problem in Lemma [5.9]is to construct £ from BV by reducing entries in each
column ¢ modulo the diagonal entry in the same column of S, 1 <i <n.

Example 5.10. The problem in Example|5.8 was to compute a minimal approrimant of

type (D, d1) = (2,1,1,1,1,0) for the partially linearized 6 x 1 input matriz B shown in (5.4).

Reducing the last 5 entries modulo the the principal entry we obtain the new input

[ 20+ 220 + 2% + 423
52° + 23 + 622 + 6

{S} 62 + 32* + 323 + o

- 225 + xt + 223 ' (5.6)

4° + 22* + 223
6x° + 3zt + 323

The following shows the submatriz of an order N = D + degs,, + 1 = 9 minimal approxi-
mant basis of type (Dy,dy) = (0,1,1,1,1,0) for [ S ‘ ET ]T
nonpositive (Dy, dy)-degree:

comprised of rows that have

0/0 0 0 2 1
[Ry|Hy = | 0|2 1 2045 3z4+1 0
110 0 z+2 x+3 0

Applying the compression matriz B to H, yields a genset HyB of type d for Lq(H).
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At this point (Lemma we have reduced the problem of computing H to that of
computing the rows [ R, ‘ H, } of nonpositive (D1, d;)-degree of a minimal approximant
basis of order N = D + degs,, + 1 for an input [ S ‘ ET ]T. If the partial linearization
parameter in Lemma was chosen as b = d, then E has dimension O(n) x n, and all
degree constrains in (Dy,d;) are bounded by d. Since the sum of the column degrees in
[ S ‘ ET ]T is bounded by nd, the reduction of order technique in [29, Section 2] can be
used to transform to an equivalent problem of dimension O(n) x O(n) and order only
2d 4 1. We refer to [29] for details of the reduction of order technique, and only illustrate
the technique here on our running example.

Example 5.11. In Ezample we computed an order 9 minimal approximant basis of
type (Dy,dy) = (0,1,1,1,1,0) for the 6 x 1 input F := [ S ‘ ET }T shown in . Since
the maximum degree constraint is 1, we can instead compute an order 2-1+ 1 = 3 minimal
approximant basis M of type (Dy,d;,d —1,d — 1) = (0,1,1,1,1,0,0,0) for the following
mput:
F | Quo(F,2?) | Quo(F,a*)
Fe T € K[a]™.

1

Indeed, the submatriz of M comprised of rows that have nonpositive (Dy,dy,0,0)-degree
can be written as [ w ‘ * }, where W is the submatriz of an order 9 minimal approximant
basis of type (Dy,dy) for F.

Theorem 5.12. Let A € K[z]|"™™™ be nonsingular of degree d. Assuming #K > 8n3d, there
exists a Las Vegas probabilistic algorithm that computes the Hermite form H of A with
probability greater than 1/2 or returns fail, using O(n“(logn)? B(d)) field operations from K.

Proof. By Theorem [4.8, the Smith form S of A and corresponding V as described in
Subsection [5.2]can be computed in a Las Vegas fashion in the allotted time. By Theorem [4.11],
the degrees of the diagonal entries of H can be computed in the allotted time using Algorithm
BlockDiagonalHermite in Figure [£.3] Construct column ¢ of the block E of the input
[ S ‘ ET ]T to the minimal approximant problem of Lemma by reducing modulo s;
the entries in column i of BV, 1 < ¢ < n. Compute the rows of nonpositive degree in
the minimal approximant indicate in Lemma by first applying the reduction of order
technique from [29], Section 2] to obtain a new problem of dimension O(n) x O(n) and order
2d + 1, and then apply algorithm PM-Basis from [I1] in time O(n* B(d)) operations from
K. Finally, use the approach of Lemma to recover the Hermite form from the genset for
La(H). O
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Chapter 6

Conclusion

In this chapter we collate the results in the previous chapters to give an algorithm to
compute the Hermite form of a nonsingular A € K[z]**". The algorithm is described in
Figure [6.1 The central result of this thesis is the following.

Theorem 6.1. Let A € K[z]|"*" be nonsingular of degree d. Algorithm Hermite(A,n,d) in
Figure is correct and it computes the Hermite form H of A with probability greater than
1/2 or returns fail, using O(n*(logn)?B(d)) field operations from K.

The preconditioning phase of Algorithm Hermite in Figure [6.1] makes sure that the
preconditions of Algorithm RST in Figure 3.2 are satisfied. The deterministic row reduction
algorithm from [12] takes O(n*(logn)? B(d)) basic operations from K. The probabilistic
algorithm [I1] can also be used here for row reduction and it costs O(n*(logn)B(d)) basic op-
erations from K. The Smith form of A can be computed using [28] in cost O(n*(logn)? B(d))
operations from K. It is a Las Vegas type algorithm which succeeds when the determinant
of the input matrix has a non zero constant term. After the end of the preconditioning
phase, we will work to compute the Hermite form of R, a row reduced form of A. Since,
R =1, the Hermite form of R gives the Hermite form of A.

After A has been preconditioned into R’, the computation of a reduced Smith transform
phase computes a reduced Smith transform of R, using Algorithm RST in Figure in cost
O(n“(logn)?M(d)) operations from K (see Theorem [4.8)). It is a Las Vegas type algorithm
which succeeds with probability at least 1/2 when the field K has at least 8n3d elements.
In case the field is small we can work over an algebraic extension field of K at an added
cost. Algorithm BlockDiagonalHermite in Figure is a deterministic algorithm, and
costs O(n*(logn)?B(d)) operations from K (see Theorem [4.11]).

Finally, in fast minimal approximant basis phase, we use the information computed in all
the previous phases to compute the Hermite form of A. This phase consists of deterministic
procedures and costs O(n* B(d)) operations from K (see Theorem [5.12)).
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Hermite(A,n,d)

Input: Nonsingular A € K[z]"*", with d = deg A.
Condition: #K > 8ndd.

Output: H € K[z]"*", the Hermite form of A or fail.

[Preconditioning]

R := Row reduced form of A € K[z]"*"; /* Using [12] */
L, U € K™ be unit lower and unit upper triangular matrices with non-zero non diagonal
entries chosen uniformly at random from K;

R := LRU € K[z]™";

S := SmithForm(A); /*Using [28]*/

[Compute a reduced Smith Transform]

(U, V') :=RST(R', S) € K[z|™™;

V:=UV" € Klz]"™™™;

[Compute the degree of the diagonal entries of the Hermite form]
d :=BlockDiagonalHermite(V,S);

[Fast minimal approximant basis]

Recover H by computing the minimal approximant basis of [‘S/} /* Chapter [5| */

return H;

Figure 6.1: Algorithm Hermite Form Computation

As expected the computation of the Hermite form of a nonsingular matrix is at least as
hard, up to a constant factor, as multiplication of two matrices if the degree bounds in both
cases are the same. The reduction of matrix multiplication to computation of the Hermite
from was first shown by [I1]. We present another reduction of matrix multiplication to
the computation of the Hermite form. We show that we can compute the product of two
matrices A and B € K[z]"*™" of degree bounded by d, by computing the Hermite form of a
matrix whose dimensions are in O(n). Consider the following matrix:

s[4

Where C'is a nonsingular square matrix in Hermite form with all diagonal entries of the

7



same degree. For C € K[z]?**, the matrix C' and C? will look like the following:

vitx (d) () (d)
o 2+ % (d) (d)
N x4+ % (d) ’
¢+ %
2+ % (2d) (2d) (2d)
o2 _ 2+ % (2d) (2d)
- ¥ 4% (2d)
20 + %

Therefore, if C' is in Hermite form with all diagonal entries of the same degree then C? will
also be in Hermite form. The following will be the Hermite transformation for F:

et [t =1e]

Thus computing the Hermite form of the matrix E gives us the square of matrix C. Now
let us define C' as the following:

aany A 0
Z‘d+1]n

B

4n x4
ey € Kz]tnxin,

T

(' is in Hermite form and all its diagonal entries are same. C? has the following shape:

g2 | 25041 A 0 AB
9 g2y 2041 B
C° = I’Q(dﬂ)[n
PRICEN

Thus we can multiply any two matrices A, B € K[z|"*" with degree bounded by d by finding
the Hermite form of a matrix £ € K[z]*"*®" with degree bounded by d + 1.

Algorithm Hermite in Figure[6.1] can be easily extended to find the Hermite form of a
rectangular matrix of an arbitrary rank (see [26, Chapter 6]). Also, we can easily find a
Hermite decomposition of A = UH, given the Hermite form H of A. The the degree of U
is bounded by the degree of A, hence the operation U = Rem(AH !, X), can be carried
out in cost O(n*,B(d)), where X is an polynomial of degree d + 1 such that X L det A.

The problem of derandomizing the computation of a Hermite decomposition is at least
as hard as the problem of derandomizing the computation of a Smith decomposition. The
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randomization in Algorithm Hermite in Figure [6.1] stems from the randomization needed to
compute the Smith form and a reduced Smith transform which can be found by a reduced
Smith decomposition of s, A7

The Hermite form of integer matrices has applications in integer programming and
solutions to linear Diophantine equations. Unfortunately, we cannot directly use the
Algorithm Hermite in Figure to compute the Hermite form of integer matrices. The
major hurdle to extend Algorithm Hermite in Figure to integer matrices is that there
is no equivalent of minimal approximant basis over Z. Also, there is a problem of carry
with integer computations. It would be possible to get the diagonal entries of the Hermite
form of integer matrices using the techniques in this thesis but we would need a different
approach to go from diagonal entries to the computation of the Hermite form.
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