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Abstract

Processes to automate the selection of appropriate algorithms for various matrix
computations are described. In particular, processes to check for, and certify, various
matrix properties of black-box matrices are presented. These include sparsity patterns
and structural properties that allow “superfast” algorithms to be used in place of black
box algorithms. Matrix properties that hold generically, and allow the use of matrix
preconditioning to be reduced or eliminated, can also be checked for and certified —
notably including in the small-field case, where this presently has the greatest impact
on the efficiency of the computation.

1 Introduction

Krylov-based “black box” algorithms for matrix computations have been used for significant
applications in computational number theory. They also form a significant part of the C++
template library LINBOX for high-performance matrix computations. These are notable, in
part, because of their versatility: Any matrix representation that allows the input matrix
(or, for some algorithms, its transpose) to be multiplied by a vector can be supported.

Considerably more efficient algorithms can be used instead if the input matrix is sparse,
with nonzero entries limited to specific locations, or satisfies one of various structural
properties. As described, for example, by Golub and van Loan [6], Gaussian Elimination
can be used quite efficiently to solve banded systems of linear equations. As described by
Pan [7], various classes of matrices (including Toeplitz-like and Hankel-like matrices) have
various displacement structures that can be used to reduce system solving for these matrices
to polynomial arithmetic. Under these circumstances, assistance in selecting algorithms to
be employed might be of help as the community of users of systems like LINBOX grows
and non-expert users should be better supported.



Property Detection/Certification Verification Communication

Band Matrix uk nk+p nk

Low Displacement Rank nk? + pklogn nk+nlogn+ p nk + nlogn

Few Nilpotent Blocks n?k + un nk+p nk

Many Nilpotent Blocks n?k + un nk+u nk

Few Invariant Factors n?M(n) +n’klogn | nM(n) +nk +p nk + nlogn
+unlogn

Many Invariant Factors n?M(n) +n’klogn | nM(n) +nk +pu nk + nlogn
+unlogn

Table 1: Summary of Results

Sections 2—4 of this report therefore concern attempts to detect and certify matrix
properties to facilitate algorithm selection. The preliminary results given here establish
that band matrices and matrices with low displacement rank — including Toeplitz-like
and Hankel-like matrices — are easily detected and certified. Furthermore, it is possible to
convert matrix representations, in order to allow superfast algorithms to be applied, when
such matrices are discovered.

As black-box algorithms have been developed, several matrix properties have been
identified that hold generically and that be exploited — generally by eliminating “matrix
preconditioning” — to simplify or accelerate computations without sacrificing reliability. In
particular, the cost of system solving can be reduced if the input matrix has a small number
of nontrivial nilpotent blocks in its Jordan normal form. Simpler algorithms to compute the
rank or characteristic polynomial of a matrix can be applied if the input matrix has a small
number of nontrivial invariant factors. Sections 57 concern the detection and certification
of these properties. A technique of Villard [8] is adapted, for the small-field case, to
efficiently check for these properties at a cost linear in that needed to apply Wiedemann’s
algorithm to compute the minimal polynomial of a matrix. Interactive protocols, of the
type recently described by Dumas and Kaltofen [1] are also provided.

Of course, many randomized black box algorithms are Las Vegas, so that one can simply
execute algorithms without preconditioning, in hopes that desirable matrix properties are
satisfied or that one “gets lucky”. The above results may nevertheless be of interest if one
considers exchanges between a service provider and client involving the cost of a service that
is to be provided: One would hope here that the cost to the service provider (or “prover”)
would not exceed the lower cost to carry out a computation without preconditioning, while
the cost to the client (or “verifier’) would be significantly lower than that. Furthermore, a
process to certify that preconditioning is necessary would also be of interest. Protocols to
certify this are also given.

The expected (and, in a few cases, worst-case) costs established to detect and certify
these properties, and for their verification, are linear in the expressions shown in Table 1.
In each case, the indicated cost is the number of field operations required to carry out the



indicated operation for a black-box matrix A € F**". Here, 1 < n(2n + 1) is the number
of operations required to multiply either A or AT by a given vector v € F**!. It is also
assumed that ;1 > n. M(n) is the number of operations in F required for arithmetic in an ex-
tension E of F with logarithmic degree, so that M(n) € O(logy nlogs logy 1 logs logsy logy n).
The “communication” reports the number of elements of the ground field F (or, in some
cases, bits) that must be communicated between a prover and a verifier — excluding the
initial cost to communicate a black box matrix A € F"*", parameter k and error toler-
ance €. In typical applications one might expect k to be significantly smaller than n —
indeed, polylogarithmic. The cost to check for band structure or low displacement rank,
and return the information needed for superfast algorithms to be applied when they can, is
significantly dominated by the cost to use a black box algorithm to complete a computation
instead, in this case.

A conference report [4], including the material found in this report but that omits the
proof of Theorem 5.2, is also available.

2 Band Structure

Let A € F"*™ and let k be a positive constant. Let us say that A is a band matrizc
with band width k if the entry a;; of A in row ¢ and column j is equal to 0 whenever
1<i4,j <nand|i—j| >k Golub and van Loan [6] describe efficient algorithms, based
on Gaussian Elimination, for computations on such matrices.

As shown below the detection and certification of a black-box matrix that is a band ma-
trix, and conversion to a representation allowing other algorithms to be used, is surprisingly
easy. Indeed, this is included, in part, to provide a very simple first example.

The objective of this section is to prove the following.

Theorem 2.1. It is possible to check whether a matrix A € F™*™ is a band matriz, with

band width k, by selecting n values uniformly and independently from a finite subset S of F
and by performing ©(uk) arithmetic operations over F. If A is, indeed, a band matrix, then
this is confirmed with certainty. Otherwise the probability that A is mistaken for a band
matrix is at most 1/|S)|.

A certificate with size ©(nk) — which also allows algorithms for band matriz compu-
tations to be applied to A — can be supplied when A is a band matriz. This certificate can
be verified by selecting n entries uniformly and independently from a set S, as above, and
using O(nk + p) arithmetic operations over F. Once again if A is, indeed, a band matriz
and the certificate is correct, then it is accepted with certainty. If the certificate is incorrect
then it is accepted with probability at most 1/|S)|.



2.1 Detection and Certification

Let K =2k + 1 and, for 1 <i¢ < K, let ag,; € F"*! such that, for 1 < j < n, the j®
entry of ak ; is equal to one if j =i mod K and is zero otherwise. If A has band width &
then no two (or more) of columns i,i + K,i 4+ 2K,... of A have nonzero entries in the
same row. The nonzero entries of these columns can therefore simply be read off as entries
of the vector A - ag; — and all of the nonzero entries of A can be read off the nonzero
entries of each of the vectors A - ok 1,A-ako,..., A ak k. In particular, if 1 < j < n,
then the j*® column of A can only have nonzero entries in rows s,s + 1,s +2,...,t, where
s = max(j — k,0) and ¢ = min(j + k,n) — and these entries are the entries of the vector
A0k jmod K in positions s,s + 1,5 +2,... 1.

Consequently, K = 2k + 1 multiplications of A by vectors suffice for the prover to
produce a representation of A as a band matrix with band width & if it indeed has this
structure.

Of course, this should not be delivered to a verifier without being checked. It is possible
that there is no band matrix A € F*"*", with band width k, such that Aak ; = Aok, for 1 <
1 < K — for it may be necessary for a matrix to have off-band entries in some of columns
k+1,k+2,..., Korn—K,n—K+1,...,n—k—11in order for it to satisfy these equations. In
particular (when K < n), this is the case if the top entry of Aa; is nonzero for any integer i
such that k +1 < ¢ < K, or if the bottom entry of Aq; is nonzero for any integer ¢ such
that 1 <i< Kandi€{n— K+ 1mod K,n— K+2mod K,...,n—k—1mod k}.

Otherwise the band matrix A that satisfies these conditions is unique and it suffices to
check that A = A. An application of the test of Frievalds [5] suffices to check this: A vector
z € F™! whose entries are chosen uniformly and independently from a finite subset S
of F, should be selected by the prover, and it should be checked whether Ax = Ax. If this
is not the case then A # A and, once again, one should stop.

On the other hand, it is easily checked that if A # A, and x is chosen as above, then
the probability that Az = Az is at most 1 /|S| — so that, provided that S is sufficiently
large, the prover should deliver a certificate so that a verification stage can proceed.

2.2 Verification

The certificate provided to the verifier, at this point, should simply be a representation
of A as a band matrix — presumably provided as an n x (2k+1) array reporting the entries
within the bands of A.

This can be verified using an independent repetition of the Frievalds test described
above.

Since the product of a band matrix A € F™*" (with band width k) and a vector
z € F™! can be computed using ©(nk) field operations and zero tests, Theorem 2.1 is now
immediate — assuming, again, that u > n.



3 Low Matrix Rank

The following is less general than the protocol of Dumas and Kaltofen [1] to certify matrix
rank and, therefore, inferior in at least one significant respect. However, it can be used in
the special case needed here: One is certifying that the rank of A € F™*" is at most k,
when k is significantly smaller than n. It also includes the construction of an alternative
representation of A as needed to support the claims in Section 4.

Suppose now that A € F"*" has positive rank » < k. Then there exist permutation
matrices P,Q € F"*", matrices L € F"*~")*" and R € F”*(»=")and a nonsingular matrix
C € F™*", such that

A:PxﬁﬂxC’x[Ir R] x Q. (3.1)

The objective of this section is to establish the following.

Lemma 3.1. It is possible to check whether a matriz A € F"™™ has rank at most k,
by selecting ©(nk) values uniformly and independently from a finite subset S of F and
performing (nk? + pklogn) arithmetic operations in F and ©(nlogyn) operations on bits.
This process fails with probability at most (min(r, k) + 1)/|S|, where r is the rank of A, and
only by returning an estimate of the rank of A that is too low.

If A has rank at most k then a decomposition of A, as shown at line (3.1), can be
computed at the above cost and returned as a certificate. This certificate can be verified by
choosing n values uniformly and independently from a finite subset S of F and performing
O©(nk+p) arithmetic operations in F and ©(nlogyn) operations on bits. If the certificate is
correct then it is accepted with certainty. Otherwise it is accepted with probability at most

1/|S].

3.1 Detection and Certification

Since the rank of A cannot exceed that of C', no decomposition as shown at line (3.1) can
exist unless the rank of A is at most k. A prover can check for this condition by attempting
to construct the matrices included in this decomposition, along with C 1.

Let 0 < ¢ < k and suppose indices 41,12, ...,i of rows and ji, j2,...,j¢ of columns of
an £ x £ nonsingular submatrix Cy of A have been computed, along with the matrix C,° L

If £ = 0 then the prover should begin by generating n values uniformly and indepen-
dently from a finite subset S of F and using these as the entries of a vector z € F**1. If A
is nonzero then Az # 0 with probability at least 1 — 1/|S| — so that (if |S| is sufficiently
large) the prover may conclude that the rank of A is zero, if Az = 0, and proceed to
delivery of a certificate.

Otherwise x should be used to locate a nonzero column of A. Suppose that = has
h nonzero entries. Set x1, 29 € F™*! such that x1 has [h/2] nonzero entries, x5 has |h/2]
nonzero entries, and £ = x1 + x2. One should check whether Az; # 0 — replacing z with



x7 if this is the case, and replacing x with x5 otherwise, since Azy = Az # 0 in this second
case. Iterating this process at most [logsn| times, a vector x € F"*1 such that Az # 0,
and x has a single nonzero entry in some position j;, is obtained — establishing that the
j{h column of A is nonzero. This column has now been computed, as Az, and i1 can be
chosen to be any integer such that 1 < 4; < n and the entry a of A in row ¢; and column j;
is nonzero. Now

Ci = [a] and C'l_l = [ofl] .

If £ > 0 then the prover should begin, once again, by forming the vector z as described
above. The prover should continue by computing the matrix-vector product v = Ax, and
setting y € F©! to be the vector such that, for 1 < h < ¢, the entry of y in position A is
the entry of v in position .

The vector z = C, Ly e F™! should next be computed. Let w € F*™*! be the vector
such that, for 1 < h < /¢, the entry of w in position j; is the entry of z in position h, and
such that all other entries of w are zero. Finally, set v = v — A - w — noting that v is in
the space spanned by columns ji, ja,...,js of A if and only if u = 0.

If the rank of A is equal to ¢ then u must always be equal to zero; u is nonzero with
probability at least 1 — 1/|S| otherwise. Consequently if w = 0 then the prover should
proceed with the completion of a certificate, as described below.

Otherwise, if = has h nonzero entries then one should once again set z, z2 € F**! such
that x1 has [h/2] entries, x9 has |h/2] entries, and x = x1 4+ x2. The above process should
be applied to x; (instead of x) to check whether Az, is in the space spanned by columns
1,72, ---,Je of A — replacing x with x; if this is not the case, and replacing x with xo
otherwise. Iterating this process at most [logyn] times one eventually obtains a vector
z € F™! such that Az is not in the space spanned by columns 71, ja, . . . , j¢ of A and z has
a single nonzero entry in some position jy41. This establishes that the j}il column of A is
not in the space spanned by columns j1, jo,. .., j¢ — and that columns ji, jo, ..., je+1 of A
are linearly independent.

One should next compute the vector u € F**!, as described above, corresponding to
the final choice of the vector x — so that u # 0. It suffices to choose iyy; such that
1 <dpy1 < n and the z'?jrl entry of u is nonzero in order to ensure that the submatrix Cpyq
of A, including entries in rows 41,49, ...,%11 and columns ji, ja, ..., jer1, iS nonsingular.

Note next that

Cy s]

Cz+1=[t o

for vectors s € F**! and ¢ € F'**, and for some value a € F. Since Oy is nonsingular,

C_Igo.cgo_fgc—ls
T leest 1o B0



where 8 = o —tC, ls. Now 3 # 0, since Cpy1 is also nonsingular, and

o1 _ [Le -7t [e;t o I, 0

+17 | 1 |0 7Y |t
_fert+(crts) - (o) —Clsp!
a —p~ite; ! gt

Since C’[ls e F1 and 5‘1150[1 € F'** this expression for C’[Jrll can be used to compute
the entries of C’[Jrll using ©(¢2) operations in F. The value ¢ can now be incremented and
the above process repeated.

If this process is iterated until £ = k + 1, then the rank of A is greater than k£ and
one can stop. Otherwise the rank r < k of A has been obtained, along with the matrix
C = C, € F"*" shown at line (3.1), and the indices of the rows and columns of this matrix
in A.

The permutation matrices P and ), shown at line (3.1), can each be concisely rep-
resented as an integer vector, with length n, whose i entry is the index of the nonzero
entry in row ¢ of the permutation matrix. Since the first r entries of this representation
of @ are the indices ji,j2,...,Jr, it is not difficult to compute this representation of @
using O(n) operations on integers whose binary representations have length O(logn): The
only operations required are the initialization of these vectors, comparisons of integers and
assignments of values. If a first array is initially sorted and a second integer array is used
to maintain the locations of each of 1,2,...,n in the initial array then one can reorder
1,2,...,n in order to obtain this representation of @) using O(r) exchanges of values in this
array. The second array, mentioned above, is then a representation of Q7. Since the initial
entries of a representation of PT are the indices iy,io,...,%,, a representation of PT can
be computed in the same way using O(n) operations on integers with length in O(logn).
A representation of (PT)T = P is also obtained as a result of this process.

It remains only to notice that if Ay € F"*" is the matrix including columns j1, jo, . . ., jr
of A, and Ag € F"*" is the matrix including rows iy, s,...,%, of A, then

m =PT-Ap-C™"  and  [I, R|=C"' Ar-Q".
Since C~! has already been computed, L and R can be computed using O(nr?) additional
arithmetic operations in F and ©(nlog, n) operations on bits.

A consideration of the above confirms that ©(nk?+ kjulogn) arithmetic operations in F
and O(nlogyn) operations on bits have been used, in the worst case, to check whether the
rank of A is at most &, and to compute the rank and the decomposition at line (3.1) if
this is the case. This process can only fail due to unlucky choices of the randomly selected
vectors z € F™*!, described above. Since each selection fails with probability at most 1/|9|
and at most min(r, k) +1 such vectors must be selected if A has rank r, the total probability
of failure is at most (r +1)/|S| if r < k and at most (k + 1)/|S| otherwise.



3.2 Verification

Once again, it suffices to apply the Frievalds test to verify that A is the zero matrix, if
the reported rank is zero, or that the decomposition of A, shown at line (3.1), is correct
otherwise. An examination of this decomposition confirms that this test can be carried out
at the cost stated in the above lemma.

4 Low Displacement Rank

For o € F, the n x n a-circulant matrix Z, is the matrix

o o
10

1

Zo = , e Fv

0
10

whose entry in row ¢ + 1 and column ¢ is 1 for 1 < ¢ < n — 1, whose entry in row 1
and column n is «, and all of whose other entries are zero. Consider the following linear
operators on matrices in F™*™:

[ ] (pT(A):ZlA—AZ()
o on(A) =2 -A—A-Z7.
° QDTH(A):(Zo+Zg)-A—A'(Zo+Zg).

A matrix A € F**" is Toeplitz-like (respectively, Hankel-like, and Toeplitz+ Hankel-
like) if the rank of the matrix ¢7(A) (respectively, pr(A), and prr(A)) is small relative
to n. The matrix @r(A) (respectively, pr(A) or pru(A)) is called the operator ma-
trixz and rank of this matrix is said to be the displacement rank of A. As described,
for example, by Pan [7], a variety of matrix computations have “superfast algorithms” if
the displacement rank of a matrix is low. Indeed, if the displacement rank is polyloga-
rithmic in n then the worst-case running times of these algorithms are generally within a
polylogarithmic factor of linear in n.

A black box for multiplication of ¢ (A) (respectively, i (A) or ¢rm(A)) by a vector
is trivially obtained by applying a black box for multiplication of A by a vector, twice, and
performing O(n) additional operations in F. The following, is therefore, immediate from
Lemma 3.1.

Theorem 4.1. One can check whether a matriz A € F"*" is Toeplitz-like, Hankel-like, or
Toeplitz+ Hankel-like, with displacement rank at most k, and return a representation of the
operator matriz of A allowing a superfast algorithm to be applied to A if this is the case.



The cost to check for these properties, produce and return the above representation of
the operator matriz, and verify it — and the probabilities and types of failures of these
processes — are as described in Lemma 3.1 for the detection, certification and verification
of a matriz with low rank.

5 Additive Conditioners

Recall that the invariant factors of a matrix A € F"*™ are monic polynomials

P1,92, ..., Pm € F[Z]7

each with positive degree, such that ; is divisible by ;41 for 1 < ¢ < m —1 and such that
A is similar to a block diagonal matrix with the companion matrices of the polynomials
©1,92,---,%m as its blocks. In this case 1 is the minimal polynomial of A. An invariant
factor ¢; is a nontrivial invariant factor if p; # z — for its companion matrix is
different from the 1 x 1 zero matrix in this case. Additional (trivial) “invariant factors”
w; = 1 will occasionally be added, below, for m+1 < ¢ < n, to simplify technical statements.

The number of invariant factors divisible by 22 is of interest because this is the same
as the number of “nontrivial nilpotent blocks” (companion matrices of polynomials 27 for
j > 2) in a Jordan normal form for A.

Techniques of Villard [8] that were developed during the study of a black box algorithm
for the Frobenius normal form lead to an efficient interactive protocol to bound the number
of nontrivial nilpotent blocks. In combination with a recent protocol of Dumas, Kaltofen,
Thomé and Villard [2] for the certification of the minimal polynomial of a matrix, these
lead to an efficient protocol to bound the number of nontrivial invariant factors of a matrix
as well.

In particular, the following result of Villard [8, Lemma 1] is of use here.

Theorem 5.1 (Villard [8]). Let A,B € F™*" such that the rank of B is at most k. If
81,89, ...8, are the invariant factors of A and o1,09,...,0, are the invariant factors of
A+ B then s; is divisible by vy in F[z] for 1 <i<n—k.

Villard also provided a result — [8, Theorem 2] — which is of use to confirm that A
does not have k or more nontrivial nilpotent blocks, or nontrivial invariant factors, when
F is sufficiently large. The following result complements Villard’s result by allowing this to
be checked for, when k is small, and when F is a very small finite field — the case where
“preconditioning” is generally most complicated and expensive, so that the assurance that
preconditioning can be avoided might be of greatest interest.

Theorem 5.2. Let A € F"*" where F is a finite field with size q. Let B =V - U where
U e F vV e FY™F and the entries of U and V are selected uniformly and independently
from F.



(a) If A has at most k nontrivial nilpotent blocks then the minimal polynomial of A+ B
is not divisible by z* with probability at least

(@ =2 —g-D(g-1 _ | 3¢"+2¢° —5¢* +2

>1-—3¢ L
q*(q+1) @ +qt - 1

p1(q) =

(b) If A has at most k nontrivial invariant factors and f € F[z] is an irreducible poly-
nomial with degree d such that f # z, then the probability that f does not divide the
minimal polynomial of A+ B is at least

o) = 0= 2 == )
PRE S = 8d(g3d 24 1 ¢4 1 1)
q3d(q3d + q2d _|_qd + 1)

—1 >1-—2¢"%

The proof of this result is, regrettably, rather long, but is also reasonably straightfor-
ward: Basic linear algebra and probability theory suffice to establish the above result.

Lemma 5.3. Let A € F"*™,

(a) If A has rank r < n and the entries of vectors u € FY*™ and v € F™! are chosen
uniformly and independently from F then A+ v -u has rank r + 1 with probability
(1—|F|==™N2, rank r — 1 with probability at most |F|~2"=") and rank r, otherwise.

Fan

(b) Let £ be a positive integer. Suppose that A € is nonsingular, v € F™', and that

R € FY™. Then either

i. A+v-u- R is nonsingular for every vector u € F'*¢, or

ii. if the entries of a vector u € F'*¢ are chosen uniformly and independently

from F (and independently from the entries of A, v and R) then A+wv-u- R is
nonsingular with probability 1 — |F| 7.

(¢) If A is nonsingular and v = 0 € F™! then A 4+ v - u is nonsingular, as well, for
every vector u € FY™. If v is a nonzero vector in F™*' and the entries of u € FX"
are chosen uniformly and independently from F then A + v - u is nonsingular with
probability 1 — |F|~1.

Fl><n Fn><1

Proof. Suppose first that A has rank r < n and the entries of vectors u € and v €
are chosen uniformly and independently from F.

Since the column space of A includes |F|" vectors, v is not in the column space of A
with probability 1 — |F|~(»="). This is a necessary condition for the rank of A 4+ v -u to
exceed that of A, since the column space of A 4+ v - u is a subspace of the column space

of A, otherwise.

10



With that noted, suppose that v is not in the column space of A.

Let wy,ws, ..., w, € F™! be the columns of the matrix A € F*™ " being considered.
Permuting columns as needed we may assume without loss of generality that the first r
columns of A, wi,ws,...,w,, are linearly independent.

Let p1, pa, . . ., ftn be the entries of the vector u € FY*™. Since columns wy, ws, . .., wy
are linearly independent, and v is not in the column space of A, it is easily checked that
the first r columns

w1 + (10, W2 + H2V, ..., Wy + UV

of the matrix A + v-u must be linearly independent as well — so that the rank of A4+ v-u
is at least r. On the other hand, the column space of this matrix is a subspace of the space
spanned by wq,ws,...,w;,v, so that the rank of this matrix is also at most r + 1.
Consider any choice of the first r entries, ui, ts,..., tr, of u, and let i be an integer
such that » +1 < 4 < n. Since A has rank r the i*® column w; of A must be a linear
combination of the first r columns, so that there exist elements ay,as,...,a,. € F such

that .
Ww; = Z ozjwj.
j=1

Now — again, since v is not in the column space of A — it is easily checked that the i*"
column w; + p;v of the matrix A 4+ v -« is only a linear combination of the first r columns
of this matrix if

T
w; + 1 v = Z ozj(wj + ,ujv)
=1
as well — for the same values aq,a9,...,a, € F as above. In this case one can see — by
considering the multipliers for v in the above equation — that it must also be true that

T
pi =y ajiy
j=1

so that there is only one choice of p; for which this condition holds. Since the values
Lrt1y g2, -« - 5 b, are chosen uniformly and independently from F, it now follows that
A +v-u has rank r (instead of  + 1) with probability |F|~(~") if v; is not in the column
space of A. Since the entries of 4 and v are chosen uniformly and independently, it follows
that A+ v - u has rank r + 1 with probability (1 — |F|~=")2 as claimed.

As noted above, the rank of A+ v-u can only be r — 1 if v is in the column space of A,
and the probability of this is \F]_("_T). Virtually the same argument establishes that the
rank of A+wv-wu can only be r—1 if u is in the row space of A, as well, and the probability of
this is also ]F\_(”_T). Since the entries of u and v are chosen independently, the probability
that A+ v -u has rank r — 1 is at most |F|~2(»=7),

11



Finally, since the ranks of A and A+ v-u can differ by at most one, the rank of A+v-u
is in {r — 1,7, + 1}, as required to complete the proof of part (a) of the claim.

Suppose next that A is nonsingular, v € F™*!, ¢ is a positive integer, and R € F**".

If v =0, then A+v-u-R = A for every vector u € F'*¢, so that A+v-u- R is certainly
nonsingular as well, and case (i), mentioned in the claim, holds.

Otherwise A + v - u - R is singular if and only if there is a nonzero vector = €
such that (A+v-u-R)x = Az +v-(u-R-z) = 0. In this case Az is a nonzero scalar
multiple of v. Now, since (A+v-u-R)z =0 if and only (A+v- R - u)(ax) = 0 for any
nonzero o € F, it suffices to consider the unique nonzero vector + = —A~'v — in which
case (A+v-u-R)x=0if and only if u-(R-z) = 1.

IfR-z=0¢F>! then (A+v-u-R)x = Az = —v # 0 for every vector v € F'*¢, and
case (i) holds once again.

Suppose, instead, that Rz is a nonzero vector in F**! and that the entries of u € F*¢
are chosen uniformly and independently from F (and independently of the entries of A, v,
and R). Consider an integer ¢ such that 1 < i < ¢ and the ith entry of R -z is nonzero.
After all other entries of u have been selected there is exactly one choice of the i*® entry
of u such that w- R-x = 1. Thus (A —v - R-u)x = 0 with probability at most |F|~!, so
that case (ii) holds — establishing part (b) of the claim.

Part (c) of the claim is a trivial consequence of part (b), obtained by setting £ = n and
setting R to be the identity matrix I,, € F"*". O

FnXl

Lemma 5.4. Let A € F"*™ be a matriz with rank v for a nonnegative integer r, and let k
be a positive integer such that k > n —r.

(a) Ifk =n—r, and the entries of matrices U € F¥*™ and V € F*** are chosen uniformly
and independently from F, then A+ V - U is nonsingular with probability at least

1 _ FIZ—2)(JF| -1 _
(1= ) 0 P = e = 12k

(b) Let £ be a positive integer. Suppose that A € F"*™ is nonsingular, V € FF  and
R € FY". If the entries of U € F**! are chosen uniformly and independently from F
(and independently from the entries of A, V and R) then A+V -U - R is nonsingular
with probability at least

F|—1
[F|

if k =1, and with probability at least

F|~1 _ |F|+1 _
(1—‘F’_1 (1 —|F| 1):1—W>1—2\F] !

=1-|F™"

when k > 2.
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(¢) If A is nonsingular, V. € F™* and the entries of a matriz U € F**™ are chosen
uniformly and independently from F (and independently from the entries of A and V'),
then the matriz A+ 'V - U is nonsingular with probability at least

[F -1
[F|

=1-|F*

if k=1, and with probability at least

F|~1 _ |F|+1 _
(1—‘F’_1 (1 —|F| 1):1—W>1—2\F] !

when k > 2.

(d) Ifn—r < k and A has rank < n, and the entries of matrices U € FF*™ and V € F<¥
are chosen uniformly and independently from F, then A+ V - U 1is nonsingular with
probability at least

(P = 2)(FP —F 1) _ | 2FF+ 2 P 2P 2Fl =2 |y
IFIP(IF[> + [F]> + |F| + 1) IFIP(IF[> + [F]> + |F| + 1) - '
Proof. Suppose first that A € F"*" is an arbitrarily chosen matrix with rank r such that
k > n —r. Note that if a matrix U € F**™ has rows uy, ug,...,u; € FIX" (from top to
bottom) and V' € F™** has columns vy, va, ..., v, € F**! (from left to right) then
k
A4V U=A+> v u
i=1

With that noted — supposing, as above, that the entries of U € FFX and V e F™F are
chosen uniformly and independently from F — let pg , be the probability that there exist
integers ji,j2, ..., Jjn_r such that

l<ji<je<-<jnr <k

and such that the matrix

is nonsingular. It trivially follows that py , = 1 for every integer k such that 0 < k < n.

Suppose next that r < n. Since the entries of U € F¥*" and V € F*** are chosen
uniformly and independently from F, it follows by a straightforward application of part (a)
of Lemma 5.3 that the probability that A + v; - u; has rank at most r, for every integer i
such that 1 <4 <k, is (2|F|"~™ — [F|2r—)k.

13



Suppose, instead, that there exists an integer i such that 1 <7 < k and A 4+ v; - u; has
rank r 4+ 1. Permuting the rows of U and columns of V' as needed — without changing the
distributions used to generate these matrices — we may assume without loss of generality
that ¢ = k. Now let

A\:A—i—vk-uk € ann7

a matrix with rank r 4+ 1. Since the entries of the vectors ui,us,...,up_1 € F1X7 and
the vectors vy, vs,...vp_1 € F™! are chosen uniformly and independently from F —and
independently of either the entries of uy € FX" and v, € F™!, or of the entries of the
above matrix A — one can now consider A instead of A to conclude that

k
Pher = <1 _ <2|F|r—n . |F|2(T’—n)) > Ph—1r+1-

It follows, by induction on n — r, that

k
Pk = <1 _ <2|F|r—n o |F|2(r—n)) ) Ph—1r+1
n—r—1

-1 (1 ~ (2R - yFP(T—"“))k‘i) |

=0
If0<i<n—r—2then
; N\ k—i ) ' e
1-— (2’F‘7‘—n+z _ ’F‘2(r—n+z)> =1— ‘F’(T—n—l-z)(k—z) (2 _ “:‘r—n—i-z)k
> 1 — (2[F|r ik
> 1— (|F|k—i)r—n+i+1.

Ifi=n—r—1 then

1— <2|F|r—n+i _ |F|2(r—n+i))k—i 1 (2|F|_1 o |F|—2)k—(n—r)+l‘

n—r—2
= ( 11 1—<\F\’“"'>T‘"+i+1> (1= @IF|T = [FE
n—_—2 . '
= ( H 1-— (‘F‘Z—k)n—r_z—1> . (1 _ (2“:‘—1 _ “:‘—2)k_(n_,«)+1)

n—r—2
> ( I1 - <|F|<"-’“>-’f-2>"-’“—l-1) (1= @F [

i=0
(since (n—r)—k—2>i—kwhen0<i<n-—r—2)
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n—r—2
> (1 _ Z (|F|(n—r)—k—2)r—n—i—1> . (1 o (2|F|_1 . |F|—2)k—(n—r)+1)

=0

> (1= DTARTITEY ) (IR
j=1
1 n T
- (1_ !F\k—(n—r)+2_1> (1= (F[7H — [F72)E (5.1)

Suppose, now, that £ =n — r, so that » < n since k is a positive integer. Then
L= (2F|7" = [F[73)F 0ot — (1 — |F|I 712,

It is easily checked (setting k = n — r) that this establishes part (a) of the claim.

Part (b) follows by a similar argument: Suppose, now, that A is nonsingular, let & > 0,
Ve F™F 0> 1, R e F*" and suppose that the entries of U € F** are chosen uniformly
and independently from F (and independently of the entries of A, V and R). Let pui be
the probability that the matrix A+ V - U - R is also nonsingular. It trivially follows that
po = 1.

Suppose next that k£ > 1. The probability that A+V -U - R is nonsingular can be under-
approximated by the probability that both this is the case and there exists an integer i
such that 1 <7 < k and A 4 v; - u; - R is nonsingular where w1, us,...,ux € F1X¢ are the
rows of U (from top to bottom) and vy, v, ..., v € F**! are the columns of v (from left
to right).

Since the entries of U € FF*! are chosen uniformly and independently from F (and
independently of the entries of A, V and R), it follows by a straightforward application of
part (b) of Lemma 5.3 that A+ v;-u;- R is singular, for every integer ¢ such that 1 < i < k,
with probability at most |F|7%.

Suppose now that A + v; - u; - R is nonsingular for at least one integer ¢ such that
1 <4 < k. Once again, permuting the rows of U and columns of V' as needed — without
changing the distribution to generate these matrices — we may assume without loss of
generality that ¢ = k. Let R

A=A+, u- R,
a nonsingular matrix in Since the entries of the vectors wi,us,...,up_1 €
and vectors vi,vs, ..., vp_1 € F**! are chosen uniformly and independently from F — and
independently of either the entries of the vectors uy, € FX" and v, € F™*! or the entries
of the above matrix A — we now have that

HE > (1 — \F!_k> fk—1-

Thus g1 > 1 — |F|7! and it is easily established by induction on k that if k > 2 then
k—1 '
o= T (1 FI*)
i=0

15
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> (H L= |F[7) | (= JFI7Y)
Jj>2

> (1= ) - R
j>2
F|~! -1
1— (1—F
#(1- gy ) a1
|F|+1
=1-
P
21_2|F| 17

as needed to establish part (b) of the claim.

Part (c) of the claim is a trivial corollary of part (b), obtained by setting ¢ = n and
setting R to be the identity matrix I,, € F™*".

Essentially the same argument (with £ = n and R = I,,) establishes, for k > n —r, that
if A € F"*" has rank r, then the conditional probability that A + V - U is nonsingular,
given that there exist integers ji, jo, ..., jn_r such that

1<in<jp<-<jgnrZk

and the matrix

A+ Z Vj, * Wi,
h=1
is nonsingular, is at least
1—|F™! (5.2)
if k=n—r+1, and at least
Fl+1 —1
1—-—5—>1-2JF 5.3
Fr =12 (53

ifk>n—r+2.

One can now under-approximate the probability that A + V - U is nonsingular, when
A has rank r < n and k > n — r, by the probability that both this is the case and there
exist integers j1, jo2, ..., jn—r such that

1<in<jp<-<jgnrZk
n—r

and the matrix A + Zvjh - uj, is nonsingular. It follows by the bounds at lines (5.1)

h=1
and (5.2) that this is at least fi(|F|), where

fl(Z): < z31—1> . (1—(22‘1_2—2)2) .(1—2—1)
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(z° —2)

=~ reern (TG )

if k =n—r+1, and — by the inequalities at lines (5.1) and (5.3) — at least fa(|F|), where

(1 - z41_ 1> (1= (2271 =272 <%>
- (1_ 241_1> S(1—z7Y. (%)

(24 —2)(22 —2—-1)

T BB 2t 41) = f2(2)

iftk>n—1r+2.

Suppose first that [F| = 2. Then fi(|F|) = < and fo(|F|) = &, so that fo(|F|) < fi(|F|)
in this case.

On the other hand, if z = [F| > 3 then

23 —2
fi(z) = M (1227 =27
(2% —2) _
> ey )
23 —2)(z — =~
e 1O

222242 +1)
Supposing, again, that z > 3, consider the polynomial
F(2) =2+ 2+ )+ 2242 41) - (fi(2) — fo(2))
=20 4224022 -2, -2€7[2.
Notice that the leading coefficient, 6, of
F'(z) = 62° + 82 — 4z — 2,

is equal to the sum of the absolute values of all negative coefficients. Since this polynomial
includes a second term with a positive coefficient, F’(z) > 0 whenever z > 1. It therefore
suffices to confirm that F(3) = 865 > 0 to confirm that f1(|F|) > f2(|F|) whenever |F| > 3.
Thus the desired probability is always at least fo(|F|), as needed to establish part (d) of
the claim. O

Lemma 5.5. If n and t are positive integers, and A € F™™*" is a matriz with rank n —t
such that the characteristic polynomial of A is z'p(z) for a polynomial ¢ € F|z] such that
©(0) # 0, then the minimal polynomial of A is not divisible by z>.
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Proof. Suppose, to the contrary, that the minimal polynomial of A is divisible by z2. Then,
since A has rank n — ¢, the i*" invariant factor must be divisible by 27 for an integer j;
and for 1 < i <t, where

1=>je>- 25 > 1L

Furthermore j; > 2 since the minimal polynomial of A is divisible by 22.

Since the characteristic polynomial of A is the product of the invariant factors of A,
it follows that the characteristic polynomial of A must be divisible by H:le S = 220 di
and, since 25:1 ji > t+ 1, the characteristic polynomial of A cannot be as described in

the claim. ]

Theorem 5.6. Let k be a positive integer and let A € F™*", for a positive integer n,
such that A has at most k nontrivial nilpotent blocks. If the entries of U € F¥*™ and
V e F™F are chosen uniformly and independently from F then the probability that the
minimal polynomial of A+ V - U is not divisible by z* is at least

(FP=2)(FP = [FI=D(F[=1) _ | 3[FI*+2[F]’ —5|F] +2
FI*(IFI+1) [FI° + |F[*

>1-3|F7t  (54)

Proof. Let £ be the number of nontrivial nilpotent blocks of A, so that ¢ < k. Suppose
that A has rank r = n —t for an integer t. Then £ <t <n. The casesthat t < kand t > k
are considered, separately, below.

Suppose first that ¢ < k. It follows by parts (a) and (d) of Lemma 5.4 that A+ V - U
is nonsingular with probability at least min(f;(|F|), f2(|F|), where

(> —2)(z — 1)

hiz) = 22(z 4+ 1)

and
(24 —2)(22 -2z —1)

2= mE

The minimal polynomial of A + V - U cannot be divisible by either z or z? if this is the
case.

Suppose next that ¢ > k, so that the rank of A isn —t < n — k. In this case — since
the number of nilpotent blocks with size one in a (rational) Jordan normal form for A is
t—¥0¢>t—k— Ais similar to a matrix

i A O(n—t-+k)x (t—k) 7 (5.5)
Ot—kyx(n—t+k)  Ott—k)x (t—k)

where A € F("_Hk)x(":“rk), so that A = X1 AX for a nonsingular matrix X € F"*™.
Now, since A and A are similar, these matrices have the same rank, invariant factors,
and the same number of nontrivial nilpotent blocks. Furthermore, if the entries of matrices

18



U e F*" and V € F*** are chosen uniformly and independently from F then so are the
entries of the matrices U = U - X! € FF*" and V = X - V € F***. Multiplying by X on
the left and by X! we may therefore replace A with A— effectively assuming without
loss of generality that A = A as shown at line (5.5).

Let Uy, € FF*(=14k) and Up € FF¥(-F) be the left and right submatrices of U, and let
Vip € F=t4R)xE and Vg € FEF)*F be the top and bottom submatrices of V', so that

A+V .U = [ﬁ 0] + [VT} UL U] = [Al,l A1,2:|

0 0 VB Agy Ass
where
A1 = A+Vy UL € Fn—t+k)x (n—t+k)
A12=Vr -Ug€ Fln—t+k)x (i—k)
Ay = Vp - Up € FtmRxn=t+k)
and

A2 9 = VB . UR S F(t_k)x(t_k).

Since the entries of Uy, and Vr are chosen uniformly and independently from F, it
follows by part (a) of Lemma 5.4 (replacing n with n — ¢ + k and replacing r with n —t)
that the matrix A;; = A+ Vp - U is nonsingular with probability at least

' s (FE—2)(F - 1)
<1‘\Fr2—1>'(1"F‘ Rl T

With that noted, consider (for the rest of this argument) the case that A; ; is, indeed,
nonsingular.

In this case, since the rank of A+ V - U cannot exceed n — t + k, it follows that there
exist matrices Y € FO—tHR)x(t=k) anq 7 e Fl=R)*x(—t+k) guch that Ao =A11-Y, and
A1 =Z7-A;1 and —since A+ V -U and Ay have the same rank — Aso =2 41, Y.
Thus

AH/.UZ[AL1 Alvl'Y}

Z-Al,l Z-Al,l-Y

N Tn—tse O | (A O | Mpgw Y
Z gy 0 Op—¢ 0 Ie¢]”

Since the rightmost matrix shown in the above line is nonsingular, A + V - U is similar to
the matrix

In—t-l—k Y . In—t—i—k 0 . Al,l 0
Z Iy 0 Op—¢
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=[5 ] o)

0 Ii¢| |ZA11 Ok—t
_ [(In—t+k +YZ)-Ain O ]
Z A Ogp—¢t]

The characteristic polynomial of A 4+ UV is, therefore, the product of z¥~* and the char-
acteristic polynomial of the matrix (I,—4+x + Y Z) - Aj 1. Since A;; is nonsingular, the
matrix ([,,—4+, +Y Z)Aq 1 is also nonsingular if I, + Y Z is — and it would then follow
by Lemma 5.5 (with ¢ replaced by ¢ — k) that the minimal polynomial of A+ V - U is not
divisible by 22.

It now suffices to note that, since Y = Al_% “Aip = Al_% -Vr-Ugand Z = Ay Al_% =
Ve -Up - Al It +YZ =Ly + V- U - R for the matrices

V = A[{Vr € Finmtrhixk,

ﬁ =Ug € Fkx(t_k),

and
g — VB . UL . Al—i e F(t—k)X(n—t-Hf).

Since the entries of U = U r are chosen uniformly from F, and independently from the
entries of A Ur, Vr and Vg, the entries of U are also chosen independently from those
of V and R. Since I, _¢11 is a fixed nonsingular matrix, it follows by part (b) of Lemma 5.4
that the conditional probability that 1,41 + V.U-Ris nonsingular, given that A ; is,

is at least F . F\2 F
- — -1
1-— A= lF = "—11 -
(1) 0 F =T

so that the minimal polynomial of A + V - U is not divisible by 22, in this case, with
probability at least f3(|F|) where

(22 =2)(22 —2z—-1)(z —1)
24(z+1)

fs(z) =
Now consider the polynomial
Fi(z) =22 (z4+41)- (2 4+ 224241 - (fi(z) — fa2)) = 2* + 22 — 22 — 2 € Z[¢]

and its derivative,
Fl(2) =423 +32° — 2.

Since the leading coefficient, 4, of F] is greater than the sum of the absolute values of the
negative coefficients of this polynomial, Fj(z) > 0 whenever z > 1. Since F}(2) = 18 > 0,
it follows that Fy(z) > 0 when z > 2, and that fi(z) > f2(z) when z > 2 as well.
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Consider as well the polynomial
Fy(z) = 2" (2 + 22 +24+1) - (2 +1) - (fa2) = f3(2))
=2T 42532 -3 - B4+ 4242
and its derivatives
Fy(2) = 72% 4+ 62° — 1527 — 1223 — 322 + 22 4 4,
FY(z) = 422° 4 302" — 602° — 362° — 62 + 2,

and
FY'(2) = 2102* +1202% — 1802% — 722 — 6

The leading pair of coefficients of Fj’ are both positive and their sum, 360, exceeds the
sum of the absolute values of the negative coefficients of this polynomial. It follows that
F}'(z) > 0 when z > 1.

Since FJ(2) = 1190 > 0, it now follows that FJ(z) > 0 when z > 2. Since Fj(2) =
300 > 0, it also follows that Fj(z) > 0 when z > 2. Finally, since F»(2) = 54 > 0, it follows
that Fy(z) > 0 — and fa(z) > f3(2) — whenever z > 2 as well.

Thus
jﬂFD:(WP—mOH”%H—1MH—1)

FI*(IF +1)

:1_3WF+2WP—MH2+2
[FI® + [F|*

3|F|* + 2|F
SR
>1-3|F|!

is a lower bound for the probability that the minimal polynomial of A+V -U is not divisible
by 22, in all cases, as needed to establish the claim. O

The next lemma and theorem generalize parts (a) and (c¢) of Lemmas 5.3, as well as
parts (a), (c) and (d) of 5.4, as needed to establish the second part of Theorem 5.2.

Lemma 5.7. Let A € F™" and let f € F[z] be a monic irreducible polynomial with
degree d. Suppose the entries of vectors v € F*1 and u € FY™ are chosen uniformly and
independently from F.

(a) If £ of the invariant factors of A are divisible by f, for a positive integer £, then
exactly ¢ — 1 of the invariant factors of A+wv-u are divisible by f with probability at
least (1 — |F|~¢))2, and exactly £ + 1 of the invariant factors of A+ v -u are divisible
by f with probability at most |F|~2¢. Exactly ¢ of the invariant factors of A are
divisible by f, otherwise.
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(b) If the minimal polynomial of A is not divisible by f then the minimal polynomial of
A+ v -uis also not divisible by f with probability at least 1 — |F|%.

Proof. Suppose first that d = 1; then f = z — A for some element A of F. In this case, for
¢ > 1, exactly ¢ of the invariant factors of A (respectively, A + v - u) are divisible by f
if and only A — A, (respectively, A — I, + v - u) has rank » = n — £. Furthermore, the
minimal polynomial of A (respectively, A+ v-u) is not divisible by f if and only if A — AT,
(respectively, A— A\I, +v-u) is nonsingular. The above claims are, therefore, consequences
of parts (a) and (c) of Lemma 5.3 in this case.

Suppose next that d > 2. Let K = F[\] = F[z]/(f), where A € K is a root of f in K.
Suppose, as well, that

d d—1 d—2
f=2" = 7412 —vg12 = =2 — Y

ﬂn‘yd—led—Qv"'levWD eF.
In order to establish part (a) of the claim in this case, recall that every matrix A € F**"

is similar to a matrix in “rational Jordan form” — that is, a matrix whose blocks are the
companion matrices of powers of irreducible polynomials in F[z]. In particular, A is similar
to such a matrix, where the first ¢ blocks are the companion matrices of polynomials
fIv, fiz .. it for integers ji,ja, ... j, such that

J1>j2 > >0 >1,

and whose remaining blocks are the companion matrices of polynomials that are relatively
prime with f.

Now, if X € F" ™ is a nonsingular matrix then the entries of u - X € and
X~—1. v e F**! are chosen uniformly and independently from F if the entries of u € FX"
and v € F"*! are. Applying a similarity transformation we may therefore assume without
loss of generality that A is in rational Jordan form and, in particular, has the form described
above.

Consider a uniformly selected vector v € F™! — noting that this can be written as

Fl><n

U1

V2

v = (5.6)
[

[ Ve+1

where v; € F&3%1 for 1 < i < ¢ and where Vg1 € FXl form =mn —d - Zle ji. In this
case, the entries of the vectors vy, vs,...,vp11 are selected uniformly and independently

from F.
Each of the first £ blocks, ijl- — Mg.j, of A— XL, (for 1 <4 < /) has nullity one, while
the remaining blocks of this matrix are nonsingular.
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Let i be an integer such that 1 < i < ¢ and suppose that

@

(651 .
v; = . S FdJix1,

Qd-j;—1

The first d - j; — 1 columns of Cpj; — Alyj, are linearly independent — indeed, the hth
column has the nonzero entry —\ in position h, 1 in position h+ 1, and zeroes everywhere
else. The above vector v; is therefore in the column space of C'pj; — Aly.5; if and only if it is
a K-linear combination of these columns. Applying Gaussian Elimination (and considering
entries of this vector from bottom to top) one can confirm that this is the case if and only
if

Qi1+ adji—2)\_1 4ot al)\—(d'ji—2) +ag - A~ (didi—1) — 0,

which is the case if and only if g(A) = 0 for the polynomial

This is the case if and only if g is divisible by f. Since the coefficients of g are chosen
uniformly and independently from F, the probability of this is at most |F|~¢.

Since A—AI, is a block diagonal matrix with C'pj; —A-g.jy, Cpin —Agjo, - - -, Cfdje Ay,
as the initial ¢ blocks on its diagonal, and the entries of vy, v9, ..., v,y (and corresponding
components of the vector u) are chosen uniformly and independently from F, it now follows
that v is in the column space of A — \I,, with probability at most |F|~%.

The matrices A and AT have the same invariant factors, and rational Jordan form.
Applying the above argument to AT, one can see that the probability that u is in the row
space of A — A, is at most |F| ™ as well.

As argued in the proof of Lemma 5.3, it is necessary for v to be in the column space of
A — M, and for u to be in the row space of A — A, in order for the rank of A — I, +v-u
to be less than that of A — AI,,, and the rank of A— \I,, +v-u cannot be less than n— ¢ —1.
The number of invariant factors of A therefore divisible by f is £ + 1 with probability at
most |F|~24. There are never more than ¢ + 1 invariant factors of this matrix that are
divisible by f.

Suppose, once again, that v is not in the column space of A — A\I,, so that the null
space of A — A, + v - u is a subspace of the null space of A — AI,. It follows that the null
space of A — A\, +v-u is a proper subset of the null space of A — A\I,, so that A+wv-u has
at most ¢ — 1 invariant factors divisible by f, if and only if there exists a vector z € F**!
such that (A — Al,)x =0# (A— A, +v-u)zr =v-(u-x). This is the case if and only if
u-x #0.
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If A is as described above, then it suffices to consider (as x) ¢ vectors

[21] [0 ] [0 ] 0
0 T2 0 0
0 0 x3 0
Ti=| .|, Z2=|.|,23=|.|,...,20=]. (5.7)
0 0 0 Ty
| 0 | | 0 | | 0 | | 0]

where x; is a nonzero vector in K¢7*! such that (iji — Mgj,)x; =0, for 1 <i < /L.
Now suppose that 1 < ¢ < ¢ and that

FIr= 20— g N = G AT = = G = G

Since f is irreducible with degree d > 2, z does not divide either f or f7, so that (o # 0.

Now
) 0 o
1 =X 0 G
0 1 =X 0 G2
(Cpis — Maj)wi = . . cx; =0,
0 0 0 ... =X Cijs
(0 0 0 ... 1 Cajoi-Al

The top left submatrix of Cyj; — Al, with order d - j; — 1 is nonsingular — it is lower
triangular with the nonzero value —\ at each diagonal position. The bottom entry of z;

must therefore be nonzero. It now suffices to consider a vector
20,
)\d-ji—3a1

T, = '
)\Oéd.ji_g
Q- j;—2
)\dji—l

for ag,a1,...,aq.5,—2 € K. Examining the bottom entries in the above vector, it is now

possible to prove inductively that
o = )\djl . Cd-ji—l)\d-ji_l . Cd'ji—2)\d'ji—2 o C’i+2)‘i+2 . Ci-i—l)‘i—l—l

_ {Z.)\Z- n Ci_1>\i—1 4+ -+ GA+ (.
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Consequently
AIi=2¢,
X264 N3y
T; =
AFIT2C 5 a4+ A+ o
)\d-ji—l

It follows (considering the powers of A with coefficient (y, above) that if the entries of the
vector u € F1*™ are chosen uniformly and independently from F then u - Z; = g(\) where
g is a uniformly chosen polynomial in F[z] with degree at most d - j; — 1. Consequently,
since g(A\) = 0 only if g is divisible by f, (A — AI,, + v - u)Z; = 0 with probability at
most |F|~¢. Furthermore, the events that (A — \I,, + v -u)Z1 = 0, (A — A\, + v - u)Tg =
0,...,(A=XI,+v-u)x, = 0 are mutually independent, since these involve pairwise disjoint
subsets of the entries of u.

It follows that the conditional probability that A+ wv-u has exactly £—1 invariant factors
divisible by f, given that v is not in the column space of A — \I,,, is at least (1 — |F|~).
Thus A + v - u has exactly £ — 1 invariant factors divisible by f with probability at least
(1 — |F|=*)2, as needed to complete the proof of part (a) of the claim.

In order to prove part (b), suppose that the minimal polynomial of A is not divisible
by f, so that the matrix A — A\I,, is a nonsingular matrix in K™*". In this case there exist
matrices By, B1,...,Bg_1 € F"*™ such that

(A= ML,) "' =By +ABy + N2By + -+ 2¥71B, 4. (5.8)
It follows that

I, = (A= XL,)(Bo + ABy + A*By + -+« + M7 By_y)
d—1 ‘
= ABy+70Ba-1+ Y _(ABi — Bi_1 +7iBa-1)\,
i=1
so that ABy +v9Bg_1 = I, and B;_1 = AB; +v;B4q_1 for 1 <i < d—1. It can now be
proved inductively, using the above equations, that

d—1
Byi=AT'By1+ > AR, (5.9)
j=d—i+1

for every integer ¢ such that 1 < <d.

Now let v € F*™*!. Suppose that f divides the minimal polynomial of A + v - u, so
that the matrix A — A\, + v - u is singular in K™*". There must exist a nonzero vector
z € K"™!such that (A — M, + v -u)z = 0. In this case (A — A\,,)x = —v - (u - z), S0
that (A — Al,)x is a K-linear multiple of v. Since (A — Al, + v - u)x = 0 if and only if
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(A — M, + v-u)(ax) = 0 for any nonzero element « of K, it now suffices to consider the
vector z = —(A — M,)"'v — so that u(A — \I,,) v = 1.

Since (A — AI,)~! is as shown at line (5.8), above, it now follows that u;Bov = 1 and
u;Bjv = 0 for 1 < i < d—1. It now follows by the equation at line (5.9) that uA’By_1v = 0
for 0 < j < d— 2 and that A 'By_jv = 1.

Consider the minimal polynomial of the matrix A and the vector By_1v, for By_1 as
above — that is, the monic polynomial g € F'[z] with least degree such that g(A)By—1 =
0 € F™*1. If the degree of this polynomial is less than d then there is no vector u €
F1X" such the above conditions are satisfied — for A%"1B, jv is a linear combination
of By_qv, ABg_1v,...,A% 2B, ;v in this case, and wA?'By_jv = 0 if A'B;_1v = 0 for
0<i<d-—2.

On the other hand, if the degree of this minimal polynomial is at least d then the vectors
By_1v,ABy_v, ..., A% 'By_jv are linearly independent, so that the matrix C' € F»*?
with these vectors as columns has maximal rank d. It now suffices to note that the vector
u € FYX™ only satisfies the condition required above if

uC=[0 0 ... 0 1] e

Since the entries of u are chosen uniformly and independently from those of v it now follows
that the probability that (A — I, +v - u)x = 0 — and that A — A\, + v - u is singular —
is at most |F|~%, establishing part (b) of the claim. O

Theorem 5.8. Let A € F™*" and let f € Flz] be a monic irreducible polynomial with
degree d such that at most k invariant factors of A are divisible by f for some positive
integer k. Suppose the entries of matrices U € FF*™ and V € F™** are chosen uniformly
and independently from F.

(a) If exactly k of the invariant factors of A are divisible by f then the probability that
the minimal polynomial of A+ V - U is not divisible by f is at least

1 _ Fl?d —2)(|F|? — 1 _

(b) If the minimal polynomial of A is not divisible by f then the probability that the
manimal polynomial of A+ V - U is divisible by f is at least

IFl4—1
[F|

if k =1, and with probability at least

|F|~ _ Fl4+1 _
(1_WW—1 1—|F ) =1- EE >1—2|F|

=1—|F™

if k> 2.
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(¢) The minimal polynomial of A+ V - U is not divisible by f with probability at least

(FI* = 2)(FPT =11 —1) - 20FPY 4+ 2fF[* + [FPP + 2[F — 2|F|4 — 2

[FPA(F3 + [F[*4 4 [F|9 4 1) [F[PA(JF[?¢ 4 [F[*¢ 4 [F|9 4+ 1)
>1—2IF| 4.

Proof. The proof of this result is virtually identical to the proof of Lemma 5.4. Rather than
considering the rank of a sequence of matrices, one should consider the number of invariant
factors of a sequence of matrices that are divisible by the polynomial f. Lemma 5.7 replaces
Lemma 5.3 in the argument, so that |F| is consistently replaced by |F| in the bounds that
are being applied and derived. O

Theorem 5.2 now follows by Theorem 5.6 and part (c¢) of Theorem 5.8.

6 Nontrivial Nilpotent Blocks

Recall that a nilpotent block in the Jordan form of a matrix A € F™*" is nontrivial if
has order at least two — so that the minimal polynomial of this block is z7 for j > 2. The
purpose of this section is to establish the following.

Theorem 6.1. It is possible to decide whether a matriz A € F™*™ has at most k nontrivial
nilpotent blocks, in such a way that the incorrect decision is reached with probability at
most € for any positive constant €. The cost to do so includes the selection of ©(nk) values
uniformly and independently from F and ©(n%k + un) arithmetic operations in F.

It is also possible both to certify that A has at most k nontrivial nilpotent blocks and
to certify that A has more than k nontrivial nilpotent blocks. In both cases the verifier
18 guaranteed to accept if the prover’s information is correct. The verifier accepts with
probability at most € if the prover’s information is incorrect.

For both protocols, the expected cost for the prover to complete the protocol is dominated
by the worst-case cost for the initial decision stage, as given above. The cost for the verifier,
when confirming that A has at most k nontrivial nilpotent blocks, includes the selection of
O(n) values, uniformly and independently from F, and ©(nk+p) arithmetic operations in F.
The cost for the wverifier, when confirming that A has more than k nontrivial nilpotent
blocks, includes the selection of ©(nk) wvalues, uniformly and independently from F, and
©(nk + ) arithmetic operations in F.

6.1 Detection

Let 01(2) =17, 01(3) = 3, 01(4) = 01(5) = 2, 01(q) = 1 when ¢ = 7 and 01(q) = 2 when
q > 8. It is easily checked that if p1(q) is as given in Theorem 5.2, for every prime power g,
then (1 — p1(q))?*@ < 1/2 when 2 < ¢ < 7 and (1 — p1(q))?*@ < ¢~ when ¢ > 8.

27



In order to check whether a black-box matrix A € F"*" has at most k nontrivial
invariant factors, when F = F,, and to ensure that the probability of an incorrect decision is
at most a positive constant e, the prover should select 7 pairs of matrices U; € F**™ and V; €
F**k for 1 < i < 7, by choosing the entries of these matrices uniformly and independently
from F — where 7 = [logy(2- € 1)] - 01(q) if 2 < ¢ < 7 and 7 = [log,(2- ¢ )] - 01(q) if
q=>8.

Suppose first that A has more than k nontrivial nilpotent blocks, so that the & + 15
invariant factor of A is divisible by z2. Then it follows by Theorem 5.1, above, that the
minimal polynomial of A + V; - U; is divisible by 22 for all i.

For every such matrix it is easily checked, in this case, that if u;;,v;; € F>1 are
chosen uniformly and independently from F**! then the minimal polynomial of the linearly
recurrent sequence

ugjvm, ugj(A + Vi - Ui)vi 5, ugj(A + V- Ui)zvm, ... (6.1)

is also divisible by 22 with probability at least (1 —1/q)? — which is equal to 1/4 if ¢ = 2,
and greater than 1 —2/q if ¢ > 3. Consequently, if A = [logy/3(2 - 7 - ¢ 1)] when ¢ = 2,
and \ = (logq/2(2 -7 ¢ )] when ¢ > 3, and pairs of vectors u;; and v;; are chosen
uniformly and independently from F™*!, for 1 <i <7 and 1 < j < \, then, for each i, the
probability there is no integer j such that 1 < j < A, and the minimal polynomial of the
linear recurrence at line (6.1) is divisible by 2?2, is at most €/(27). The probability that it
has not been confirmed that the minimal polynomial of A 4+ V; - U; is divisible by 22, for
all i such that 1 < i < 7, is therefore certainly at most €/2 < e in this case.

It follows that — for fixed ¢ and ¢ — the number of applications of Wiedemann’s
algorithm needed to compute the minimal polynomials of sequences as above and confirm
the above condition, with the desired reliability, is a constant.

On the other hand, a straightforward calculation (involving 7, as given above) and
an application of Theorem 5.2(a) establishes that if A has at most &k nontrivial invariant
factors then the minimal polynomial of at least one matrix A+ V;-U;, such that 1 <i¢ < 7,
is not divisible by z? with probability at least 1 — ¢/2.

One should again try to compute the minimal polynomial of each matrix A + V; - U; by
computing the minimal polynomials of linearly recurrent sequences of the form shown at
line (6.1) for A uniformly and independently pairs of vectors u; j,v; j € F™*1.

If 1 <4 < 7 and the minimal polynomial of A 4 V; - U; is not divisible by 22, then
the minimal polynomial of the linear recurrent sequence shown at line (6.1) is not divisible
by 22, either, for any j that 1 < j < .

On the other hand, it follows by the above analysis that there will exist an integer j
such that 1 < j < A and the minimal polynomial of the above linearly recurrent sequence
is divisible by 22, for every integer i such that 1 < i < 7 and the minimal polynomial of
A+ V; - U is divisible by 22, with probability at least 1 — /2.

In this case a pair of matrices U € F¥*™ and V € F***_ such that the minimal polyno-
mial of A+ V -U is not divisible by 22, can be selected by choosing any one of the pairs of
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matrices U; and V; that have not been eliminated using the above process. The probability
that either this case has not been correctly identified, or a pair of matrices U and V as
described above has not been correctly selected, is at most e.

Since the cost to multiply A + V - U by a vector v € F™! includes the cost, y, to
multiply A by a vector, along with ©(nk) additional operations, it is straightforward to
modify the analysis of Wiedemann’s algorithm in order to conclude that the cost of the
above process includes the uniform and independent selection of ©(nk) values from F, along
with ©(n2k 4 pn) arithmetic operations in F, as claimed.

6.2 Few Nilpotent Blocks: Certification and Verification

If the prover has determined that A has at most & nontrivial nilpotent blocks, as described
above, then the prover should commit by sending matrices U € F¥*™ and V € F**¥, such
that the minimal polynomial of A+ V -U is not divisible by 22, to the verifier: These have
now been obtained.

It is easily checked, by consideration of a rational Jordan form, that if the minimal
polynomial of a matrix B € F"*" is not divisible by 22, then a system Bx = b is consistent
(for a given vector b € F"Xl), if and only if the system B2?z = b is consistent as well. On
the other hand, if the minimal polynomial of B is divisible by z? and a vector ¢ € F"*" is
selected uniformly and independently, then the probability that the system B2z = Bec is
consistent is at most |F|~t.

The verifier may therefore form a challenge by selecting v = [log, e 1] vectors
€1,€2,...,Cy uniformly and independently from FL (for ¢ = |F|), computing b; = (A +
V- U)c; for 1 < i < v, and sending by, by, ..., by to the prover.

The prover should compute vectors 1, 2a,...,2y € F*! such that (A+V -U)%x; = b;
(possibly by applying Wiedemann’s algorithm twice, for each ¢) and send these to the
verifier. Finally, the verifier should check whether the required equalities are satisfied —
accepting if they are, and rejecting otherwise.

If the prover’s information is correct then the verifier accepts with certainty; otherwise
the verifier accepts, incorrectly, with probability at most e. The cost to the prover, to
complete this protocol, is dominated by the cost of the “detection” stage described above.
Since the verifier must only choose ©(n) values uniformly and independently from F and
multiply a constant number of vectors by A+ V - U, the number of operations used by the
verifier is as claimed.

6.3 Many Nilpotent Blocks: Certification and Verification

If the prover has determined, instead, that A has more than k nontrivial nilpotent blocks,
then the prover should commit by advising the verifier of this.

The verifier should then select matrices U; € FF*™ and V; € F**F for 1 <i < 7, for 7
as above, by selecting the entries of these matrices uniformly and independently from F.
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These matrices should then be sent to the prover as a challenge.

In response the prover should return vectors z; € F**! such that (A+V;-U)x; 0 =
(A+V;-U;)*x; = 0 for 1 <i < 7. The verifier should then accept if these conditions are
all satisfied and reject otherwise.

Once again, Theorem 5.1 can be used to establish that this protocol is perfectly complete
— the verifier accepts with certainty if the prover’s information is correct. Theorem 5.2 and
a straightforward calculation establishes that it is also sound: If the prover’s information
is incorrect then the probability that the verifier accepts is at most €.

In order to see that the additional cost for the prover is low, recall that the minimal
polynomial of a matrix B € F**" and vector v € F"*! is the monic polynomial g € F[2]
with least degree such that g(B)v = 0. Wiedemann’s algorithm can be used to compute
the minimal polynomial of A 4+ V; - U; and a vector v, as the least common multiple of a
number of linear recurrent sequences as shown at line (6.1), with v = v; ; and uniform and
independent choices of the vector u; ;. A small number of choices of w; ; suffice to ensure
that the minimal polynomial of (A + V; - U;)v has been discovered with high probability.
Furthermore, if vectors v; ; € F*! are chosen uniformly and independently from F™**!, for
j=1,2,..., and the minimal polynomial of A+ V;-U; is divisible by 22, then the expected
number of vectors v; ; that must be considered, before a vector v = v; ; is found such that
the minimal polynomial of A 4 V; - U; and v is also divisible by 22, is at most two.

Suppose now that a vector v € F**! has been discovered and it has been confirmed that
the minimal polynomial of A+ V;-U; and v is 22g for some polynomial g € F[z]. It suffices
to compute and return the vector x; = g(A+V;)v in order to satisfy the requirements given
above.

The expected cost for the prover to complete this protocol is, once again, dominated
by the worst-case cost of the “detection” stage. The cost for the verifier includes the
selection of ©(nk) values uniformly and independently from F and a constant number of
multiplications of A+V;-U; by vectors, for matrices U; € FFXmand V; € FPk — establishing
the above claim.

7 Nontrivial Invariant Factors

The purpose of this section is to establish the following.

Theorem 7.1. One can decide whether a matriv A € F™™ has at most k nontrivial
mmwvariant factors, such that the incorrect decision is made with probability at most € for
any positive constant €. The expected cost of this includes the selection of ©(nk) values
uniformly and independently from F and ©(n%k + un) arithmetic operations in F.

It is also possible both to certify that A has at most k nontrivial invariant factors and
to certify that A has more than k nontrivial invariant factors. In both cases the verifier
is guaranteed to accept if the prover’s information is correct. The verifier accepts with
probability at most € if the prover’s information is incorrect.
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For both protocols, the expected cost for the prover to complete the protocol is in
O(n?M(n) + n’klogyn + pnlogy n),

where M(n) is the number of operations in F required for an arithmetic operation in a
extension E with degree in O(logyn) over F. When certifying that A has at most k nontrivial
invariant factors, the verifier selects O(nlogy n) values uniformly and independently from F
and performs O(nM(n) + nk + p) arithmetic operations in F. When certifying that A
has more than k nontrivial invariant factors the verifier selects O(nlogyn + nk) values
uniformly and independently from F and performs O(nM(n)+nk+u) arithmetic operations
mn F.

7.1 Detection

The k + 15* invariant factor ¢, of A is divisible by 22 if and only if A has more than k
nontrivial nilpotent blocks. The process described in Subsection 6.1 should be applied to
check this, with parameters chosen to ensure that the probability of failure is at most €/2.

If @p41 is not divisible by 22 then a pair of matrices Uy € F**™ and Vy € F*** have
been found such that the minimal polynomial fy € F[z] of A+ Vj - Uy is not divisible by 22
— and fy has been correctly computed — with probability at least 1 — /2. The detection
stage should proceed with an attempt to compute a factor x # z of g1 with positive
degree, along with a certificate of this factor — or to determine that no such factor exists.

Suppose first that ¢ = |F| = 2. In this case a straightforward variant of the protocol
described in Subsection 6.1 can be used either to conclude that (g1 is divisible by z+1 or
to obtain matrices Uy € FF*7 and Vie F?** guch that the minimal polynomial f; € F[z]
of A+ V;-Uj is not divisible by z 4+ 1. Suppose that this is carried out in such a way that
the probability of failure is at most €/6 — so that Uy, V4 and f; have also been obtained
with probability at least 1 — €¢/6 as well in the second case. If 02(2,1) = 6 and p2(q,d)
is as shown in part (b) of Theorem 5.2 then (1 — p(2,1))721 < 1. It therefore suffices
to choose 7(2,1) = [logy(12/€)] - 02(2,1) pairs of matrices U; € F**™ and V; € F***  for
1 <i < 73(2,1), in order to ensure that the minimal polynomial of A+V;-U; is not divisible
by z + 1, for at least one of these pairs of matrices U; and V;, with probability at least
1 —€/12, if ¢g1 is not divisible by z + 1. If A2(2,1) = [logy/3(12 - 72(2,1) - ¢ 1)] then a
consideration of the minimal polynomials of A2(2,1) linearly recurrent sequences with the
form shown at line (6.1), for 1 < i < 73(2,1), suffice to ensure that it has been correctly
discovered whether z + 1 divides the minimal polynomial of A + V; - U;, for all of these
matrices, with probability at least 1 — /12 — as is necessary and sufficient here.

If it has been determined that ¢y.1 is not divisible by z 4+ 1, then a variant of the
above protocol should be applied, once again, either to conclude that ¢y 1 is divisible by
2?2 + 2z + 1 (the only monic irreducible polynomial in F[z] with degree two) or to obtain
matrices Uy € F¥*™ and V, € F*™* such that the minimal polynomial fy € Flz] of A+Va-Us
is not divisible by 22 + z + 1. Suppose, as above, that this is carried out in such a way
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that the probability of failure (including failure to compute Us, Vo and f3) is at most €/6.
Now, if p2(q,d) is as given in part (b) of Theorem 5.2 then 1 — p3(2,2) < % It therefore
suffices to choose 75(2,2) = [logy(12/€)] pairs of matrices U; € FF*" _and V; € Fk | for
1< z < 73(2,2), in order to ensure that the minimal polynomial of A+V;- U, is not divisible
by 22+ z+ 1, for at least one of these pairs of matrices U and VZ, with probability at least
1 — /12 if pp41 is not divisible by 22+ z+ 1.

Suppose now that U 6 FFX™ and V- € F* such that the minimal polynomial of
A+ V;-Uj is divisible by 22 4+ z + 1. Then, if vectors u;,j, v, ; are chosen uniformly and
independently from F"*!, then the minimal polynomial of the linear recurrence resembling
that shown at line (6.1) (with U; and V; replacing U; and V;, respectively) is divisible
by 22+ z+1 with probability at least (1— %)2 = %. Consequently, if A2(2,2) = [logy4/7(12-
7(2,2) - €717, then a consideration of A\2(2,2) linearly recurrent sequences resembling the
one at line (6.1), for 1 < i < 715(2,2), suffices to ensure that it has been correctly discovered
whether 22 + z 4 1 divides the minimal polynomial of A + V. (7, for all of these matrices,
with probability at least 1 — €/12 — as is necessary and sufficient, here, once again.

Suppose, now, that it has been determined that ;.1 is not divisible by 22 4+ z + 1
either. Suppose that an additional two pairs of matrices U; € F¥*" and V; € F*¥ are
selected uniformly and independently, for 3 < i < 4. Then, since 1 — py(2,d) < 2'=¢ for
d > 3, and there are only two monic irreducible polynomials in F[z] with degree three,
while there are at most ¢%/d = 2%/d monic irreducible polynomials with degree d in F[z]
when d > 4, it follows that if f; is the minimal polynomial of A+ V- U;, for 3 < i < 4,
then the probability that ged(fs, f4) has a monic irreducible factor, with degree at least
three, that is not also a factor of w1, is at most

2 x (1—p2(2,3))° Z( > (1—p2(2,d))?
d>4

1 2 2d 92 2
< - — . _ . ‘
<2 x <4> + ; < 7 ) <2d> (by the bounds in part (b) of Theorem 5.2)

Il IA

=] =00~ |k~ 00K

Consequently if one chooses matrices U; € FF*™ and V; € F*** uniformly and inde-
pendently, for 3 < i < 7 4+ 2, instead, where 7 = 2[log,(12¢!], and f; is the minimal
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polynomial of A+ V- U; for all such 4, then ged(fs, f4,..., fr+2) has an irreducible factor,
with degree at most three, that is not also a factor of 11, with probability at most €/12.
Indeed, two pairs of matrices U; € FF**™ and V; € F™** will have been identified, with
probability at least 1 — €/12, such that if f; is the minimal polynomial of U + V; - U;, for
3 <i<4and fy, fi and fy are as above, then the squarefree part of ged(fo, f1, fo, f3, f1)
is a divisor of wgy1.

As discussed in Subsection 6.1, and above, it is possible to ensure that each of the above
minimal polynomials f; of A =V - U; is computed in such a way that the probability of
failure here is also at most €/12, by computing the minimal polynomials of ©(logy(e™!))
linearly recurrent sequences as shown at line (6.1). At this point, either a divisor of @41
with positive degree that is different from z has been identified, or matrices U; € FF*™,
V; € F*** and the minimal polynomials f; € F[z] of A+ V; - U; have been identified, for
0 < i < 4, such that ged(fo, f1, f2, f3, f1) = wr+1 € {1,z}. The probability of failure of
this process is at most €, and (for fixed €) the prover has selected ©(nk) values uniformly
and independently from F, and performed ©(n2k + un) arithmetic operations in F.

Suppose next that ¢ > 3. In this case one should begin, once again, by applying the
process described in Section 6 to determine whether A has more than &k nontrivial nilpotent
blocks, in such a way that this process fails with probability at most €/2 — and in such a
way that a pair of matrices Uy € FF*™ and Vy € F™*¥ has been discovered such that the
minimal polynomial fy of A+ Vg - Uy is not divisible by 2?2 — and fy has been computed
— if the process has not failed and A has at most k£ nontrivial nilpotent blocks.

Suppose now that A has at most & nontrivial nilpotent blocks, so that it is necessary
to check whether .1 has a monic irreducible factor in F[z] that is different from z. Let
¢ be a positive integer, greater than or equal to two, and suppose that ¢ pairs of matrices
U; € F**n and V; € F*"k are chosen uniformly and independently, for 1 < i < c.

Since there are ¢ — 1 monic irreducible polynomials with degree in F[z] with degree one,
it follows by part (b) of Theorem 5.2 that ged(f1, fo,. .., fc) has a monic irreducible factor
that is not also a factor of ¢y41 with probability at most

g1(q,¢) = (¢ —1)- (1 = pa(q, 1))“.

Since there are at most % monic irreducible polynomials with degree d in F[z], for d > 2,
it also follows that ged(f1, f2,. .., fc) has a monic quadratic irreducible factor in F[z] that
is not also a factor of (g1 with probability at most

2
92(a.¢) = T - (1= pa(a.2))",

and a monic cubic irreducible factor in F[z] that is not a factor of ¢k with probability at
most
P
g3(a;¢) = 5 - (1 = p2(¢,3))"
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Finally, the probability that ged(fi, fa,..., fc) has a monic irreducible factor in F|z]
with degree at least four, that is not also a factor of ¢y41, is at most

q° ¢
Y. U=mad) <y (1= pag.d)
d>4 d d>4 4
RN
<D <q_d>

d>4

_ 20—2 Z(ql—c)d

d>4
_ 20—2 q4(1—c)
1— ql—c
_ 20_2 q3(1—c)

m = ga(q;¢).

Consequently ged(f1, fo, ..., fc) has a monic irreducible factor in F[z], different from z,
that is not also a factor of i1, is at most

F(q,¢) = g1(q;¢) + g2(q, ¢) + g3(q,¢) + ga(q; )

for the functions g1, g2, g3 and g4 that are given above.

Straightforward calculations, aided by the use of a computer algebra system, confirm
that F(3,4) < 3 < F(3,3), so that one can set ¢ = 4 when ¢ = 3 in order to ensure that
the above process succeeds with probability at least % when ¢ = 3. Similarly, F(q,3) <
% < F(q,2), so that one can set ¢ = 3, when 4 < ¢ < 7. Finally, F(q,2) < %, so that one
can set ¢ = 2, when ¢q > 8.

While it seems necessary to set ¢ = 2 for large field sizes as well, the probability of failure
drops (for ¢ = 2) as ¢ = |F| increases. Indeed, using the fact that (1 — pa(q,d)) < 2¢~¢ for
d > 1, it is straightforward to establish that F(g,2) < 4¢~! when ¢ > 5.

As for the case that ¢ = 2, ©(logy(¢~!) independent trials should be used, in order to
ensure that a set of ¢ pairs of matrices and corresponding minimal polynomials f1, fs,..., fe
have been found, so that the squarefree part of ged(fo, f1,-- -, fc) is a divisor of prq with
probability at least 1 — ¢/4. Sufficiently many linear recurrences of the form shown at
line (6.1) should be considered to ensure that all minimal polynomials of matrices A+V;-U;
have been correctly computed, with probability at least 1 — €/4 as well, in order to ensure
that this “detection” process fails with probability at most €.

If it has been determined that A has at most k& nontrivial invariant factors, so that
¢+ 1 pairs of matrices U; € F**™ and V; € F***_ and corresponding minimal polynomials
fi € Flz] have been accumulated, such that ged(fo, fi1,- .., fc) = ¢r+1 € {1, 2}, then it will
also be useful to compute polynomials gg, g1, ..., gc € F[z] such that

gofo+gifi+ + gefo = Qrit. (7.1)

34



Since ¢ is a constant, for any field size ¢, the extended Euclidean algorithm can be applied
to compute these polynomials, such that each polynomial g; has degree in O(n), at a cost
that is dominated by the cost of the rest of this process.

7.2 Few Invariant Factors: Certification and Verification

In order to commit that A € F"*™ has at most k invariant factors, the prover should send
a sequence of ¢ + 1 pairs of matrices U; € F**™ and V; € F™* for 0 < i < ¢, along with

e the minimal polynomial f; € F[z] of A+ V; - U;,

e polynomials g; € F[z], for 0 < i < ¢, each with degree in O(n), such that the equation
at line (7.1) is also satisfied, where ¢r41 € {1,2}.

As a challenge, the verifier should select 75 = [log(y,-—1_g-2)-1(2(c + 1)73¢~1)] pairs
of vectors u;, v; uniformly and independently from F™ ! for 1 < ¢ < 73, and send these
to the prover. The prover should then compute the minimal polynomial of each linearly

recurrent sequence
ul v, ul (A+V;-Uj) v, ul (A+ VU2, . (7.2)

for 1 <7< m3and 0 <j < ¢, and should interact with the verifier to certify each of these
minimal polynomials — choosing parameters in order to ensure that the verifier would
discover an incorrect minimal polynomial with probability at least 1 —€/(2(c + 1)73) if the
prover tried to provide one.

If the verifier can confirm that the minimal polynomial of each of the sequences shown
at line (7.2) is divisible by the minimal polynomial f; supplied by the prover, for 0 <i < ¢
and 1 < j < 713 and, furthermore, can confirm that

QOfO +glf1 + ---gcfc € {271}7

then the verifier should accept. Otherwise, the verifier should reject.

Dumas, Kaltofen, Thomé and Villard [2] are primarily concerned with certification of
the minimal polynomial of a matrix over a large field, namely a field F such that |F| €
Q(n). However their observations about small field computations can be extended, in a
straightforward way, to establish the following.

Theorem 7.2 (Dumas, et. al.). It is possible for a prover to compute the minimal poly-
nomial of a given matriz A € F"*™ and certify it using an interactive protocol that is per-
fectly complete and sound: An incorrect minimal polynomial is accepted with probability at
most € for any desired positive constant €. The prover selects ©(nlogyn) values uniformly
and independently from F and performs ©(n?M(n) + unlogyn) additional operations in F
while participating in this process, where M(n) is the number of operations in F required
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for an arithmetic operation in a field extension whose degree over F is logarithmic in n.
The verifier selects O(nlogyn) values uniformly and independently from F and performs
O(nM(n) + u) additional operations in F.

Soundness and perfect completeness of this protocol are easily established, provided
that the protocol of Dumas, Kaltofen, Thomé and Villard is used to ensure that any
incorrect minimal polynomial of a linearly recurrent sequence as shown at line (7.2) would
be detected by the verifier with probability at least 1 — m The costs for the prover
and verifier, given in Theorem 7.1, follow from the fact that the cost to multiply A+ V; - U;
by a vector is in ©(u + nk).

7.3 Many Invariant Factors: Certification and
Verification

In this case, the prover has detected a factor x € F[z] of yiy1 that is different from 1
or z; the prover should now commit to this protocol by sending x to the verifier. If y is
divisible by z? then verifier should interact with the prover in order to confirm that A has
more than k nontrivial nilpotent blocks, as described in Section 6.

Otherwise, the verifier should choose matrices U; € F¥*™ and V; € F*** uniformly and
independently, for 0 <4 <7 — 1, where 7 = [log(;_, (4,1))-1 (2¢71)], and send these to the
prover as a challenge: If o1 is not divisible by x then there will exist at least one pair
of matrices U € F**™ and V; € F™**, such that the minimal polynomial of A + V; - U; is
also not divisible by , with probability at least 1 — 5.

Consequently, as a response the prover should return vectors u;, v; € F**! such that
the minimal polynomial of the linear recurrence

ul vy, ul (A+ Vi - U, uF (A+V; - Up)?w;, ..

is x, for 0 < ¢ < 7—1. These can be obtained at sufficiently by following a process described,
for example, by Eberly [3], to compute vectors u; and v; such the minimal polynomial of
the above linearly recurrent sequence is the minimal polynomial f; of A+ V;-U;, and then
replacing v; with (f;/x)(A + V; - U;)v;.

The prover and verifier should apply the protocol of Dumas, Kaltofen, Thomé and Vil-
lard once again, in order to confirm this — ensuring that any incorrect pair of vectors
is accepted with probability at most €/(27), so that the total probability of failure is at
most €, once again.

8 Additional Problems

Protocols certifying that a matrix A € F"*™ is not banded, with band width k, or that the
rank (or displacement rank, for the types of this discussed in Section 4) of a given matrix
exceeds k, are also easily described as straightforward variants of those given in this report.
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Additional properties allowing other “superfast” algorithms to be used might also be
efficiently detected. For example, one might be able to detect some cases when nested
dissection can be applied. The detection of Vandermonde-like and Cauchy-like ma-
trices might be of interest — and also might be more challenging than that of detecting
Toeplitz-like matrices: The operator matrices for Vandermonde-like and Cauchy-like ma-
trices are defined using diagonal matrices whose entries can vary, and one would need to
discover these diagonal matrices as part of a detection process.

This report has focussed on the case where k is extremely small. However, various
“superfast” algorithms would still be superior to a black box algorithm for larger k — for
example, for k& < y/n. Detection and conversion protocols that are effective, for larger k,
might therefore be of interest.

Protocols such that the parameter k is not selected by a client (or verifier), but is
instead discovered by the service provider (or prover), can be generally be obtained by
modifying the protocols in this report in a straightforward way.

Finally, black box algorithms are also used for various integer matrix computations,
including computations involving the Smith form of a matrices. Protocols to decide
and certify whether the number of nontrivial elementary divisors of a given integer matrix
would therefore be of interest.
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