THE COMPLEXITY OF THE EQUATION
SOLVABILITY PROBLEM OVER SEMIPATTERN
GROUPS

ATTILA FOLDVARI

ABSTRACT. The complexity of the equation solvability problem is
known for nilpotent groups, for not solvable groups and for some
semidirect products of Abelian groups. We provide a new polyno-
mial time algorithm for deciding the equation solvability problem
over certain semidirect products, where the first factor is not nec-
essarily Abelian. Our main idea is to represent such groups as ma-
trix groups, and reduce the original problem to equation solvability
over the underlying field. Further, we apply this new method to
give a much more efficient algorithm for equation solvability over
nilpotent rings than previously existed.

1. INTRODUCTION

One of the oldest problems of algebra is the equation solvability prob-
lem over a given algebraic structure. Nowadays, many such classical
problems arise in a new perspective, namely to consider their compu-
tational complexity. In this paper we investigate the complexity of the
equation solvability problem over finite groups and rings.

The equation solvability problem over a finite group G asks whether
or not two group expressions (i.e. products of variables and elements
of G) can attain the same value for some substitution over G. In
other words, for the equation solvability problem, one needs to find if
there exists at least one substitution satisfying the equation. Another
interesting problem is whether or not all substitutions satisfy the equa-
tion. The equivalence problem over a finite group G asks whether or
not two group expressions f and g are equivalent over G (denoted by
G = [ = g), that is whether or not f and g determine the same func-
tion over G. We investigate the complexities of these problems in the
length of the input polynomials, that is in the number of operations
occurring in them. We denote the length of a polynomial f by || f||.
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2 A. FOLDVARI

First Burris and Lawrence [2] investigated the complexity of the
equivalence problem over finite groups. They proved that if a group G
is nilpotent or G ~ D,,, the dihedral group for odd n, then the equiva-
lence problem for G has polynomial time complexity. They conjectured
that the equivalence problem for G is in polynomial time if G is solv-
able, and coNP-complete otherwise. Horvath and Szabo [11] confirmed
the conjecture for G ~ A x B, where A and B are Abelian groups such
that the exponent of A is squarefree and (|A[, |B|) = 1. Later Horvath
[8] generalized this result to semidirect products A x B, where A and
B/Cg(A) are Abelian groups (here Cg(A) denotes the centralizer of
A in B). Horvath, Lawrence, Mérai and Szabé [10] proved the coNP-
complete part of the conjecture. But the complexity of the equivalence
problem over many solvable, not nilpotent groups is not determined,
yet. Three of the smallest groups, for which this complexity is not
known, are Sy, SL(2,Z3) and a non-commutative group of order 54.
See [8] for a more comprehensive list.

Even less is known about the equation solvability problem. Gold-
mann and Russel [4, 5] proved that if G is nilpotent then the equation
solvability problem over G is solvable in polynomial time, while if G
is not solvable, then the equation solvability problem is NP-complete.
Little is known for solvable, not nilpotent groups. Horvath proved in
[8, Corollary 2| that the equation solvability problem over G is solv-
able in polynomial time for certain groups G ~ A x B, where A ~ Z,x
or Zy,s or Z’; and B is commutative. Note that all results for both
the equivalence and the equation solvability problem over solvable, not
nilpotent groups are about groups A x B, where A is Abelian.

One of the groups of small order, for which the computational com-
plexity of the equation solvability problem is unknown, is the group
U (3,Z3) x Z5. Here, U (3,Z3) denotes the noncommutative group of
3 x 3 upper unitriangular matrices over Zs. Horvath explicitly asks in
[8, Problem 4] the complexity of the equivalence and equation solvabil-
ity problems over this group. The group U (3,Z3) xZ5 is isomorphic to
a special subgroup of the 3 x 3 upper triangular matrices over Zs. Mo-
tivated by the definition of pattern groups from [3, 13], we call a group
A x B a semipattern group, if A is a subgroup of the group of upper
unitriangular matrices, and B is a subgroup of the diagonal matrices.
We give the precise definition of semipattern groups in Section 2.1. The
main result of the paper is the following.

Theorem 1.1. The equation solvability problem over semipattern groups
1s solvable in polynomial time.

The group U (3,Z3) x Z; defined in [8, Problem 4] is in fact a
semipattern group, thus Theorem 1.1 answers Horvath’s question com-
pletely. Further, from Theorem 1.1 the equivalence problem over semi-
pattern groups is solvable in polynomial time, as well. Indeed, it is
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known that for a group G if the equation solvability problem is solv-
able in polynomial time, then the equivalence problem is solvable in
polynomial time, as well.

In the proof of Theorem 1.1 we reduce the solvability of the input
equation over a matrix group over a finite field to the solvability of a
system of equations over the same field. Then we apply some results
over finite rings. Therefore, we summarize the known results over rings.

The equation solvability problem over a finite ring R asks whether or
not two polynomials can attain the same value for some substitution
over R. The equivalence problem over a finite ring R asks whether or
not two polynomials are equivalent over R i.e. if they determine the
same function over R.

The complexity of these questions was completely characterized in
the past two decades. Hunt and Stearnes [12| investigated the equiva-
lence problem for finite commutative rings. Later Burris and Lawrence
[1] generalized their result to non-commutative rings. They proved that
the equivalence problem for R is solvable in polynomial time if R is
nilpotent, and is coNP-complete otherwise.

The proof of Burris and Lawrence reduces the satisfiability (SAT)
problem to the equivalence problem by using long products of sums
of variables. Nevertheless, if we expand this polynomial into a sum of
monomials then the length of the new polynomial may become expo-
nential in the length of the original polynomial. Such a change in the
length suggests that the complexity of the equivalence problem might
be different if the input polynomials are restricted to be written as sums
of monomials. This motivated Lawrence and Willard [15] to introduce
the sigma equivalence and sigma equation solvability problems, where
the input polynomials are given as sums of monomials. Lawrence and
Willard conjectured that if the factor by the Jacobson radical is com-
mutative then the sigma equivalence problem is solvable in polynomial
time, and is coNP-complete otherwise. Szab6 and Vértesi proved the
coNP-complete part of the conjecture in [16]. Horvath confirmed the
conjecture for commutative rings in |7]. The polynomial part of this
conjecture is completely proved in the manuscript [9].

Most of the results for the [sigma| equation solvability problem fol-
low from the corresponding result for the [sigmal equivalence problem.
In particular, from the argument of Szab6 and Vértesi follows that if
the factor by the Jacobson radical is not commutative then the sigma
equation solvability problem is NP-complete. Horvath, Lawrence and
Willard [9] proved that if this factor is commutative then the sigma
equation solvability problem is solvable in polynomial time. Thus, the
sigma equation solvability problem is completely characterized.
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For the general equation solvability, arguments of Burris and Lawrence
from [1] yield that if the ring is not nilpotent then the problem is NP-
complete. Horvath in [6] proved that the equation solvability problem
is solvable in polynomial time otherwise.

Theorem 1.2 (|6, Theorem 1.2|). If R is a finite, nilpotent ring then
the equation solvability problem over R is solvable in polynomial time.

Horvath uses Ramsey’s theorem in the proof of Theorem 1.2. He
defines a number r that depends only on the ring R. Then he proves
that the image of every polynomial can be obtained by substituting
0 into all but r-many variables. Thus one can decide whether or not
f =0 is solvable over R in O (||f||") time. However, this number 7 is

huge in the size of the ring. In fact, r is greater than ]R]‘R"”m‘, where
the height of the tower in the exponent is the nilpotency class of R.
Horvath specifically asks in [6, Problem 3| whether or not this number
r can be decreased.

In the second half of the paper we give a new proof of Theorem 1.2.
Our algorithm is much more efficient than Horvath’s. Wilson [17] char-
acterizes nilpotent rings with the help of special kind of nilpotent ma-
trix rings. We can decide the equation solvability problem over these
special matrix rings similarly as we do over semipattern groups in The-
orem 1.1. In particular, we show that over a nilpotent ring R we can

decide in O (HfH‘R|210gR1°g5 |R‘> time whether or not f = 0 is solvable,

thus providing a partial answer to Problem 3 in [6], as well. We mention
that in a completely independent way, Kéarolyi and Szab6 also found a
way to decrease the exponent r in [14].

In Section 2 we summarize the notations, definitions and theorems,
that we use in the paper. In particular, in Section 2.1 we review the
definition of pattern groups, then we define semipattern groups. In
Section 2.2 we discuss the generalization of the equation solvability
problem over rings for systems of equations. We are going to apply
these results in order to prove Theorems 1.1 and 1.2. In Section 2.3
we lay the groundwork for the proof of Theorem 1.2. In Section 3 we
prove Theorem 1.1. We use ideas of this proof in Section 4, where we
prove Theorem 1.2.

2. PRELIMINARIES

2.1. Semipattern groups. Let [F, denote the finite field of ¢ elements.
Let us consider the group T (m,F,) of m xm upper triangular matrices,
that is those matrices whose elements under the diagonal are zero and
the elements in the diagonal are non-zero:
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$1 Q12 a13 ... Qim
0 S92 Q23 ... A2.m

TmF)=q]0 0 s ... aam|:5,€F a,;€F,1<i<j<m
0 0 0 ... sm

Here the group operation is the matrix multiplication.

Let the m x m identity matrix denoted by I. Let I;; denote the
m x m matrix whose elements are all zero except for the 5% element
in the " row, which is 1. Let P C {(i,j) : 1 <i < j <m}. Let

Np = {[ + Z amfi’j C Qg € Fq}

(i,7)€EP

Thus, Np contains all those upper triangular matrices, where every
element in the diagonal is 1, and every element whose position is not
occurring in P has to be 0. If Np is a subgroup of T (m,F,), then
we call Np a pattern group. For more details on pattern groups, see
e.g. [3, 13]. Let Sy, 8Sy,...,S,, be subgroups of F;* and let D be the set
of m X m matrices over F, whose i'" element in the diagonal is from S;
(1<i<m):

S1 0 0 ... 0
0 S9 0 ... 0
0 0 0 ... sp

If Np is a pattern group then NpD is a subgroup of T (m,F,).
Then we call NpD a semipattern group and we denote such a group by
SP(m,F,). Further, we note that Np<<NpD and NpD = NpxD. The
group U (3,Zs3) x Z; defined in [8, Problem 4] is in fact a semipattern

group:

U(B,Z3)NZ§<I 2S€Z§<,CL,Z),CEZ3

OO =
O »w
_ 0 o

2.2. Further notations. Let R be a commutative, unital ring, Sy, ...
..., S, be subsets of R. For nonnegative integers n,ly,...l,, let X =

{z, ..o b, Yo ={vi, s by s Yoo = {Yma,-- -y Ymu, | be
pairwise disjoint sets of variables. We say that f = g us solvable over R
for substitutions from R, S, ..., Sy, (and write f|g s, s, = 9IR.51....5m

is solvable over R) if there exist ay,...a, € R, S11,...515, € S1, - -+,
Smis---Smi, € Sm such that the two polynomials attain the same
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value on this substitution:

a1, o Qny 811, S1ys s Smds -« sSmilp) =

g(al, celpy S11y -+ - S10y5 -5 Smyly - - ,Sme)

For proving Theorem 1.1, we will directly apply the following result of
Horvath [8].

Theorem 2.1 ([8, p. 221, case (d)|). Let F, be a finite field. Let
Si1,. .., Sy be subgroups of B Let fu, ..., fx € Fol1, - Tnsy11s -+ Ymity)
be a polynomial, written as a sum of monomaials. Then it can be decided
whether the system of equations

filr,s1,08, =0

fk|Fq,Sl,..‘,sm =0

is solvable over Fy in O (mazi<i<i|| fi||¥7) time.
To prove Theorem 1.2 we are going to use the following from [9].

Theorem 2.2 (|9]). Let fi,...,fx € Zpa[th,...,ys] be polynomials,
written as sums of monomials. Then it can be decided whether the
system of equations

fi=0

fr="0
Q2 .
is solvable over Zye in O (maz1§i§k||fi||a2k'p2 > time.

2.3. Equation solvability problem over nilpotent rings. The com-
plexity of the equation solvability problem over finite nilpotent rings
is known. Horvath [6] proved that the equation solvability problem is
solvable in polynomial time. We give a new algorithm in Section 4
that is much more efficient than Horvath’s. In this part we show that
we can characterize the complexity of the equation solvability problem
over nilpotent rings using the sigma equation solvability problem over
special kind of nilpotent matrix rings. Hence we can apply the same
ideas that we used in the proof of Theorem 1.1.

Horvath proved Theorem 1.2 using Ramsey’s theory. He defined a
number r that depends only on the ring R. Then he proved that the
image of every polynomial can be obtained by substituting 0 into all
but r-many variables. Thus one can decide whether or not f = 0 is
solvable over R in O(||f||") time. But the number 7 is huge in the size
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of the ring. Let ¢ be the characteristic of R and ¢ be the nilpotency
class of R. Let furthermore m = (¢t — 1)! - ¢. Then r is greater than
m™ " | where the height of the tower in the exponent is t. We give a

new proof of Theorem 1.2 in Section 4. Our algorithm is much more
efficient than Horvath’s. We prove that O (HfH'RPlOg'RI log? |R|) time is

enough.

First, we show that we can handle the equation solvability problem
over nilpotent rings using the sigma equation solvability problem over
special kind of nilpotent matrix rings. If R is a nilpotent ring then
the complexity of the general equation solvability problem over R is
the same as the complexity of the sigma equation solvability over R.
Indeed, we can rewrite every polynomial f over R as a sum of mono-
mials in O (||f]|) time, where ¢ is the nilpotency class of R. Now,
t = O (log|R|). Hence, at the cost of an extra log |R| factor in the ex-
ponent, we may assume that every input polynomial is given as a sum
of monomials. Furthermore it is enough to consider the equation solv-
ability problem over nilpotent rings with prime power characteristic,
because every ring is a direct sum of rings of prime power characteristic,
and the equation solvability problem can be handled componentwise.
Wilson [17] characterizes finite nilpotent rings with prime power char-
acteristic.

Theorem 2.3 (Wilson). Let R be a finite nilpotent ring with charac-
teristic p*, and let R have an independent generating set consisting of
m generators over Zy.. Then R is a homomorphic image of a ring
M(m, Zye) of matrices over Zya where every entry on or below the
main diagonal is a multiple of p.

In fact for nilpotent rings it is enough to consider the equation solv-
ability problem over such a matrix ring M, since if the equation solv-
ability problem is solvable in polynomial time for M, then it is solv-
able in polynomial time for a quotient M/Z, as well. Indeed, let f
be a polynomial over M/Z and f be any polynomial over M whose
quotient by Z is f. Then f = 0 is solvable over M /Z if and only if
f = a is solvable over M for some a € Z. This gives an extra |Z|

factor to the running time. However, |Z| < |IM| < (po‘)mQ, and we have
p* = O(IR]), m = O (log [R|). Thus, |Z| = O (|R]**™), which only
depends on R, and thus can be forgotten about.

Thus it is enough to consider the sigma equation solvability problem
over such a matrix ring of matrices over Z,» where every entry on or
below the main diagonal of each matrix is a multiple of p. We can
handle such matrix rings similarly as we do with the semmipattern
groups. Hence we can use ideas of the proof described in Section 3.
We give a new, efficient algorithm that decides the equation solvability
problem over nilpotent matrix rings in Section 4.
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3. EQUATION SOLVABILITY PROBLEM OVER SEMIPATTERN GROUPS

In this section we consider the equation solvability problem over sem-
mipattern groups. First we characterize the multiplication of matrices
from T (m,F,) in Lemma 3.1. We use this formula in our algorithm.

Lemma 3.1. Let n be a natural number. For every 1 < k < n let

S1k 12k @13k --- Almik
0  Sor a3k ... Q2mk
— 0 0 s .oa
A = 3,k 3mk | € T (m,F,).
0 0 0 e Sm,k
Let
01 Q12 013 ... 01,
0 09 Qg3 ... O,
AjAy. . A, = 0 O O3 ... Q3
0 O 0 Om
Then
e for everyt=1,2,...,n we have

n
0; = H Si k>
k=1

o for every 1 <1 < j < m we have

j—i—1 n kpi1—1 ks—1ko—1 [/ki—1
O‘MZE: E E §§§ Hsz‘,co Qi,ly k1

b=0 i<l <-<lp<jkps1=b+1 ky=b ko=2 k1i=1 \co=1
ko—1 k3—1 ka—1

(1) H Ster | Qlyla ko H Sla,ca | Qlyl3,ks H Sl3,c3
c1=k1+1 co=ko+1 c3=ksz+1

kb+1_1 n
oyl ke H Shyer | Ay,jikpsa H Sj.cpy1

co=kp+1 Cor1=kpp1+1
The length of (1) is O (n™), and in particular is polynomial in n.

Proof. The lemma can be proved by induction on n. However, instead
of giving the technical induction proof, we explain how one can arrive
at this formula.

Let us consider the j™ element of the i row «;; of the matrix
AjAy . A, (1 <i<j<m). We can express this element «; ; with a
sum of some appropriate products. In every such product we multiply
one element from each matrix Ay (1 < k& < n). (In the notation the
index k appears as the last index.) Furthermore the index of the column
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of a term must equal with the index of the row of the following term
in every such product. (Therefore a term of the form s, or ay,,,,
follows the term of the form s, or a;,_,;..) The row index of the
first term is ¢, the column index of the last term is j. The matrices
Aq, Ay, ..., A, are upper triangular matrices, hence the row index of
every term of every product is less than or equal to the column index.
(Thus for every term of the form a,_;, ., , that are above the diagonal,
we have [, < l.41.) Thus the j™ element of the i’ row «; ; of the matrix
A1A, ... A, is a sum of products of n terms such that

e the row index of the first term is ¢, the column index of the last
term is J;

e the column index of every term equals to the row index of the
next term,;

e the row index of a term is at most the row index of the next
term.

Notice, that every n-term product is uniquely determined by those
terms where the row index differs from the column index. Let two such
consecutive terms of the product be a;,_, ;. . and a; g, k.., (Here
i <ley <loe<leyy <jand 1 <k, < keyy < n.) The product of the
terms between these two terms have row and column index [/, and their
last index is more than k. and less than k.,;. Thus between the terms
Ao ke a0d ay g,y k., can only be the product si k.1 Si ko2 -
S kes1—1- Thus formula (1) is proved.

Now, we calculate the length of formula (1). Formula (1) is a sum
of products. The length of every product is n, thus we need to calcu-
late the number of products. Notice, that every product is uniquely
determined by the column indices of the terms. More exactly we need
to know the column indices of the first n — 1 terms, because the col-
umn index of the last term is j. We can choose these indices from the
set {i,i+1,...,5 —1,5}. The order of the selected elements does not
matter. We only need to determine how many indices are equal to ¢
or to i + 1, etc, or to 7. Thus we need to choose n — 1 element from a
set of j — i+ 1 elements such that repetitions are allowed. Hence the
number of products is

n—1+7—1+1-1 n+j7—1—1
( n-1 ) - ( j—i >
Since every product has length n, the length of a; ; is
(n—i—].—z.—l) n=0 ") =0mm".
j—i
Thus the length of «; ; is at most O (n™) for every index 1 < ¢ < j <
m. Il

Let SP(m,F,) be a semipattern group. Let F = T1T5...T, be
a polynomial over SP(m,F;). Thus T} can indicate a constant or a
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variable over SP(m,F,) (1 < k <n). Of course T} and 7; can indicate
the same constant or variable. Let

Uk T12k T13k --- TLimk
0 Yok  T23k --- T2mk
T.=| 0 0 Y3k - T3mk

If T}, € SP(m,F,) indicates constant then vy, is a constant in S; <
Fx and w;;y, is a constant in Fy (1 <7 < j <m). If T € SP(m,F,) is
a variable, then y; is a variable, that we can substitute from S;, and
x; ;k is a variable that we can substitute from F,. Furthermore T}, = T;
if and only if y; , = v;; (for every 1 < i < k) and z; j;, = x; j; for every
1<i<j<m.

We can rewrite the polynomial /' with this notation as

Yii T121 T131 --- Tim,d Y12 Ti122 T132 --- Tim,2
0 Y21  T231 --- T2am,i 0 Y22 X232 ... T2am2
F=120 0 Y1 - T3l 0 0 Y2 .- T3m2
0 0 0 N Ym,1 0 0 0 ce Ym,2

Yin Ti12n Ti3n --- Timmn

0 Ya,n T23n -+ T2mn

0 0 y37n e x3,m,n

0 0 0 coo Ymn

After multiplying these matrices using Lemma 3.1 we obtain

S 912 913 --- Jim
0 fo 923 .. GJom
F — 0 O f3 e g3,m ,
0O O 0 ... fm
where
fi= Hyi,ka and
k=1
j—i—1 kpy1—1 ks—1ko—1 [k1—1
RSN SRED I RS 95 9 § 1 94 POt
b=0 i<li<--<lp<j kpy1=b+1 kp=b ko=2k1=1 \co=1

ko—1 kpy1—1 n
H Yier | Thijlasks - - - H Yipep | Llogkoia H Yjepi

c1=k1+1 cp=kp+1 cpr1=kp+1+1
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The polynomial F' can attain the unit matrix for a substitution if
and only if f; attains 1 (1 < i < m) and g;; attains 0 for the same
substitution (1 <4 < j <m). Thus F' = [ is solvable over SP(m,F,)
if and only if the system of equations

filpgsi,.8m =1 (1<i<y)
Gij|FeS1,Sm = 0 (1<i<j<m

is solvable over [F,. This is a system of equations over F, where the
polynomials are given as sums of monomials. Hence we can decide
the solvability of this system of equations in polynomial time by The-
orem 2.1.

The rewriting of F' over SP(m,F,) into the system of equations

filr,s1,8m =1 (1<i<jy)
9ijlE, S8, =0 (1<i<j<m)

over [F, can be done in O (n™) time by Lemma 3.1, and the length
of each equation is O (n™). The number of equations is W =
O (m?), which does not depend on n, only on the group SP(m,F,).

By Theorem 2.1 one can decide whether this system has a solution in

O <nm3'q> time.

4. THE COMPLEXITY OF EQUATION SOLVABILITY PROBLEM OVER
NILPOTENT MATRIX RINGS

Let M be a ring of m x m matrices over Z,» where every entry on
or below the main diagonal of each matrix in M is a multiple of p. Let
F' be a polynomial over M given as a sum of monomials. Let T7...T,
denote a monomial in the sum. Let

11k P 51,2,k 51,3,k e S1,m,k

21k P Q22k P 523 k cen S$2,m,k
T, = | @1k P a32k P a33k°P --- S3,m,k

Umik P Om2k P Am3k P --- Ommk D

If T), € M indicates constant then a; ;,S;;, are constants in Zpe
If T), € M is a variable, then a;;y,s;; are variables, that we can
substitute from Zy.. Furthermore, T}, = T; if and only if a; j x-p = a; ;-
and s; j, = s, for every ¢,7 € {1,...,m}.
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We can rewrite the monomial T} ...T,, with this notation as

a111°p 51,2,1 $1,3,1 .. S1,m,1
G21,1°pP Aa221°P $2,3,1 ‘e S2,m,1
Tl e T’I’L — a37171 ' p a37271 . p a37371 : p c ngmvl
Am11°P Am21°P Gm31°P .-+ Gmmi- P
Q11n P S$1,2,n $1,3,n e S1,m,n
a2in P G22n P $2.3,n cee S2.m,n
asin P G@32n°-P A33n"P ... S3,m,n
Umin P Am2n P Gm3n D .- Gmmmn P

After multiplying these matrices we obtain

g1 912 913 --- Gim
921 G922 G23 --- Gam
Ty...T,, =] 931 932 933 --- G3m
gm,l gm,2 gm,S o gm,m

We could compute the expressions for every g; ;, similarly as in Lem-
ma 3.1. However, we do not need to know the actual formulas, we only
need to understand how they look like.

First g;; is a polynomial given as a sum of monomials over Z,o.
In every such monomial we multiply one term from each matrix T}
(1 < k < n). Hence the length of every monomial is n. There are at
most m™ ™' monomials in every polynomial g; ; according to the usual
multiplication of matrices. However, every nonzero monomial contains
at most @ — 1 terms from on or below the main diagonal, since the
characteristic of Z,« is p*. Therefore every nonzero monomial is of the
form

Siyin,l " Sigin,2 o+ - Sigy iy k@i kbl TP Shin k42 7 Sinia,. s Stk 1,k
~ v d ~\~ -
k1- many terms k2- many terms
aikz’l%' P aikb717lb—1,- P flb—lvilv- T Sikb—laikban

TV
kp- many terms

where 1 < b < a and 0 < kq, ks, ...k,. Notice that ki, ks, ...k, <
m — 1 holds as well. Indeed, every term s; ;; is from above the main
diagonal, hence ¢ < j. Therefore 1 < ;3 < 79 < -++ < 4, < m and
thus k&1 < m — 1. Similarly ks,...,k, < m — 1. Hence the length of
every nonzero monomial is at most (m — 1) -a+ o —1 = ma — 1.
In particular, if ma — 1 < n then every monomial in g;; equals 0.
Therefore there are at most m™* 2 monomials in every polynomial g; ;
and thus [|g; ;|| < (ma —1) -m™ 2 < - m™> L
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The input polynomial F'is a sum of at most ||F'|| monomials 7} ... T,,.

Let
fin fiz fis oo fim
fox Jo2 fos oo fom
F = f3,1 f3,2 f3,3 . f3,m

fm,l fm,2 fm,?’ fm,m
Then f;; is the sum of at most ||F||-many polynomials g; ; for every
i,j € {1,...m}. Thus ||fi;|| <|IF]|| - am™ ' = O (||F||), as & and m
depend only on the ring R.

The polynomial F' can attain the zero matrix for a substitution if
and only if f;; attains zero for the same substitution for every 7,; €
{1,...,m}. Thus F' = 0 is solvable over M if and only if the system
of equations

fij =0 i,7€{1,...,m}

is solvable over Zp,.. This is a system of equations over Zp. where
the polynomials are given as sums of monomials. Hence we can de-
cide the solvability of this system of equations in polynomial time by
Theorem 2.2.

The rewriting of F' over M into the system of equations

f@j:o i,je{l,...,m}

can be done in O (||F||) time, and ||f; ;|| = O (||F||). The number of
equations is m?, which does not depend on ||F||, only on the ring M.

By Theorem 2.2 one can decide whether this system has a solution in
2, 202

O (JIF|Jo* 7Y time.

Finally, we explain how this result can be applied to determine if
an equation f = 0 is solvable over an arbitrary nilpotent ring R of
characteristic p®. Let M be the matrix ring as in Theorem 2.3, and let
R =2 M/Z. Further, let F' denote the polynomial in M correspond-
ing to f. Notice, that p® was the characteristic of R in Theorem 2.3,
hence a = O (log |R|). Furthermore m = O (log |R]|) and p* = O (|R]).
Therefore a2 - m? - p*** = O (|R[>'*¢® log* |R|). Hence, one can de-

cide if F = 0 is solvable over R & M/Z in O (|]F|]‘R|21°gRlog4 |R‘)
time. Thus, one can decide if the equation f = 0 is solvable over
R in O ([Z]- || P70 ®1) time. Now, [Z) < |M| < ()" =

@, <’R’10g2l7€|>’ which only depends on R. Therefore, if f is given as a
sum of monomials, then || F|| = O (]| f]|), and one can decide f = 0 over

HfH‘R‘2logR1°g4 RI) time, as well.

an arbitrary nilpotent ring R in O
If, however, f is an arbitrary polynomial over R, then after rewriting it

as a sum of monomials we have ||F|| = O <]|f||1°g|R|>, giving an extra
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log |R| factor in the exponent. Thus, one can decide f = 0 over an
arbitrary nilpotent ring R in O (HfH‘R‘QIOgRlOg5 |R|) time.
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