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Abstract

We continue the study of noncommutative polynomial
identity testing initiated by Raz and Shpilka and present effi-
cient algorithms for the following problems in the noncom-
mutative model.:

Polynomial identity testing: The algorithm gets as an input
an arithmetic circuit with the promise that the polynomial
it computes has small degree (for instance, a circuit of log-
arithmic depth or an arithmetic formula) and determines
whether or not the output of the circuit is identically zero
(as a formal expression). Unlike the algorithm by Raz and
Shpilka, our algorithm is black-box (but randomized with
one-sided error) and evaluates the circuit over the ring of
matrices. In addition, we present query complexity lower
bounds for identity testing and explore the possibility of de-
randomizing our algorithm. The analysis of our algorithm
uses a noncommutative variant of the Schwartz-Zippel test.

Minimizing algebraic branching programs: The algorithm
gets as an input an algebraic branching program (ABP) and
outputs a smallest equivalent ABP. The algorithm is based
on Nisan’s characterization of ABP complexity, and uses
as a sub-routine an algorithm for computing linear depen-
dencies amongst arithmetic formulas, a problem previously
studied by the authors.

1 Introduction

The problem of polynomial identity testing asks the
following: Given a finite field F and a polynomial p €
F[x1,...,x,] computable by an arithmetic circuit, can we
determine whether p is identically zero?' The celebrated
lemma of Schwartz and Zippel [12, 14] shows that if p is
nonzero, then p(ay, ..., a,) is unlikely to evaluate to zero
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As in [10], we reserve the term “identically zero” to refer to a poly-
nomial being identically zero as a formal expression. If a polynomial p
evaluates to zero everywhere on the input domain, we say that p vanishes
over the input domain. For instance, the bivariate polynomial p(z,y) =
(P — 1)(yP — 1) vanishes over ]Ff,, but is not identically zero.
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ifay,...,a, are chosen at random from a set of size slightly
larger than the degree of p. No polynomial-time determin-
istic algorithm for the problem is known, even in the special
case when p is computable by an arithmetic formula rather
than a circuit. A formula is a circuit where every gate has
fan-out one.

Recently Raz and Shpilka [10] considered the noncom-
mutative case of this problem. In the noncommutative sce-
nario, p is a polynomial in the ring F{x1, ..., z,} of poly-
nomials over noncommuting variables x1, ..., x,. Syntac-
tically, a noncommutative circuit is exactly like a commu-
tative arithmetic circuit, except that the inputs to the multi-
plication gates are ordered. Such a circuit represents a for-
mal expression in F{x1,...,z,}, and we ask whether this
expression is identically zero. If p is identically zero as a
noncommutative polynomial, then p is identically zero also
when viewed as a commutative polynomial. However, the
converse is not true; for example the “commutator polyno-
mial” z1x2 — xox is identically zero in the commutative
case, but nonzero in the noncommutative case.

Raz and Shpilka showed that the class of noncommuta-
tive formulas admits a deterministic polynomial-time algo-
rithm for polynomial identity testing by reducing the prob-
lem to identity testing for algebraic branching programs
(ABPs) using a technique of Nisan’s and then solving the
problem for ABPs. Unlike the Schwartz-Zippel algorithm
for the commutative case, the algorithm of Raz and Shpilka
is “non-black-box”: While Schwartz-Zippel only uses the
ability to evaluate the formula over its chosen input, Raz
and Shpilka rely on the structure of the formula to deter-
mine whether it is identically zero.

To our knowledge, for the more general case of noncom-
mutative circuits very little is known; there seems to be no
known algorithm, deterministic, randomized, or even non-
deterministic, to test if the circuit computes the identically
zero polynomial.

1.1 Our Contributions and Perspective

We present a polynomial-time randomized algorithm
for polynomial identity testing of noncommutative circuits,
with the promise that the degree of the circuit is polyno-
mial in its size. More generally, the running time is poly-



nomial in the circuit size, the degree and log |F|. Our al-
gorithm is “black-box” and is based on a noncommutative
variant of the Schwartz-Zippel test: We show that a polyno-
mial p in F{z1,...,z,} of degree d is unlikely to evaluate
to zero when the formal variables are replaced with suffi-
ciently large matrices over I or an extension of F.

When the input is a noncommutative formula, our al-
gorithm can be implemented in randomized NC using the
standard technique of parallel formula evaluation. (How-
ever, this implementation is no longer black-box.) Paral-
lel evaluation of arithmetic formulas is well known in the
commutative setting [3, 4]; the approach easily extends for
arithmetic formulas over rings of matrices.?

We suspect that when the input to our algorithm is a
noncommutative formula, it may be possible to obtain a
partial derandomization of our algorithm that uses only a
polylogarithmic (in the formula size) number of random
bits. Roughly, if one can show that no bivariate polynomial
p € F{z,y} computed by a formula of size s is a poly-
nomial identity for matrices of dimension w(logs), then
our randomized algorithm will use only O(log® s) bits of
randomness. We do not know of an example that violates
this conjecture, and in Section 6 we show that certain well
known classes of identities satisfy it.

For the case of general noncommutative circuits (with no
promise on the degree of the circuit), our argument merely
yields that the problem is in coREXP. While this observa-
tion is not trivial (since a circuit can compute a noncom-
mutative polynomial with a doubly exponential number of
terms), it is far from satisfactory, as no hardness result about
this problem is known. We show lower bounds (Section 4.2)
which imply that any evaluation-based algorithm over alge-
bras of dimension 2°(*) whose proof of correctness treats
the circuit as a “black box” computing a polynomial of de-
gree 20(%) cannot do better. Therefore, to obtain an im-
proved black-box algorithm for identity testing of general
noncommutative circuits, one needs to either evaluate over
an algebra of exponential dimension that admits some effi-
cient implicit representation (compatible with addition and
multiplication), or use properties of noncommutative cir-
cuits other than bounds on the degree and the number of
variables of the polynomial computed by the circuit in the
analysis.

This may be compared with a result by Kabanets and
Impagliazzo [7] in the commutative setting, where they
show a quasipolynomial derandomization of polynomial
identity testing under the assumption that there exists an
exponential-time computable family of multilinear polyno-
mials that requires subexponential size arithmetic circuits.
The difficulty in resolving such an assumption stems from
our inability to prove arithmetic lower bounds for general
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circuits. In contrast, lower bounds for noncommutative for-
mulas are easy to prove; however we were unable to show
a good bound for the class of all polynomial identities of
k x k matrices, or to find a counterexample.

We also present a new application of noncommutative
polynomial identity testing in the context of minimizing al-
gebraic branching programs (ABPs), starting from the Raz-
Shpilka identity testing algorithm for ABPs. Although a
minimization algorithm generalizes an identity testing algo-
rithm in the context of ABPs3, our work does not subsume
the Raz-Shpilka algorithm, since we use their algorithm as
a subroutine to compute linear dependencies amongst arith-
metic formulas. (The latter problem previously surfaced
in our work on hypercube linearity testing [2].) Our min-
imization algorithm builds on Nisan’s characterization of
ABP complexity [9]. In particular, Nisan’s characteriza-
tion is constructive, as it yields an ABP of size equal to the
lower bound. Our algorithm may be seen as an efficient re-
alization of Nisan’s construction. To our knowledge, this is
the first polynomial-time minimization algorithm for mod-
els outside of finite automata.

1.2 Additional Related Work

Motivated by the study of algebraic algorithms for ap-
proximating the permanent, Chien and Sinclair [5] extended
Nisan’s formula lower bound methods to obtain exponen-
tial ABP lower bounds for the permanent and the deter-
minant in a very large class of noncommutative algebras
with polynomial identities, or Pl-algebras. They do not
address the question of polynomial identity testing in PI-
algebras, namely whether a given polynomial with coeffi-
cients in some field F vanishes over a PI-algebra containing
F. For polynomial identity testing in the black box model,
the case of Pl-algebras is easier than the case of the free
noncommutative algebra. Our methods extend trivially to
give randomized identity testing algorithms over any PI-
algebra in which addition and multiplication of algebra el-
ements is computable in time polynomial in the represen-
tation of the elements. As an interesting open problem,
we note that there is no known deterministic algorithm for
arithmetic formula identity testing in PI-algebras (even for
special cases like the algebra of 2 x 2 matrices). In particu-
lar, the Raz-Shpilka algorithm does not extend to this case.

2 Preliminaries

Let F be a field, and we write F{x1,...,2,} to de-
note the set of polynomials with coefficients from F over

3 A minimal ABP computing the identity must have some edge labelled
with the zero function and therefore we can always use a minimization
algorithm to solve identity testing for ABPs, even if the minimization al-
gorithm does not output a canonical minimal ABP.



noncommuting variables zi,...,z,. A polynomial p €
F{z1,...,z,} is homogeneous if all its terms have the
same total degree. We say p is multilinear if it is ho-
mogeneous of degree n with n variables, and the individ-
ual degree of all its variables is one. This means that a
multilinear polynomial p has the form p(z1,...,z,) =
2 oePer(n) “oTo(1) - - - To(n), Where Per(n) denotes the set
of all permutations o : [n] — [n].

Arithmetic circuits. An arithmetic circuit over a field F
represents a multivariate polynomial in the obvious way:
a multiplication (addition) gate outputs the product (sum)
of the formal polynomials represented by its input. (We
may also allow generalized addition gates that, on input
f, g, compute arbitrary linear combinations a f + bg, where
a,b € F.) The input wires to the circuit correspond to the
input variables of the polynomial and the output of the cir-
cuit computes some polynomial of the input variables. We
measure the size of an arithmetic circuit as the number of
gates. An arithmetic circuit is called a formula if the fan-
out of every gate in the circuit is at most one.

Black-box evaluations of polynomials. Given a polyno-
mial p over noncommuting variables over I, we allow eval-
uations p over extension fields of I, and more generally,
any associative algebra over F. Evaluating p over a non-
commutative algebra is in fact necessary for “black-box”
noncommutative polynomial identity testing. We stress that
it is reasonable to ask for values of the polynomials where
the input comes from an algebra over F because the polyno-
mial is given to the algorithm in the form of an arithmetic
circuit.

3 Polynomial Identities

Let F be a field and A be an associative algebra with
identity over F. The dimension of A over FF is the dimension
of A as an F-vector space. Given a set S C A and a polyno-
mial p € F{z1,...,z,}, we call p a polynomial identity (in
short, PI) for Sif forall ay, . .. ,a, € S,p(ay,...,a,) =0.
We say S satisfies a PI if some nonzero p is a PI for S.

We will be particularly interested in the special case
when A is the set of k x k matrices over F itself, or over
some field extension F’ over F. We denote the space of
k x k matrices over F by F¥**_ The (i, §)th unit matrix e;,
where 1 < i,j < k is the matrix in F*** whose (4, j)th
entry is 1 and whose other entries are zero.

Let Sk (F) denote the linear subspace of consisting
of all matrices whose entries are all zero except along the
main and second upper diagonal. Alternatively, Sy (F) is
the linear space spanned by the unit matrices e;;, 1 <1¢ < k
and €;(;41),1 <4 < k—1. For T C I and L(IF) a space
of matrices generated by some of the unit matrices e;;, we

Fka

denote by L(T) the set of matrices in L(F) all of whose
entries are in 7.

We state two lemmas that are standard in the theory of
polynomial identities. Similar statements can be found, for
example, in the books by Rowen [11] or Drensky and For-
manek [6].

Lemma 3.1. Let F be an arbitrary field, F' an extension of
I, S a linear subspace of F'***_ If there exists a PI for S of
degree d over T then there exists a multilinear identity for
S of degree at most d over F.

Proof. For an arbitrary polynomial p € F'{x1,...,x,}, the
linearization of p with respect to x; is the polynomial (in
n + 1 variables)

S xn) =p(Y1 + Y12, T2, .., )
_p(y117$27~ .t ;xn)

_p(y1271'2, .. ~7wn)-

p1 (yll,ylz,l’za .-

The linearization p; of p with respect to x; is defined like-
wise. Note that p; has the following properties:

1. The total degree of p; does not exceed the total degree
of p.

2. If x; has degree d; > 1 in p, then y;1, y;2 have degrees
exactly d; — 1 in p;. (In particular, if p # 0 then p; #
0.)

3. If z; has degree one in p, then p; consists of those terms
of p that do not contain x;, with a change in sign.

In addition, if p is a PI for .S, then p; is a PI for S as
well. This suggests the following procedure: Starting with
p, find a variable x; in p such that either its degree is strictly
greater than one or z; does not appear in all terms of p.
Replace p with p; and repeat. By the above properties, the
procedure must terminate with a multilinear identity for .S
of degree at most d. In particular, property 2 ensures that the
individual degree of every variable in the final polynomial
is one, and property 3 ensures that every variable appears in
every monomial. O

The Amistur-Levitzki Theorem [1] states that over any
field F, the matrix algebra F*** satisfies no PI of (total)
degree less than 2k, and satisfies exactly one (up to constant
factor) multilinear identity of degree 2k. We use a slight
generalization of the first part of the Theorem, which we
state below.

Lemma 3.2. For arbitrary F, Sy, (F) does not satisfy any PI
of degree 2k — 1 or less.

Notice that the statement holds for PIs with an arbitrary
number of variables.



Proof. Suppose that Sy (F) satisfies an identity of degree
2k — 1 or less. By Lemma 3.1, S (F) must satisfy a multi-
linear identity of degree n < 2k — 1. This identity has the
form

p(T1,. .., Ty) = deper(n) AoTo(1) - - To(n),

where a, € F. Fix ¢ and consider the substitution

To(1) = €11, Lo (2) = €12, Ty(3) = €22,Lo(4) = €23, - -

where we choose consecutive entries by “walking along a
staircase.” The only term of p that does not vanish under this
substitution is the term AoTo(1) - Ta(n) = CoClr where
r = [n/2] < k. Since p is a PI for S,(FF), we must have
o, = 0. It follows that p is identically zero. O

4 Noncommutative Identity Testing

Let P,, ¢(F) denote the class of (noncommutative) poly-
nomials over I of degree d in variables z1,...,2,, ex-
cluding the zero polynomial. Note that in the problem of
polynomial identity testing, we are interested in whether the
polynomial is identically zero as a formal expression.

4.1 A black-box randomized algorithm

Our algorithm gets as an input an arithmetic circuit with
the promise that the polynomial p it computes has small
degree (for instance, a circuit of logarithmic depth or an
arithmetic formula). The high-level idea is as follows: we
evaluate p on random k x k matrices over some field F/ and
for a sufficiently large k. F’ is a field extension of FF, with
|F’| > d. We regard each entry of the matrix in F"*** as an
indeterminate, and we view the k2 indeterminates as com-
muting variables. Upon substitution, p computes a k£ X k
matrix wherein each entry is a polynomial in k? (commut-
ing) variables. If p is not a PI for F’*** then some entry of
p computes a nonzero polynomial of degree at most d over
F. In particular, if we pick a random matrix, p will compute
anonzero matrix with high probability, and we may obtain a
lower bound for this probability via commutative Schwartz-
Zippel. In order to optimize the parameters, we will pick
random matrices from a linear subspace Ly, of F/ kxk \where
some entries of the matrix are fixed as 0 and the remaining
entries are chosen randomly from some subset 7" of .

Lemma 4.1 (Noncommutative Schwartz Zippel). Letp €
F{x1,...,z,} be a polynomial of degree d, F' be an exten-
sion of F, Ly, be a linear subspace of F'*** generated by an
arbitrary subset of the unit matrices e;j, and T' C F'. Then
either p is a PI for Ly, or

Prlp(M,, ..., M,) = 0] < d/|T),

where M, ..
from L(T).

., My, are chosen independently at random

Proof. Letey, ..., e denote a basis of F”*** over I/, cho-
sen in such a way that the first [ vectors eq, ..., e; are the
unit matrices that generate Lj. Consider the polynomial
q € F{yi1,...,yn} which is the image of p under the
substitutions z; = y;1e1 + --- + y;e;. Informally, ¢ is a
k x k matrix where each matrix entry computes a polyno-
mial ¢; (1 <4 < k?)in Fly11, ..., Y. We can therefore
(uniquely) rewrite g in the form

]{12
Q(ylh ey ynl) = Zj:l Qj(yllv s 7ynl)ej7
where ¢qi,...,qy2 are commutative polynomials in

Flyi1,-..,yni]. Moreover, it is easy to check that if p
has degree d, then each g¢; has degree at most d. If all
of the polynomials ¢, ...,q2 are identically zero, then
p is identically zero, so p is a PI for L;. Otherwise,
one of qi,...,qg2 (say ¢1) is nonzero. By the commu-
tative Schwartz-Zippel Lemma, q1(ai1,...,a,;) remains
nonzero with probability 1 — d/|T| under a random
substitution y;; = a;; € T. Choosing random matrices
My,...,M, € Li(T) amounts exactly to choosing ran-
dom values a;; € T, so it follows that p(M, ..., M,) # 0
with at least the same probability. O

Theorem 4.2. There exists a black-box, randomized
identity testing algorithm for the class P, q that uses
O(dlognlog(dlogn/e)) random bits and succeeds with
probability 1 — e.

Proof. Let F’ be an extension of F (or perhaps F itself) of
size at least dlogn/e, and let T be a subset of F/ of size
dlogn/e. Without loss of generality, suppose n is a power
of two, and let b;1biz ... bilogn € {0,1}1°8™ denote the
(padded) binary representation of ¢ — 1, for 1 < ¢ < n.
Let k = dlogn/2. Our algorithm for polynomial identity
testing does the following:

1. Choose random matrices My, My € Si(T).

2. For1<i<n,let N; =[[%" My,

3. Acceptif p(Ny, ...
erwise.

, N,,) evaluates to 0, and reject oth-

Let ¢(Yp,Y1) be the polynomial obtained from

p(Xy,...,X,) after performing the substitution X; =
H;Cfln Y,,. We remark that ¢ is not identically zero, as any

monomial of ¢ has a unique pre-image in p. Moreover, ¢ has
degree at most dlogn, s0 ¢ € Pa q1ogn- By Lemma 4.1, ei-
ther g is a PI for Sy (FF), or ¢(My, M7) # 0 with probability
1 — €. By Lemma 3.2, ¢ cannot be a PI for Sy (F), so the
latter must hold. O



4.2 Lower bounds on query complexity

Theorem 4.3. Let A be an associative algebra with identity
of dimension k over F. Any deterministic black-box algo-
rithm for testing Py, 4 that evaluates over A must make at
least n® |k queries. The lower bound holds for both adap-
tive and nonadaptive queries.

Proof. Letey,..., e beabasis for A as an [F-vector space.
Given a set of elements a;; € 4,1 < i< ¢q,1 <j<n,
where ¢ < n?/k, we exhibit a polynomial p € P, 4 such
that for all 1 <14 < ¢, p(a;1,...,a:) = 0. Write

p(xla cee 7xn) = Zse[n]d ﬁswsl' Tsy,

where 35 € F are “indeterminates”. For each s €
[n], ais,; - ais, € A, so we may write ;5 is, =
21:1 a;sie;. Upon substitution, we obtain:

plait, ..., ain) = Zse[n]d Bs Z; Qisl€l
k
= Zl:l (Zse[n}d aislﬂs)eb

., @) = 0 is equivalent to the set of

The equation p(a;1, . .
linear constraints:

Foralllglgk,z . ]daz'slﬁs:O.

Taking the constraints over all possible 1 = 1,2,...,q, we
have a system of gk linear constraints over the variables f;.
Since there are n¢ distinct 3 and n? > gk, there exists a
nonzero solution for the system. This specifies a nonzero
polynomial p € P, 4 that vanishes on all queries. O

Corollary 4.4. Let A be an associative algebra with iden-
tity of dimension k over F. Any randomized black-box algo-
rithm using R random bits and Q) queries for testing P, 4
by evaluating over A satisfies R+ log () > dlogn — log k.

Any efficient algorithm can conceivably only compute
over algebras with poly(n) dimensions, so for d = w(1),
we have a lower bound of Q(dlogn) for R 4 log Q). Our
algorithm from Theorem 4.2 achieves ©(dlogn), which is
tight up to polylogarithmic factors.

S Minimizing ABPs

Definition 5.1 ([9]). An algebraic branching program
(ABP) is a leveled directed acyclic graph with one vertex of
in-degree zero, which is called the source, and one vertex of
out-degree zero, which is called the sink. The vertices of the
graph are partitioned into levels numbered O, . . ., d. Edges
are labeled with a homogeneous linear function in the input

variables, and may only connect vertices from level 1 to ver-
tices from level i 4+ 1. The source is the only vertex at level
0 and the sink is the only vertex at level d. Finally, the size
of the ABP is the number of vertices in the graph.

The polynomial that is computed by an ABP is the sum
over all directed paths from the source to the sink of the
product of linear functions that labeled the edges of the path.
It is clear that an ABP with d + 1 levels computes a homo-
geneous polynomial of degree d.

Lemma 5.2. There is a deterministic polynomial-time al-
gorithm that on input k homogeneous ABPs of the same de-
gree, computes the space of linear dependencies amongst
the k ABPs.

Proof. Suppose the k ABPs define polynomials P, ..., Py

in F{x1,...,2,}. Let u,v denote new formal variables,
and for each a1,...,a, € F, consider the polynomial P
in F{z1,...,2,,u,v} computed by the ABP with source

node s and sink node ¢ and foreachi¢ = 1,2, ..., k, an edge
from s to the source node of P; labelled u, and an edge from
the sink node of P; to ¢ labelled «;v. It is easy to see that

aPi+.. o, P,=0&P=0

Now, apply the Raz-Shpilka identity testing algorithm
[10, Sec 2.2] to P, reducing P to a ABP P’ of depth 2, with
the guarantee that P = 0 iff P’ = 0. In addition, P’ has
the following structure: the edges between the source node
and level 1 nodes are labelled with linear expressions over
new variables z/,...,z,, and the edges between the level
1 nodes and the sink node are labelled with aqv, ..., apv
respectively. Now, we can expand the polynomial com-

puted by P’ and by solving the linear system over the vari-

ables zjv,...,x v compute the linear space comprising
all 1, ..., ay such that P’ (and thus P) computes the zero
polynomial. O

Corollary 5.3. There is a deterministic polynomial-time al-
gorithm that on input k arithmetic formulas, computes the
space of linear dependencies amongst the k formulas.

Proof. Let d denote the maximal depth of the input formula.
Our algorithm will first transform each of the given formula
to at most d + 1 ABPs and for each i = 0,1,...,d, com-
pute the linear dependencies for the & ABPs computing the
homogeneous part of degree ¢ for each input formula. The
final output is the intersection of the d+1 linear spaces. [

Let f be a homogeneous polynomial of degree d on n
variables x1,...,x,. A k-term is an ordered sequence of
k variables amongst x1, . . ., x, (allowing repetitions). For
each 0 < k < d, we define a matrix M (f) € Frtxn? ™" a9
follows: there is a row for each k-term 7 and each (d — k)-
term o, and the (7, 0)-th entry of My (f) is the coefficient
of monomial 7o in f.



Th;aorem 5.4 ([9]). The smallest ABP computing f has size
> o rank(Mg(f)).

Theorem 5.5. There is a deterministic polynomial-time al-
gorithm that on input an ABP outputs a smallest equivalent
ABP.

Proof. For k = 0,1,...,d, where d is the degree of the
polynomial computed by the input ABP B, let vy, ..., v,
be the vertices of the ABP in the k’th level. We define
the matrices L; and R; as follows: L, will have a row
for each k-term and a column for each 0 < ¢ < ¢ and
Ry, will have a row for each 0 < 7 < t and a column for
each (d — k)-term. For a k-term 7 and 4, (7,%)-th entry
of Ly, is the coefficient of 7 in the polynomial computed
by the restricted ABP with sink v;. For a (d — k)-term o
and 4, the (i,0)-th entry of Ry[i,o] is the coefficient of
o in the polynomial computed by the restricted ABP with
source v;. It is easy to verify that My (f) = LyRj and
thus rank(My(f)) = min{rank(Ly), rank(Ry)}. In fact,
the lower bound in Theorem 5.4 follows from this and the
observation that rank(Ly, ), rank(Ry) < t.

Using the algorithm from Lemma 5.2, we may compute a
basis for the polynomials computed by the ¢ restricted ABPs
with sink v;, for ¢ = 1,...,¢, along with a representation
of the remaining polynomials as a linear combination of the
basis functions; we call v; a basis vertex if the polynomial
computed by the restricted ABP with sink v; is part of the
basis. We eliminate each vertex v; that is not a basis vertex,
and each edge connecting v; to a vertex u in the k+1’st level
is replaced by edges connecting u to the appropriate linear
combination of the basis vertices in the k’th level. Now,
we have a new ABP B’ computing the same polynomial as
B, except B’ has exactly rank(Ly) vertices in level k. By
repeating the same procedure in a bottom-up manner, we
obtain a new ABP B’ computing the same polynomial as
B and where there are at most min{rank(Ly), rank(Ry)}
vertices in the k’th level for any 0 < k£ < d. It follows from
Theorem 5.4 that B” is a smallest ABP computing the same
polynomial as B. O

6 Identity Testing for Noncommutative For-
mulas

In this section we apply our randomized algorithm for
“black box” identity testing to the case when the input is
represented by an arithmetic formula. Like in the case of
commutative identity testing, we obtain an algorithm in the
complexity class coRNC. We also remark on a possible
partial derandomization of this algorithm, if certain lower
bounds on the class of matrix identities can be proved.

6.1 Parallel evaluation of arithmetic formulas

We begin with a variant of a theorem by Brent, Kuck, and
Maruyama [3] regarding parallel evaluation of arithmetic
formulas. It is a straightforward generalization of their re-
sult for the noncommutative scenario. For completeness,
we include a sketch of the proof.

We assume that we have a representation of F that al-
lows addition in time O(log |F|) and multiplication in time
O(log” |F)).

Lemma 6.1. There is a parallel randomized algorithm that,
given a noncommutative formula p(x1,...,x,) of size s,
and matrices My, ..., M, € F*** computes the matrix
p(My, ..., M,) in parallel in time O(log(s)log®(k|F|))
using poly(sk) processors.

Proof sketch. Let T be the parse tree of formula p. The in-
ternal nodes of p are labeled by gates, and the leaves are
labeled by the variables z1, ..., z,. Without loss of gener-
ality, assume that all leaves are labeled by distinct variables.
(This does not affect the size of the formula.) By a simple
lemma of Brent [4], if n > 3, there is a node v of 1" such
that the subtree T;, of T rooted at v has size at least 2n/3,
but both T,;; and T, have size at most 2n /3, where vl, vr
are the children of v. Let T, be the tree obtained from 7' by
contracting all descendants of v and labelling the new leaf
at v with a new formal variable y.

To evaluate p, we recursively evaluate in parallel all of
Ty, Tyy, and T, over the input matrices, treating y as a
formal variable. The formal polynomial represented by T,
has the form AyB+ C, where A, B, and C' are polynomials
inxy,...,z, only. We show that all of A, B, and C can be
represented by trees T4, Tp and T of total size at most
2n/3. Let 0y, . .., 0 denote the sequence of operations on
the path from y to the root of T;,. Let C; denote the subtree
of #; that does not contain . It is not difficult to check that
T4, T and T can be constructed as follows:

1. The tree T4 is the product of all C; such that 6; = x
and C} is a left child of 6;.

2. The tree T'g is the product of all C; such that §; = x
and C} is a right child of 6;.

3. The tree T is obtained from T, by setting y = 0.

After all of Ty, T, T and T, have been evaluated, we
are left with performing two matrix multiplications and one
matrix addition. These can be done in parallel in time
O(log?(k|F|)). The processor and time complexity follow
easily. [

Given a formula of size s, we can compute a field ex-
tension [’ of I containing at least s elements in zero-error
probabilistic time poly(|F|,log s) [13]. This observation,



together with Theorem 4.2 and Lemma 6.1 gives the fol-
lowing:

Theorem 6.2. Fix a finite field F. Noncommutative arith-
metic formula identity testing over I is in coRNC.

6.2 Towards a derandomization

For a fixed field F, let k(s) denote the smallest k& such
that no noncommutative ABP of size s is a PI for F¥**,
We observe that given a bound on k(s), Lemma 4.1 gives
the following black-box randomized algorithm for iden-
tity testing of ABPs. Given a polynomial p € F[Yy, Y1]
represented by an ABP of size s, choose random matri-
ces My, My, € TF)*k(s) where T is a subset of F (or
of a field extension of F) of size at least s/e, evaluate
p(Mpy, M), and accept if p evaluates to the zero matrix.
This test requires (k(s))? log(s/e) random bits. (Note that
this can be extended to n variate polynomials by the argu-
ment used in the proof of Theorem 4.2; the randomness be-
comes (k(slogn))?log(slogn/e) random bits.)

The Amistur-Levitzki Theorem yields the bound k&(s) <
s/2, and does not give any improvement over our results
from Section 4.1. However, it appears that all known ex-
amples of PI for & x k matrices have ABP size that is ex-
ponential in k. Although we are unable to prove a general
upper bound for k(s), we illustrate this for two well known
classes of identities.

The best known identity for F*** is the standard identity
Sop(x1,...,x2r) = 0, where

Sn(T1,y ... x,) = ZaePer(n) Sign(o)To1) - - - To(n)-
The standard identity is a special case of a more general
class of identities called normal identities. A polynomial
p(T1, .., T, Y1, - - - Yn) 18 t-normal if it is multilinear and
if forall 1 < ¢ < j < t, p vanishes under the substitution
x; = x;. The standard polynomial s,, is n-normal. The
following lemma is an easy application of Theorem 5.4, us-
ing standard properties of normal polynomials ([11], Sec-
tion 1.2).

Lemma 6.3. Every t-normal polynomial has ABP size at
least 2¢.

Another well known identity for F"**" is the identity of
algebraicity

;yn+1) =

a(1) o(n)
ZcTEPer(n) hr Y2 -Yn Yn+1-

an(z,y1,. ..

Lemma 6.4. The polynomial a,, has ABP size (2" /n®/?).

Proof sketch. We show that there exists a k such that
rank(My(a,)) = Q(2"/n°/?). Let S; be the collection
of all subsets of [n] of size |n/2] whose entries sum up to
t. By the pigeonhole principle, there must exist a value of ¢
such that |S;| > ([ﬁr;zj)/nz = (2" /n°/?). Fix this t. Let
k=t+[n/2].

There is a submatrix Ny of Mjy(a,) that is de-
composable into |S;| x |S:| blocks, such that its di-
agonal blocks are nonzero but all the other blocks
are zero. It must then hold that rank(Mg(a,)) >
rank(Ng) > |Si. The rows of Nj are indexed by
terms of the form y;xysx®2 ...y /2 2°k/2), where
{s1,...,8x/2)} € S The columns are indexed by
terms of the form g,/ z°1k/21+1 .. 2"y, 1, where [n] —

{81k/2)415-+»5n} € St O

Finally, we note that there exist noncommutative alge-
bras admitting identities whose formula size is polynomial
in the dimension; for example the algebra of k& x k upper
triangular matrices over a field IF satisfies the identity

($1CE2 - $2$1)($3$4 - $4$3) cee ($2k71$2k - f?kakfl)«
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