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Black-Box Identity Testing of Depth-4 Multilinear Circuits
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Abstract

We study the problem of identity testing for multilinear YXII¥XII(k) circuits, i.e. multilinear
depth-4 circuits with fan-in &k at the top + gate. We give the first polynomial-time deterministic
identity testing algorithm for such circuits. Our results also hold in the black-box setting.

The running time of our algorithm is (ns)©*”), where n is the number of variables, s is
the size of the circuit and k is the fan-in of the top gate. The importance of this model arises
from [AVO08], where it was shown that derandomizing black-box polynomial identity testing
for general depth-4 circuits implies a derandomization of polynomial identity testing (PIT) for
general arithmetic circuits. Prior to our work, the best PIT algorithm for multilinear STIXII(k)
circuits [KMSV10] ran in quasi-polynomial-time, with the running time being nO(k® log(k) log? s)

We obtain our results by showing a strong structural result for multilinear IIXII(k) circuits
that compute the zero polynomial. We show that under some mild technical conditions, any
gate of such a circuit must compute a sparse polynomial. We then show how to combine the
structure theorem with a result by Klivans and Spielman [KS01], on the identity testing for
sparse polynomials, to yield the full result.
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1 Introduction

A central problem in algebraic complexity theory and algorithms design is the problem of Poly-
nomial Identity Testing (PIT): given an arithmetic circuit C' over a field F, with input variables
T1,T9,...,T,, determine whether C' computes the identically zero polynomial. Numerous applica-
tions and connections to other algorithmic and number theoretic problems further emphasize the
significance of PIT. Among the examples are algorithms for finding perfect matchings in graphs
[Lov79, MVV8T7], primality testing [AKS04], and many more. In addition, PIT also shows up in
many fundamental results in complexity theory such as IP = PSPACE [LFKN92, Sha90] and the
PCP theorem [AS98, ALM™98].

PIT is one of the most basic and natural questions for which a very simple randomized solution
is known: Schwartz and Zippel [Sch80, Zip79] independently showed that if one evaluates the
circuit at a randomly chosen point from a sufficiently large domain, then with high probability any
non-zero circuit will evaluate to a non-zero value. It has been a long standing open question to
derandomize the algorithm.

The main open question is to come up with an efficient (i.e. polynomial-time or at least
subexponential-time) deterministic algorithm for the problem. Indeed, Kabanets and Impagli-
azzo [KI04] showed that any deterministic algorithm for identity testing implies super polynomial
circuit lower bounds: either NEXP Z P/poly or the Permanent has no polynomial size arithmetic
circuits. Other connections between deterministic PIT algorithms and circuits lower bounds were
given in [HS80, DSY09].

A very natural and often desirable setting to consider the PIT question is in the black-box
model. The connection to lower bounds is even more natural and strong in this case. In the
black-box setting, one is not given the full description of the circuit C' but only allowed black-box
(oracle) access to C. The problem of derandomizing identity testing in this setting reduces to
that of finding for every s an explicit set of points H C F" of size poly(s) such that any non-zero
circuit of size s does not vanish on H. We refer to such sets as hitting sets. The Schwartz-Zippel
test, in fact, provides an exponential-size hitting set. Furthermore, applying standard probabilistic
arguments one can show existence of “small” hitting sets. Interestingly, any explicit construction of
a hitting set (for any class of circuits) immediately gives, via interpolation, an explicit polynomial
that cannot be computed by that class of circuits [Agr05].

In a recent surprising result by Agrawal and Vinay [AV08], it was shown that a complete
derandomization of black-box identity testing for just depth-4 (XIIXII) arithmetic circuits already
implies a near complete derandomization for the general PIT problem. More precisely, they showed
that black-box identity testing for depth-4 (XIIXII) arithmetic circuits implies ezponential lower
bounds for general arithmetic circuits, which in turn implies a quasi-polynomial-time algorithm for
the general PIT problem. This makes black-box identity testing for even very low depth circuits a
very rewarding pursuit!

For a long time, black-box identity tests were only known for depth-2 circuits (equivalently
circuits computing sparse polynomials) [BOT88, KS01, LV03] (and references within). In light
of the Agrawal-Vinay result, studying black-box identity testing for depth-3 and depth-4 circuits
seems to be a very promising direction and line of attack for the general PIT problem. In recent
times there has been a surge of results on black-box (and non-black-box) identity testing for some
classes of depth-3 circuits such as depth-3 circuits with bounded top fan-in (also known as XIIX(k)
circuits) [DS06, KS07, KS08, KS09, SS09, AM10, SS10, SS11], and even some restricted classes of
depth-4 circuits [Sax08, SV09, KMSV10, AM10]. For more information on PIT we refer the reader



to the survey [SY10].

In the current paper, we study multilinear depth-4 XIIXII(k) circuits. Very recently Karnin
et al. [KMSV10] gave the first deterministic subexponential-time (in fact, quasi-polynomial-time)
PIT algorithm for this model. Their result was in the black-box setting. We further investigate
this class of circuits and give the first deterministic polynomial-time black-box PIT algorithm for it.
Our approach is quite different from that taken in [KMSV10], and we believe that the techniques
might be useful to understand other, more general classes of circuits as well.

Following the same approach as in [AV0S§], it can be shown that derandomizing black-box
identity testing for multilinear depth-4 (XIIXII) circuits implies an exponential lower bound for
general multilinear arithmetic circuits. Getting explicit lower bounds is one of the biggest challenges
of complexity theory and has been the focus of much research. So far, the best known lower bounds
are: Q(n*3/log?n) for multilinear circuits due to Raz et al. [RSY08], and nf¥1°8™) for multilinear
formulas due to Raz [Raz09]. It is an interesting open question to improve any of those bounds.
All the above makes the study of PIT for depth-4 circuits, even in the multilinear case, a really
interesting and challenging open question.

We now define the model of multilinear XIIXII(k) circuits formally. Similar definitions were
given in [KMSV10], however we repeat them for the sake of completeness. A depth-4 circuit has 4
layers of alternating (+, x) gates and it computes a polynomial of the form
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where k is the fan-in of the top X gate and d; are the fan-ins of the II gates at the second level. We

refer to Fj-s as the multiplication gates and P;j-s are the polynomials computed at the third level of

the circuit (which is a XII component). This implies that if the size of C' is s then, clearly, each P;;

in C can be computed by a depth-2 (XII) circuit of size at most s. Such polynomials are known as

s-sparse polynomials as they contain at most s non-zero monomials (see e.g [BOT88, KS01, LV03]).

In other words, each Pj; is s-sparse. We define ged(C) 2 ged(Fy, ..., Fy), that is, the ged of the
set of polynomials computed by the multiplication gates. We say that C' is simple if ged(C) = 1.
A YIIXTI(k) circuit is called minimal if for every proper subset ) C A C [k], the corresponding

subcircuit C'4 2 > ica Fi of C is non-zero. Multilinear XIIXII(k) circuits are circuits in which the
fan-in of the top X gate is a constant k and each multiplication gate F; computes a multilinear
polynomial. We say that a polynomial is s-dense if it contains more than s monomials.

The main technical contribution in the proof of both black-box and non black-box identity
testing algorithms for XIIXII(k) circuits is a new structural theorem for identically zero multilinear
YIIXII(k) circuits. We refer to it as the Sparsity Bound. This result can be viewed as a natu-
ral (though unsuspected) generalization of the previously shown structural theorems for depth-3
YII¥ (k) circuits known as the Rank Bound (see Section 1.3). Our result lends optimism to the
hope that similar structural results should also hold for general XIIXII(k) circuits (without the re-
striction of multilinearity). At a very high level, we show that the only way a multilinear SIIXTI(k)
circuit can completely cancel itself out and compute the zero polynomial is that the circuit must
not be computing very “complex” polynomials. In particular, we show that in any simple and min-
imal multilinear LIIXTI(k) circuit that computes the identically zero polynomial, the polynomials
computed at the multiplication gates must be sparse.



Theorem 1 (Sparsity Bound for multilinear XIIXII(k) circuits). Let k > 2 and let C(z) =
Zleﬂ-(a_c) be a simple and minimal, multilinear SIIXTI(k) circuit of size s computing the zero

O(k?)

polynomial. Then each F; is s -sparse.

One way to interpret the theorem is as follows: for a fixed k the sparsity of each multiplication
gate in a simple and minimal, identically zero multilinear XIIXTI(k) circuit is at most polynomially
large in the size of the circuit. Note, that for general circuits this sparsity can be exponentially
large. Later on (Section 4.1) we show a lower bound on the multiplication gate’s sparsity indicating
that our result is nearly optimal. Once we have the structure theorem we exploit it to design PIT
algorithms in both black-box and non black-box settings, thus proving the following theorems.

Theorem 2 (Black-Box PIT for XIIXTI(k) circuits). Let k,n, s be integers. There is an explicit set
H of size n©*) -SO(kS), that can be constructed in time n®®) -so(ks), such that the following holds.
Let P € Flzy,x2,...,xy,] be a non-zero polynomial computed by a multilinear XIIXII(k) circuit of
size s on n variables. Then Py # 0.

In our construction we heavily use the black-box PIT algorithm of [KS01] for sparse polynomials
as a subroutine !. Using their PIT algorithm we show how to make any “non sparse” circuit into
a “somewhat sparse” circuit. Our structure theorem then guarantees that within this process,
we do not inadvertently end up making a non-zero circuit into a zero circuit. Once we have a
“somewhat sparse” non-zero circuit, we use the above PIT algorithm coupled with some techniques
from [KMSV10] to find a non-zero evaluation point for it, and hence get a black-box identity
tester. In the non black-box setting (e.g. when the circuit is given to us explicitly) we get a slight
improvement in the running time.

Theorem 3 (Non Black-Box PIT for XIIXTI(k) circuits). Let k,n, s be integers. Given a multilinear
SIIXTI(k) circuit C of size s computing a polynomial over F|x1, xa, ..., x,] there exists an algorithm
that runs in time poly(n) - sO® ) and determines whether C = 0.

1.1 Overview of the Proof of The Structure Theorem

As mentioned earlier, our algorithm is based on a new structure theorem for simple and minimal,
multilinear XIIXII(k) circuits C = Zi-“:l F;, = Zle H?izl P;j. We now give an overview of the
proof of the structural theorem. We wish to find an upper bound on the sparsity (i.e. the number
of non-zero monomials) of the polynomials computed by the multiplication gates (F;-s). At a high
level, our strategy will be to set a multiplication gate to zero (thus obtaining a circuit with less
multiplication gates) and then to use an inductive argument on the resulting circuit. To do so we
will find a partial zero assignment a to some P;; (i.e. Pjj(a) = 0) and substitute it into C. Let
C' = Zle F! be the resulting circuit obtained by the substitution of a. First of all, note that
C’ may not satisfy the conditions of the inductive claim. In other words, the substitution may
compromise either simplicity or minimality of the circuit (or both of them). Furthermore, note
that a partial substitution may decrease the sparsity of the multiplication gates. That is, for some
i € [k] the sparsity of F/ might be much smaller than the sparsity of F;. The main issue here is
that it is not clear how to bound this difference in sparsity accurately enough. Hence, any upper
bound obtained on the sparsity of the gates of C’ may not provide us with any useful information
on the sparsity of the gates in the original circuit C'. This makes the offered strategy problematic.

n fact, our construction works with any black-box PIT algorithm for sparse polynomials.



Nevertheless, we show that we can still work around these problems. Our main idea behind
effectively bounding the sparsity is that, instead of identifying a single P;; and setting it to zero, we
will go over all P;j;-s and set them to zero one at a time. Once we select a P;; to set to zero, we will
look for a zero assignment of F;; that preserves certain special properties of C. More specifically, we
will find a zero assignment of P;; such that after the substitution, the resulting circuit C” is simple
and minimal, and in addition, the aforementioned decrease in sparsity is brought to a minimum. In
order to find such an assignment we construct a polynomial ® such that the above conditions (e.g.
“simplicity”, “minimality” and “sparsity difference minimization”) can be formulated in terms of
being a non-zero assignment of . Consequently, the desired assignment a will be a zero assignment
of P;; which is simultaneously also a non-zero assignment of ®. However, such an assignment may
not even exist (for example if Pj; is a factor of ®). To handle this problem we introduce a new
technique. In fact, we settle on finding a zero assignment a of P;; which is “almost good”, paying
some “small price” for it. The main issue turns out to be the estimation of the sparsity difference
that results from the partial substitution (i.e. Sparsity(F;) - Sparsity(F})). For this purpose we
use Shearer’s Lemma (see Lemma 2.5). To apply the lemma, we map each multilinear polynomial
P to a family of sets corresponding to P’s non-zero monomials (see Definition 2.1). Note that the
lemma suggests that the more distinct partial substitutions we have, the tighter is the bound. This
is the reason why we combine the information received from all different partial substitutions to C
(i.e. by trying out all the P;;).

1.2 Overview of the Black-Box Algorithm

Our black-box algorithm is based on the Sparsity Bound. For the moment, let us ignore the issues
of simplicity and minimality. These do create issues which will have to have to be addressed, but
just to understand the motivation for the algorithm suppose that we were a given a simple and
minimal XIIXII(k) circuit C. There can be two cases: either (i) each multiplication gate of C' is
sparse (e.g. the circuit is “sparse”) or (ii) C' has a dense multiplication gate (e.g. the circuit is
“dense”). In case (i) the polynomial computed by C' is sparse (as a sum of a small number of sparse
polynomials) therefore one can invoke a PIT algorithm for sparse polynomials to check if C' = 0. In
case (ii) the Sparsity Bound implies that C' # 0. This observation gives rise to a non black-box PIT
algorithm: Compute the sparsity of each gate separately. If there is a dense gate, then conclude
that C' # 0. Otherwise, check whether the monomials cancel each other out. Again, the conditions
of simplicity and minimality create some issues, but they can be dealt with (for more details see
Section 6).

The black-box setting is trickier, since we do not get to “see” the circuit, and hence cannot
carry out the procedure described above. Indeed, the main problem is to decide in which of the
cases we are. QOur strategy will be to walk on the edge between the two cases. Given a non-
zero circuit C' we are going to gradually reduce the sparsities of the gates, step-by-step, until we
reach case (i), while preserving the properties of C' (simplicity and minimality). In each step the
sparsities of gates will reduce by a “small” factor. Through the entire process the Sparsity Bound
will guarantee that C' remains non-zero as long as we are in case (ii). Now, let us consider the
“edge step” that is, the last reduction step before we reach case (i). We claim that in this step
the circuit is dense, but not “too dense”. On one hand, we are still in case (ii) where the Sparsity
Bound guarantees that C' #Z 0. But on the other hand, a reduction by a “small” factor makes
the circuit sparse. Hence, we can conclude that the circuit is non-zero and “somewhat sparse”.
To make the argument a bit more formal, consider a non-zero XIIXII(k) circuit C of size s. If C



is so(kQ)—sparse, then we are done. Otherwise, let a = (ai,...,a,) € F" be an assignment such
that for every 1 <t < n the circuit C(a,...,as, Ti41, ..., 2y) - resulting from setting x; = a; for
1 <j <t-issimple and minimal. In particular, Fj(a) # 0 for each 1 <14 < k, and hence each F;(a)
is 1-sparse. Let 0 < ¢ < n be the largest index such that the circuit C(aq,...,at, Try1, ..., 2,) has
an s+*)_dense multiplication gate. Such an index exists by a hybrid argument. From the Sparsity
Bound, we get that C'(aq,...,at x4q1,...,2,) Z 0. One the other hand, from the choice of ¢ we
get that each multiplication gate in C(ay,...,at, 41, Tiq2 ..., Ty) is so(kQ)—sparse. Observe that
since each Fj is multilinear all the P;;-s in it must be variable disjoint. Thus, setting x;41 = a¢4+1
can affect at most one P;; in each Fj, and hence reduce the sparsity of each F; by a factor of at
most s (recall that each Pj; is s-sparse and that Pj;(a) # 0). Consequently, each multiplication
gate in C(a1,...,a1, Ti41,...,Ty) I8 S+ so(kQ)—sparse. A priori we do not know what this index ¢ is.
However, it turns out not to matter, since we can just run over all possible indices.

In all this discussion, we hid many technical issues under the rug such as the simplicity and
minimality of the original circuits and how to find such an assignment a. We note that in the
black-box setting minimality comes for free since we can assume w.l.o.g that the black-box contains
a minimal circuit. To handle simplicity and find an assignment a as above we use the method
of generators (see Section 2.3). This method was previously used in [SV09] and [KMSV10]. In
[KMSV10] this method has been already used to work around the aforementioned problems and to
ensure that all the steps of the proof go through smoothly.

1.3 Related Previous Results

Since the vast majority of the work on low depth circuits focused on circuits of depths 2 and 3, and
since our results can be viewed as an extension of this body of work, we formally define depth-3
circuits and some related and relevant notions. A depth-3 XII¥X (k) circuit C of degree d computes

a polynomial of the form
k k

d;
C@) => F@)=> []L;@
i=1 i=1 j=1
n

where the L;;(Z)-s are linear functions: L;;(Z) = tzzl ag;ey -+ a?j with af; € F, and d; < d. Note that
Lij-s are irreducible polynomials. A multilinear ¥II¥(k) circuit has the additional requirement
that each F; is a multilinear polynomial. We refer to the F;-s as the multiplication gates of the
circuit. A subcircuit of C' is defined as a sum of a subset of the multiplication gates in C. Let
ged(C) 2 ged (B, Fy, ..., Fy). We say that a circuit is simple if ged(C') = 1. We say that a circuit is
minimal if no proper subcircuit of C' computes the zero polynomial. Define the rank of C', denoted
by rank(C), as the rank of its linear functions, viewed as (n + 1)-dimensional vectors over F**!,
Formally: rank(C) 2 dim (span{Lij}ie[kL i€l di]>' Clearly, XII¥(k) circuits are a restricted case of
YIIXTI(k) circuits.

The first non black-box [DS06] and almost all the black-box PIT algorithms for XII¥(k) circuits
[KS08, KS09, SS09, SS10] were designed based on the following structural property of XIIX (k)
known as the Rank Bound.

Lemma 1.1. There exists an increasing function R(k,d) such that if C is a simple and minimal
YIIX(k) circuit of degree d computes the zero polynomial then rank(C) < R(k,d).



Up until recently, all the resulting black-box PIT algorithms for YIIX¥(k) circuits were based
on the black-box PIT algorithm of [KS08] that admits a running time of poly(n) - d°(E(*4)  The
recent result of [SS11], giving a poly(n) - d°®) time black-box PIT algorithm, was obtained by a
different approach. In the non black-box setting Kayal & Saxena [KS07] presented a poly(n) - d°*)
time PIT algorithm by another methodology.

The first result of Dvir & Shpilka [DS06] gave an upper bound of R(k,d) = 20(*?) logh=2 d over
general fields. It was later improved by Saxena & Seshadhri [SS09, SS10] to R(k,d) = O(k*logd).
Based on an example of [KS07] they, however, also illustrated a limitation of this approach by
exhibiting a lower bound of rank(C) = Q(klogd) over finite fields, implying that the best black-
box PIT algorithm for finite fields achieved via this approach will be quasi-polynomial-time for
constant values of k. However, over the field of reals R the bound was significantly improved by
Kayal & Saraf [KS09] to k°%) and later on by Saxena & Seshadhri [SS10] to R(k) = O(k?). Note
that there is no dependence on d, thus implying a polynomial-time algorithm.

For multilinear XTI (k) circuits the best upper bound of Ry (k) = O(k?logk) for general
fields was shown in [SS10]. Yet, the PIT algorithm with the best running time of n©®*) obtained
in [SV09] does not rely on the Rank Bound.

Much less is understood about depth-4 circuits. The existing deterministic PIT algorithms had
covered only very restricted classes of those circuits [Sax08, SV09, AM10]. The first PIT algorithm
for multilinear YIIXII(k) circuits was given by Karnin et al. in [KMSV10]. The algorithm is
in the black-box setting and has a running time of nO Gk Rasr (k)-log? $), when s is the size of the
circuit and Rjsr.(k) is the multilinear Rank Bound (see above). This implies a quasi-polynomial-
time algorithm for constant values of k. The main ingredient of the algorithm is a new structural
theorem for multilinear XIIXII(k) circuits suggesting that there is a non-zero multilinear XIIX (k)
circuit “hiding” in every non-zero multilinear XIIXII(k) circuit. The idea is to “search” for the
hidden XII¥ (k) circuit using the multilinear Rank Bound. This search is what makes the algorithm
quasi-polynomial.

The Rank Bound relies strongly on the properties of linear functions. That is, one can define a
linear space spanned by the circuit components and benefit from its structure. This notion is absent
when moving to depth-4 circuits. In the current paper we suggest a natural generalization of this
notion - the Sparsity Bound. The idea is to bound the sparsities of the polynomials computed by
each multiplication gate in terms of the sparsities of the circuit components (F;;-s). This approach
can be seen as an extension of the Rank Bound approach. The following lemma demonstrates this
point and, in fact, can be seen as a “sanity check”.

Lemma 1.2. Let C(z) = Zle Fi(z) = Zle H;lizl Lij(z) be a simple and minimal, multilinear
YIIX (k) circuit computing the zero polynomial. Let s denote the maximal sparsity of a L;; appearing
in C. Then each Fy is s®t™Lk) _sparse.

Proof. Fix i € [k] and consider F; = H;li:l L;;(%). By definition, each F; is s%-sparse. As F; is a
multilinear polynomial, it must be the case that all the L;;-s of it are variable-disjoint and hence
linearly independent. Therefore, by the Rank Bound: d; = dim (span{Lij} jel di]) < rank(C) <

Ry (k) and whence Fj is sPai(k)_gparse. O

Finally, we note that in the light of the connections between deterministic PI'T and circuit lower
bounds, the recent results of [Raz06, Raz09, RSY08, RY09], showing lower bounds for multilinear



circuits and formulas, suggest that efficient identity testers for multilinear formulas may be at reach.
Indeed, a major progress in this question has been made in the recent of work of Anderson et al.
[AvMV11]. In this work, multilinear read-k formulas ? were studied, resulting in polynomial and
quasi-polynomial time PIT algorithms in the black-box and the non black-box settings, respectively,
for constant values of k. In fact, they have studied a broader model - multilinear read-k formulas
in which each leaf (variable) can be replaced by a sparse polynomial. The model is referred to
as “sparse-substituted” and it extends the model considered in this paper. However, the resulting
black-box PIT algorithm for multilinear XIIXII(k) circuits admits a quasi-polynomial running time.

1.4 Organization

We start by some basic definitions and notation in Section 2. In Section 3 we formally introduce our
model and give some related definition. In Section 4, we prove our structural theorem (Theorem
1) and exhibit a lower bound. We give our main result - a black-box PIT algorithm for multilinear
YIIXTI(k) circuits, in Section 5, thus proving Theorem 2. Finally, in Section 6 we consider a non
black-box PIT algorithm for multilinear XIIXII(k) circuits, proving Theorem 3.

2 Preliminaries

For a positive integer n, let [n] denote the set {1,...,n}. Let F be the underlying field, and F
be its algebraic closure. For a polynomial P(z1,...,x,), a variable z;, and o € F, let P|;.—q
denote the polynomial that results upon setting x; = . We now give some definitions that apply
to polynomials P,Q € F[z1,z2,...,2,]. We say that P depends on z; if there exist a € F" and
b € Fsuch that: P(ay,az,...,a;_1,0;,i+1,...,a,) # Plai,as,...,a;_1,b,a;41,...,a,). We denote
var(P) 2 {i : P dependson z;}. Intuitively, P depends on z; if z; appears when P is written as
a sum of monomials. Given a subset I C [n] and an assignment a € F" we define P|z,—5, to be the
polynomial resulting from setting x; = a; for every i € I. We say that P divides @, or equivalently
Q is divisible by P, and denote it by P | @ if there exists a polynomial h € F[xy, z2,...,2,] such
that @ = P-h. Otherwise, we say that P does not divide @ (or @ is not divisible by P) and denote
it by P Q. Given the notion of divisibility we define the ged of a set of polynomials in the natural
way.

2.1 Sparsity of a Polynomial

In this section we formally define the notion “sparsity of a polynomial”. We also show how to upper
bound the sparsity of a given polynomial via the sparsities of its different partial substitutions. For
simplicity we concentrate on multilinear polynomials, however the definitions can be generalized to

all polynomials. A multilinear polynomial P € F[xy, zo,...,x,] can be (uniquely) written as
P=>Y oy X! (1)
AC[n]

where ay € F (the coefficients) and X4 denotes [] ;.
€A

2read-k formulas are arithmetic formulas in which each variable can appear at most k times.



Definition 2.1. We define the characteristic set of a multilinear polynomial P as xp 2
{A : AC|[n], aq #0}. The sparsity of P is defined as the number of (the non-zero) monomials
of P and denoted by ||P||. Clearly, ||P|| = |xp|. For the purposes of connecting the sparsity of a
given polynomial with the sparsities of its partial substitutions we extend these notions. For every

A A
I C [n] we define xpy, 2 {ANT : AC[n), a0} and |[Pll; 2 [xp,|.
The following is immediate from the definitions and will be used implicitly.

Corollary 2.2. Let P,Q € Flx1, 2, ...,x,] be variable-disjoint polynomials and let I C [n]. Then
[Pllr < |P| and ||[P-Qllr = Pl Q|-

Intuitively, xpj, captures the distinct monomials left after we “erase” the variables of z;.
In fact, the same effect is achieved by setting these variables to field elements. However, dif-
ferent substitutions may lead to different results, as monomials may cancel out. For example:
(7123 + 212223) |25=1]] = 2 = ||T173 + 212223 {3), however ||(z123 + T12273)|25=0| = 0. It is not
hard too see that a random assignment to the variables of Z; should not lead to any unwanted
cancellations, and thus achieve the same effect in sparsity as “erasing” the variables of I.

We show that ||P||; is, in fact, attained by the substitution that maximizes the sparsity of
the resulting polynomial. We do so by formulating this condition (of not creating any unwanted
cancellations and hence maximizing the sparsity) as that of being a non-zero assignment to a certain
polynomial Wp. Observe that a random assignment would indeed satisfy this condition. Before
giving the proof, we need some more definitions.

Definition 2.3. Let P € Flxq,x9,...,2y,]|. For B,I C [n] such that BN I = 0 we define:
A A
Ppi =Y apus- X7 and ¥p= [ P
JCI Pp 1#£0

Intuitively, Pp  represents the monomials of P that could be affected by setting the variables
in Z7 to field elements. Wp captures all the non-zero Pp -s.

Lemma 2.4 (Max sparsity Condition). Let I C [n] and let a € F' be such that Up|z,—a, # 0.

Then ||Plz;=a, || = max [|P|z, g | = [|P]]1-
belF
Proof. Cleatly, |[Plz,=a, | < max||Pl;, s, | < [Pll7. We now show that [Py < [ Pls,a, | In fact,
belF
we show that xp|, C X(Pls,—a,)- Let Plz,—a, = Y. fBp-XP be the representation of P|z,—g,

BC[n\I
as in From 1. Observe that 8p = Pp s|z,=a,;- Now, let B € xp|,. By the definition of xp|, there
exists A C [n] such that B = A\ I and ay # 0. Set J = A\ B. Note that J C I. This implies that
Pp 1 # 0 as the coefficient of X7 in Pp 1 is apys = aq # 0. From the choice of a, it holds that
O = PBJ‘:EIZELI # 0 which implies that B € X(Plz;=a;)" ]

As mentioned earlier, the main technical task will be to bound ||F|| in terms of the different

||F’||7-s. For this purpose we use Shearer’s Lemma (see e.g. [CGFS86]).

Lemma 2.5 (Shearer). Let n € N and let I1,... I, C [n] be subsets of [n] such that every element
of i € [n] is contained in at least k of I1,...Iny. Let F be a collection of subsets of [n] and let

.ﬂé{AﬂIj . A€ F} forje[m]. Then we have |F|* < [] |Fjl.
j=1



The following corollary of Shearer’s Lemma connects the sparsity of a polynomial with the
sparsities of its different partial substitutions.

Corollary 2.6. Let F' € Flxy,za,...,2,] be a polynomial, d > 2 and I,Is,...,Iq C [n] disjoint

d
sets. Then |F||%1 <[] I1E][1,-
j=1
Proof. Set F = xp and F; = {A NnI;: Ae f}, and apply Shearer’s lemma. Note that since the
I;-s are disjoint, every i € [n] appears in every complement set I;, except at most one. O

We will need the following recent result of [SV10] that gives an efficient factorization algorithm
for sparse multilinear polynomials. In particular we can see that a factor of a multilinear s-sparse
polynomial is also a multilinear s-sparse polynomial.

Lemma 2.7 (Corollary from [SV10]). Given a multilinear polynomial P € Flx1,za,. .., x,] there
is a poly(n, ||P||) time deterministic algorithm that outputs the irreducible factors, hi,..., hi of P.
Furthermore, ||hi|| - || ko] - ... ||hg|| = || P]|-

The following is a simple property of the sparsity of the gcd of several polynomials. For a proof
see Appendix A.

Observation 2.8. Let {F;},{G;} C Fl[z1,x9,...,x,] be such that F;,G; #0. Then

lged(F1 - G, Fo - Ga, oo, By - G| < llged(Fy, Fo, oo, FR)[ - Gl - 1Gll - - 1Gell-

2.2 The Operator D,

This operator was defined and used in [KMSV10] for the purpose of finding a non-zero assignment of
a polynomial, that preserves certain properties. In this paper we extend the usage of this operator
to finding zero assignments of polynomials. This task of finding zero assignments turns out to
be much trickier. In this section we formally define the operator and list some properties that
immediately follow (and will be used later).

Definition 2.9. For { € [n] let Dy(P, Q) be the polynomial defined as follows:

N\ A P P‘x =0
Dy(P,Q)(z) = ¢
(@2 g o
Note that Dy is a bilinear transformation. The following lemma lists several useful properties
of Dy that are easy to verify.

)@ =P Qlaco = Plao- Q)0

Lemma 2.10. Let P,Q, R € Flx1,zo, ..., x,]| be multilinear polynomials and let £ € [n]. Then the
following properties hold:

1. Dy(R+ Q, P) = Dy(R, P) + Dy(Q, P).

2. Let R be such that { & var(R) then Dy(R-Q,P) = R - Dy(Q, P).
3. D(Q, P) = —D(P,Q).

4. Let i # € then Dy(Plz,=a, Qlzi=a) = (De(P, Q)) |z;=a-



5. Let a, 8 € F then || Dy(Q, -z + B)|| < ||Q]]-
6. Let P be irreducible and let ¢ € var(P) then Dy(Q,P) =0 iff P | Q.

The last property can be easily generalized to yield a condition for a set of polynomials to have
a (non-trivial) ged. This condition was implicitly used in [KMSV10]. For the sake of completeness
we give a proof in Appendix A.

Lemma 2.11. Let F|,F,,...,F, € Flz1,29,...,2,] be multilinear polynomials. Then
ged(Fy, By, ..., Fy) # 1 iff there exists € € var(Fy) such that Dy(F;, F1) =0 for every i € [k].

2.3 Mappings and Generators for Arithmetic Circuits

In this section, we formally define the notion of generators and hitting sets for polynomials and
describe a few useful properties. For a further discussion see [SV09, KMSV10].

A mapping G = (G',...,G") : F¢ — F" is a generator for the circuit class M if for every
non-zero n-variate polynomial P € M, it holds that P(G) # 0. The image of the mapping G is
denoted as Im (G) = G(F?). Ideally, ¢ should be very small compared to n. A set H C F" is a
hitting set for a circuit class M, if for every non-zero polynomial P € M, there exists a € H, such
that P(a) # 0. A generator can also be viewed as a mapping containing a hitting set for M in its
image. That is, for every non-zero P € M there exists a € Im (G) such that P(a) # 0. In identity
testing generators and hitting sets play the same role. Given a generator one can easily construct
a hitting set by evaluating the generator on a large enough set of points. Conversely, in [SV09]
an efficient method of constructing a generator from a hitting set, was given. The following is an
immediate and important property of a generator:

Observation 2.12. Let P = P, - Py - ... - P, be a product of non-zero polynomials P; € M and let
G be a generator for M. Then P(G) # 0.

The following Lemma from [KMSV10] establishes a generator for multilinear sparse polynomials.

Lemma 2.13 (Lemma 2.7 in [KMSV10]). For every m > 1 there exists a generator Sp, 2

(S}mSgl, . ,S]}l) : F4 — F" for m-sparse multilinear polynomials where the individual degree of
each St, is bounded by n — 1 and q(n,m) = O(log,m).

We conclude this section with a well-known lemma concerning polynomials, giving a trivial (yet
possibly large) hitting set. A proof can be found in [Alo99].

Lemma 2.14. Let P € Flxy,x9,...,2,] be a polynomial. Suppose that for every i € [n] the
individual degree of x; is bounded by d;, and let S; C F be such that |S;| > d;. We denote S =
S1 X Sy X -+ xS, then P=0 iff P|lg = 0.

3 Depth-4 Multilinear Circuits

In this section, we formally present the model of depth-4 multilinear circuits and some related
definitions. Similar definitions were given in [KMSV10].
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Definition 3.1. A multilinear depth-4 SIIXII(k) circuit C has four layers of alternating ¥ and 11
gates (the top ¥ gate is at level one) and it computes a polynomial of the form

k k

d;
C@) =Y F@)=> [[Pi@
j=1

i=1 i=1

where the Pyj(Z)-s are multilinear polynomials computed by the last two layers of ¥1I gates of the
circuit and are the inputs to the 11 gates at the second level. In addition, each multiplication gate
F; computes a multilinear polynomial.

The requirement that the Fj-s compute multilinear polynomials implies that for each ¢ € [n]
the polynomials {P;; }j cld;] Are variable-disjoint. Note that if the circuit is of size s then each FP;;

is s-sparse. For every A C [k] we define the subcircuit C4 of C as Cy 2 > ica Fi. We define
ged(C) = ged(Fy, ..., F). We say that the circuit C is simple if ged(C) = 1. We define the
simplification of C to be sim(C') = C/ ged(C). Note that sim(C) is a simple XIIXTI(k) circuit. We
say that the circuit C' is minimal if no proper subcircuit of C' computes the zero polynomial. That
is, for every ) C A C [k] it holds that C'y # 0. For P € F[z1,x9,...,x,] we say that the circuit C
is P-minimal if no proper subcircuit of C' is divisible by P.

Lemma 2.7 implies that all the irreducible factors of the F;j-s are s-sparse. Moreover, if C'
is given to us explicitly those factors can be computed efficiently. Consequently, we can assume
w.l.o.g that all the P;;-s are irreducible.

4 The Sparsity Bound

In this section we prove the main technical result (Theorem 1) an upper bound on the sparsity of
the multiplication gates in a simple and minimal, multilinear XIIXII(k) circuit C' computing the
zero polynomial. To complete the picture we also give a lower bound on the gate’s sparsity.

We first present an outline of the proof. As mentioned earlier, we assume w.l.o.g that all P;;-s
are irreducible and use the circuit size s to bound their sparsities (i.e. ||P;;|| < s). The proof is by
induction on k (the fan-in).

Step 1: We show that for every § C A C [k], ged(C.a) is s°*~ 144D sparse. We do so by “embed-
ding” ged(Cy) into a circuit with a smaller k£ and applying the inductive argument. In particular,
we conclude that for every ¢ # j it holds that ged(F;, F}) is 85(k*1)2—sparse.

Step 2: Applying the previous argument, we conclude for each 1 < ¢ < k — 1 there are “many”
Pyj-s that do not divide F;. More specifically, if all the gates of C are s5k2—sparse, then we are done.
Otherwise, w.l.o.g F} is s°%* _dense. Let 1 < i < k — 1. Write F}, = F} - gcd(F;, Fy;). By definition,
F,g is the product of all the Pj;-s that do not divide F;. As Fj, is s%”_dense and ged(F;, F) is
35(k*1)2—sparse we get that F} is §PR*=5(k=1)? — g10k—5_denge. Finally, we observe that since each
Py; is s-sparse, F}, must be a product of at least 10k — 5 of them.

Step 3: For every 1 <7 < k — 1 and j such that P;; does not divide F; we find a zero assignment
a of Py; that preserves certain properties of C' (see discussion in Section 1.1). In particular, a
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maximizes the sparsity of F] - the polynomial resulting from a substitution of a into F;. After-
wards, using the inductive argument we obtain a “good” estimation for the sparsity of F;. Formally,

we show that F is gP(k—=1)*+k+19

-sparse. This analysis is the heart of the proof of the sparsity bound.
Step 4: Based on the information collected in Step 3 we use Shearer’s Lemma to show that for
every 1 <1< k-1, F; is s5k2_1—sparse. As —F, = Iy + F» + ... + F;_1 we can upper bound
the sparsity of Fj by the sum of the sparsities of Fj-s, for 1 < i < k — 1. We conclude that Fj, is
Pl (k—1) < .95’7“2—sparse7 thus reaching a contradiction to our assumption. The “large” number
of distinct partial substitutions used in Shearer’s Lemma makes our bound nearly optimal.

We now give a more formal statement and then prove Theorem 1.

Theorem 4.1 (The Sparsity Bound). There exists an non-decreasing function ¢(k,s) such that
k

if C(z) = > Fi(z) is a simple and minimal, multilinear XIIXIL(k) circuit of size s computing the
i=1

zero polynomial, then for each i € [k] it holds that ||| < o(k,s) and @(k,s) < .

Proof. The proof is by induction on k. The base case is k = 2. Note that in this case C' must be
of the form C' = o — « for some « € F. Therefore, || F1| = ||F2|| = 1. Assume that & > 3.

We first state and prove some lemmas that will be useful for the proof. Note that all lemma
are proven as part of the inductive argument we apply in the proof of the theorem. We start by
showing an upper bound on the sparsity of the gcd of any subcircuit of a simple and minimal,
multilinear XIIXII(k) circuit computing the zero polynomial. We do so by ‘embedding’ the ged as
a multiplication gate into a XIIXII circuit of a smaller fan-in. Informally, we do this be setting
all the variables that do not appear in the gcd to field elements in such a way that the simplicity
and minimality of the circuit is preserved (and hence induction can be applied). By setting the
variables, the subcircuit corresponding to the gcd collapses to a single multiplication gate which
is just a scaled version of the gcd term. In fact, setting those variables to random field elements
would work with high probability if the underlying field is large enough. Below we present a formal
argument.

k
Lemma 4.2. Let C(z) = Y Fi(Z) be a simple and minimal, multilinear SIIXII(k) circuit of size
i=1

s computing the zero polynomial and let G 2 ged(Fh, Fo, ..., Fy) for some 2 <t < k—1. Then
1G]l < ok —t+1,s).

Proof. Denote V = [n] \ var(G) and F; = f; - G for i € [t]. Observe that var(f;) C V for each f;.
We will show now that there exists a partial assignment @ € F' to Zy that preserves the properties
of minimality and the simplicity of the circuit. For that purpose, recalling Definition 2.9, we define
the polynomial:

o= [ Ca- 11 Dy(Fy, Fy).

O0CACHK  6i: Do(FiF1)%0
. k
Let @ € F" such that ®|z,=a, Z0. Let F/ 2 Fi|z,=a, fori € [k]. Consider C' = C|z, =g, 2 > Fl.
i=1

From the definition of @ it follows that C’ is minimal since C’y = Cylz,=a, # 0 for every_ 0 <

12



A C [k]. Next, we argue that C” is simple. As C is simple we have that ged(Fy, Fo, ..., F) = 1.
Therefore, Lemma 2.11 implies that for every ¢ € var(Fy) there exists ¢ € [k] such that Dy(F;, F1) #
0. From the choice of a we obtain that for every ¢ € var(Fy) there exists ¢ € [k] such that
D(F],F]) # 0, and thus, by the second direction of Lemma 2.11 gcd(F], F,...,F}) = 1. Now,

t
set Hy 2 > F! and H; = Ft/+1,  for 2 < i <k —t+ 1. Recall that var(f;) C V for each i € [t],

i=1

therefore

t t ¢

Hl - ZFAEV:&V - Z (fl : G) ’:EV:(_IV = (Z fi‘:f‘/:ﬁv> G=a-G
i=1 i=1 i
N k—t+1
for some o € F. We now can define C' = > H;=a- -G+ Z F’ _ the circuit obtained from
i=1 i=t+1

C' by joining together the first ¢ summands. Indeed, we embedded G into a circuit with a smaller
fan-in. We argue C satisfies the required properties so we can apply the induction hypothesis.
First, note that C' = 0. The minimality of C follows from the minimality of C’. In particular,
a-G=H = [/t} # 0 and thus a # 0. Finally, observe that

ged(C) = ged(a- G, Flyq,. .., FL) = ged(F, ..., F/, Fl ..., F}) = ged(C")

and hence C is simple. We can conclude that C is a simple and minimal, SIISTI(k — ¢ 41) circuit of
size s computing the zero polynomial. In addition, note that 2 < k—t+ 1 < k — 1. Consequently,
we can apply the induction hypothesis on C. We obtain that ||G|| = || H1|| < p(k —t+1,5). O

Next is a technical lemma that will allow us to decrease, in some sense, the top fan-in of the
circuit. This step is required in order to use the inductive argument. Recall that a P-minimal
circuit is one where no proper subcircuit is divisible by P.

Lemma 4.3. Let C(z) = Z Fi(Z) be a multilinear SIIXTI(k) circuit computing the zero polynomial

and let P € Fxy, x2, .. xn] be a factor of Fy, (i.e. P | Fy) such that P [ Fy. Then there exists a set

A C [k] of size 2 < | A] S k—1 such that the following holds: 1 € A, the subcircuit Cy(z) = > F;(Z)
€A

is P-minimal and P | Cj4.

Proof. As C' computes the zero polynomial we have that P | C. Therefore, C' can be partitioned

into subcircuits that are minimal w.r.t. this property. Formally, there exists a partition |J A; =

7
[k] , Ai[NA; = 0 such that for every ¢ the subcircuit Cy, is P-minimal and P | Cy,. Let w.l.o.g
Ap be such that 1 € A;. It is only left to show that 2 < |A;| < k — 1. First of all, note that since
P | F}, there must be A; = {k} for some j # ¢ and hence |A;| < k — 1. For the second condition,
note that since P f F it must be the case that A; # {1} and hence |A;| > 2. O

Finally, we give the heart of our argument. The lemma shows how to transform a given simple
and P-minimal circuit C', such that P | C, into a simple and minimal circuit of a smaller fan-in,
computing the zero polynomial. As before, the transformation is carried out by finding a partial
assignment @ to Ty, (p) that preserves the minimality and the simplicity of C. However, the most
important property of a is that it maximizes the sparsity of the circuit, resulting upon the partial
substitution into Zy,.(p). This fact allows us to apply Shearer’s Lemma. It can be easily seen that
P(a) = 0. To find the required assignment we present a new technique (see Sec 2.2).
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Lemma 4.4. Let2 <t < k—1. Let P € Flx1,x9,...,x,] be a non-constant, irreducible, multilinear
¢

polynomial and let C(z) = > Fi(z) be a simple and P-minimal, multilinear XIIXII(t) circuit of
=1

7
size s such that P | C. Then ||Fi||lva(py < @(t,s) - 5.

Proof. Our goal is to upperbound || F1||var(p). As previously, we wish to do so by an appropriate
embedding. What we would like to do is to fix the variables in var(P) in a way that will make P
evaluate to zero, and at the same time, will result in a simple and minimal circuit. This way the
circuit would have fewer multiplication gates, and we could apply induction. Unfortunately, this
scenario might not be possible to implement. We will look to approximate it paying a ‘small price’.

Pick ¢ € var(P). For each i € [t| we can write F; = H; - Q; such that ||Q;|| < s and ¢ & var(H;):
If ¢ € var(F;) set @; to be the irreducible factor of F; that depends on ¢, otherwise set Q; = 1.
t
Now, recalling Definition 2.9, consider ¢’ = D,(C, P) 2 > Dy(F;, P). By Lemma 2.10
i=1

t
i=1

In addition, note that C” is minimal since C’y = Dy(Ca, P) # 0 for every 0 C A C [t] from the

=

P-minimality of C' and Lemma 2.10. By definition, the polynomials H; and @); are variable-disjoint.
However, this might not be the case for P and H;. Consequently, C’' might be non-multilinear.
Furthermore, || Dy(Q;, P)|| might be large. In order to resolve the aforementioned problems we will
use a partial assignment @ with properties similar to the ones in Lemma 4.2. Let V' = var(P) \ {¢}.
We recall Definition 2.3 and define:

o= [ Cu- 11 D;(F;, Fy) - Uy,
@gAg[t} Iyt Dj(Fl‘,Fl)fO

Let @ € F" such that @|z,=a, # 0. Set H/ 2 Hi|3,=a, and Q) 2 D¢(Qi, P)|zy =a, for i € [t].
k
Consider C" = C'|z, =a, = >~ H]- Q.. By a reasoning similar to Lemma 4.2 we obtain that C” is
i=1
minimal and that ged(Hy, HS, ..., H}) = 1. By Lemma 2.10 for each i € [t] we have:
Qi = De(Qilzy=ay Play=ay) = De(Qilzy=ay, ap - 70 + Bp)

for some ap,Sp € F and hence [|Q}|| < ||Qi|| < s. Consequently, we get that C” is a minimal,
multilinear XIIXTI(¢) circuit of size s computing the zero polynomial. In addition, from the choice
of a and Lemma 2.4 we obtain (recall that ¢ ¢ var(H)):

|H1 |l = | Hilzy=ay || = [ Hillvar(p i = [ H1llvar(p)-
By the induction hypothesis applied on the simplification sim(C") of C":
[1H1 - Q1/ ged(CT)|| < (t, s).
While by Observation 2.8

lecd(C™)|l < llged(HY, ..., HY| - @41 - Q4 < s - |4
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Putting the above together we obtain:

ged O]
ey = [y 11y < 5 < plts) - Bl < o) -
1

O

We now return to the proof Theorem 4.1.
Assume for a contradiction (and w.l.o.g) that ||Fj|| > s7*°. We will show that this implies ||F|| <

k
s9%* =1 for 1 <i<k—1. As ) F;, =0 we would obtain that
i=1

k—1
<STIE] < (k—1) -1 < ¥
i=1

[ Fkll =

k—1
>R
i=1

thus leading us to a contradiction.

For the sake of simplicity, we show that the claim holds for i = 1 (i.e. ||[Fy|| < s°*°~1). Note
however, the same proof can be repeated for every 1 <+¢ < k—1 due to the symmetry of the circuit.
We first show that there are “many” (irreducible) Py;-s such that Py; [ Fi. Recall that we can
assume w.l.o.g. that P;j-s are irreducible. For that purpose we define F} 2 Fy/ ged(Fy, Fy,). Let
w.l.o.g. Pri, Pyo, ..., Prg be its irreducible factors, that is, F,g = Py Py - ... Pyq. By definition,
each such Pj; divides Fj and does not divide F;. By Lemma 4.2 |gcd(F, Fy)|| < s5E=D* and
hence:

F 2_E(k—1)2
SdzHPkl.P’Q.“..Pde:HFIZJH:chd‘(|FlHFk)||ZSE)k 5(k—1)

implying that d > 5k? — 5(k — 1) = 10k — 5. Fix some some j € [d] and consider Pg;. By
Lemma 4.3 there exists a set A C [k] of size 2 < |A| < k — 1 such that 1 € A, the sub-circuit
Ca(Z) is Pyj-minimal, and Py; | C4. Assume w.lo.g that A = {1,2,...,t} when ¢t = |A|. Let

G 2 ged(Fy, Fy, . .., F,). By Lemma 4.2.
IG|| < ok —t+1,s) < 2Bt

From the Pjj-minimality of C'4 we have that for each i € [t] Py; [ F; and hence Py; [ G. Con-

t
sequently, we obtain that sim(Cjy) 2 > F;/G is a simple and Pjj-minimal, multilinear XITXTI(t)
i=1
circuit such that Py; | sim(C4) (as the simplification does not affect the Py ;-minimality). Thus, by
Lemma 4.4:

2
HFl/GHVar(ij) < o(t, 3) -8 < PR

Putting together:

_ 2 2 _1)2
||F1||var(ij) < ||F1/GHVar(ij) . HGH < 85(k t+1)%4+t+5t < S5(k 1) +k+19. 3

3For k>3 and 2 <t < k — 1 it holds that: 5(k —t + 1)% 4+t + 5t < 5(k — 1)% + k + 19.
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Recall that this inequality holds for every Py; when 1 < j < 10k — 5 < d. In addition, recall
that Py;-s are variable-disjoint polynomials (as factors of a multilinear polynomial). Hence, we can
upper bound ||F || using Corollary 2.6.

10k—5 =5
E—1)24k L 10k—5 2
IR < | T IFilarryy | < sCEDTHRR0GS < 921

7=1
As it was previously stated, the above inequality holds, in fact, for every F; when 1 < ¢ < k — 1.

k—1
Therefore, since Fj, = — . F; it holds that || Fy|| < s°**. In conclusion we obtain that ||Fj|| < s7*°

i=1
for each i € [k]. O

4.1 Lower Bound

To give a complete picture, we show that lower bound of p(k,s) = %K) on the sparsity of the

multiplication gates in a simple and minimal, multilinear XIIXII(k) circuit, in terms of the size of
the circuit. Our lower bound is over sufficiently large fields and it suggests that our result is near
optimal. More specifically, for every ¢ > 2 we construct a simple and minimal, multilinear XIIXTI(k)
circuit of size s = poly(k), computing the zero polynomial with sk _dense multiplication gates,
when k = Q(v/4). In fact, our STIXTI(k) circuit is a STIX (k). Our construction is carried out in two
steps. At the first step, we construct a multilinear XIIX(¢) circuit C' with distinct linear functions
and show that it computes the zero polynomial. The distinct linear functions imply that every
subcircuit of C' is simple. At the second step, we consider one of C’s minimal subcircuits - C’ and
use our upper bound to show that C’ has a “large” fan-in. A similar example was given in [SV09].

Lemma 4.5. For every £ > 2 there exist k = Q(\/Z) and a simple and minimal, multilinear
k

YIXII(k) circuit C = > F; of size s = poly(k), computing the zero polynomial such that ||F;|| =
i=1

sE) for every i € [k]. (Assuming that |F| > €+ 2).

Proof. Let A = {a1,a2,...,ap11} CF\ {0} be a subset of ¢+ 1 distinct non-zero elements. For
every i € [(+1] let u;(w) be the i-th Lagrange Interpolation Polynomial over A. Let R : FECH S F
4

be defined as: R(z,y) = [[(zi1 +zi2+ ...+ zi¢ + y). Since the degree of y in R(z,y) is ¢ we

=1
4+1
get that R(Z,y) = > u;(y) - R(Z, ), by interpolating R(Z,y) as a degree ¢ polynomial in y. Now
i=1

consider:
/41

C 23 w(0) - Rz, ;) — R(z,0)
=1

By definition, C' is a multilinear XIIXTI(¢ + 2) circuit computing the zero polynomial. Let C' =
k

> F; be a minimal subcircuit of C' computing the zero polynomial. Note that for distinct oy;-
i=1

s the multiplication gates (Fj-s) contain distinct linear functions and that u;(0) # 0 for every
i. Consequently, C’ is a simple and minimal, multilinear XIIXII(k) circuit computing the zero

“For k > 3 it holds that: (5(k —1)* +k+ 19) - 195=2 < 51> — 1.

10k—6
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polynomial, with 2 < k < £+ 2. Let s denote the size of C. Clearly, s = poly(k, £) = (1), Now,
let i € [k]. On one hand, we have that ||Fj|| > ¢/ = s*®). On the other hand, by Theorem 1
|F;|| = s©**). This implies that |F;|| = s**) and that k = Q(v/¢), which in turn implies that
s = poly(k), as required. O

5 Black-Box PIT for Multilinear XIIX11(k) Circuits

In this section we give an efficient black-box PIT algorithm for multilinear XIIXII(k) circuits. We
do so by constructing a generator for such circuits, which gives us a small hitting set. We start
by describing the construction. Intuitively, we construct a family of mappings Hy ,, such that the
image of Hy ,, contains all vectors which are obtained as a concatenation of a prefix of a vector from
Im (Hy—1,,) and a suffix of a vector from S, (a generator for m-sparse multilinear polynomials.
See Lemma 2.13). The correctness of our construction relies on the Sparsity Bound ¢(k, s), as
defined in Theorem 4.1.

We assume that |F| > n as we are allowed to use elements from an appropriate extension field.
Throughout the entire section we fix a set A = {ag, a1, a2,...,a,} CF of n+ 1 distinct elements.

Definition 5.1. For every i € [n] let U;(y) : F — F be defined as the degree n polynomial satis-
fying: Ui(oj) = 1 if j > i and 0 otherwise. For every ¢ > 1 and m > 1 we define: for i € [n]
Hé,m(a)la ey W YLy 7yf) : Fq-ﬁ—‘rﬁ — F as
P _ A L _ _ ;o
Hé,m(wla sy Wy Yty - 72/@) = Ht%fl,m(wh s We—1,Y15 - - >yé—1) ' Ul(yf) + S’fn(wﬁ) : (1 - Ul(yé))

- - . TRg-l+¢ A 1 2
(l’l’Ld HZ,m(wb sy W, Yty - - ayé) : e + — F" as Hé7m - (HZ,WNHZ,m’ e aHZm) ’

For the sake of completeness we set H&m = 0. We will use the following immediate but crucial
observation:

Observation 5.2. For every 0 <t < n, it holds that
Homlyo=ar = (Hi1ms - Hf 1 s S ST
and hence, for every @ € Im (Hy_1,,) and b € Im (S,,) it holds that
(@1,...,a¢,be41,...,bn) € Im (Hy )
In particular, Im (Hy_1 ) UIm (Sp,) € Im (Hy ).

To use the construction, we first show that every “non sparse” circuit can be “shrunk” into a
“somewhat sparse” circuit.

k k d;
Lemma 5.3. Let M > 1 and let C(z) = ) Fi(z) = Y [] Pij(Z) be a multilinear LIIXII(k) circuit
i=1 i=1j=1
of size s such that max || F;|| > M. Let a € F" such that F;(a) # 0 for each i € [k]. Then there
7

exists 0 <t <n—1 such that M < max ||Fj|z; =a, || < M - s
(2
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Proof. We apply the hybrid argument since max ||F;|| > M and max [|F[z,,=a;, | <1 < M. Let
7 7
0 <t <n—1be the maximal index such that max|[F;[z,=a, || > M. From the choice of ¢ we
(2
have that max || F;|z,,,=a, || < M. For the remaining condition, note that for each i € [k] the
1

polynomial Fi|a’:[t+1]:6[t+1] is obtained from Fi]j[t]:a[t] by fixing the value of z;y1 to air1. As F;
is multilinear and Fj(a) # 0 this fixation can affect at most one Pj; in it, and hence, reduce the
maximal sparsity by a factor of at most || P;;|| < s. O

Next, we use our structure theorem to guarantees that in the process of shrinking, we do not
inadvertently end up making a non-zero circuit into a zero circuit, thus allowing an inductive step.

Lemma 5.4. Let k > 2 and Q # 0 € Flxy,x9,...,2,] be a polynomial computed by a simple
k

and minimal, multilinear YIIEII(k) circuit C(z) = ) Fi(Z) of size s. In addition, let Gi_1 be
i=1

a generator for YIIXII(k — 1) circuits of size s and (2s?)-sparse polynomials. Then there exists

a € Im(Gy_1) and 0 < t < n —1, such that Q' 2 Q|fm:a[
polynomaal.

, S a mon-zero, (go(k:,s) . 82)—8]9(]//’86

Proof. If max ||F}|| < ¢(k,s), then clearly ||Q| < ¢(k,s) -k < ¢(k,s) - s2. Suppose max || F;|| >
o(k,s). We define the following polynomial:

o= [] Ca- 11 Dy(F;, Fy)

ODCACIK] £i s Do(Fy,F1)#0

From the properties of D, (Lemma 2.10) we get that all multiplicands of ® are either (2s?)-sparse
polynomials or XIIXII(k — 1) circuits. Therefore, by Observation 2.12 we have that ®(Gy—1) # 0
and consequently, there exists @ € Im (Gx_1) such that ®(a) # 0. By definition, Fj(a) # 0 for each
i € [k]. Thus, by Lemma 5.3 there exists 0 <t <n — 1 such that

p(k, s) < max||Filz=all < ¢(k,s) - s

k
Consider the circuit C' = C’j[t]:am =5 Fi|a’0[t]:&[t]~ By a reasoning similar to Lemma 4.2 we obtain
i=1

that C’ is simple and minimal. We now argue that C’ # 0. Assume the contrary. By Theorem
4.1 we get that max||F;|z,=a, || < ¢(k,s), which leads us to a contradiction. Finally, note that
(2

Q1 < ol s) sk < ol 5) - 52 :

Having the above, we use a generator to work around the problems raised by lack of simplicity
or minimality. This idea has been previously used in [KMSV10].

Theorem 5.5 (Hy,, is a Generator). Let k > 1, s > 2. Let Q # 0 € Flay,2z2,...,2,] be a
polynomial computed by a multilinear LIIXIL(k) circuit C(Z) = i Fi(z) = i ﬁ P;;(z) of size s.
Then for every m > ¢(k, s) - s it holds that Q(Hy, ) # 0. - o

Proof. We apply induction on k. For k = 1 note that @ is a product of s-sparse polynomials. Thus,

the claim follows from Observations 5.2 and 2.12, and properties of S, (Lemma 2.13). Assume
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that £ > 2. We will argue that we can assume w.l.o.g that C is simple and minimal. Suppose C
is not minimal. Then there exists a XIIXII(k') circuit C" with ¥’ < k computing Q. Therefore,
by the induction hypothesis it holds that Q(Hj ,,) # 0; and hence, by Observation 5.2 we get
that Q(Hy,m) # 0. Now, suppose C' is not simple. As previously, we assume w.l.o.g that P;; are
irreducible and write: @ = G-C’, when G = ged(C) and €’ = sim(C). By definition, G is a product
of s-sparse polynomials and thus, as previously, G(Hy,,) # 0. Therefore, it is sufficient to show
that C'(Hy ) = 0. Recall that sim(C') is a simple SIIXII(k) circuit. Due to the above, we can
assume w.l.o.g that C is simple and minimal. By the induction hypothesis Hj_1 ,, is a generator
for SIIXII(k — 1) circuits of size s. In addition, it is a generator for (2s2)-sparse polynomials
(Observation 5.2). By Lemma 5.4 there exists a € Im (Hp_1,,) and 0 < t < n — 1, such that

Q' = Q‘E[t]:a[t] is a non-zero, (go(k:, s)- 52)—sparse polynomial. Being such, there exists b € Im (S,,)
for which Q'(b) # 0, or equivalently Q(a1,...,as, bii1,...,bp) = Q'(b) # 0. Observation 5.2
completes the proof. O

We conclude by giving an explicit construction a hitting set for polynomials ¢ computed by
YIIXII(k) circuits. The idea is that Q(Hp,y,) is a non-zero polynomial depending on a small number
of variables r = q - k + k, with individual degrees less than n? + 1. Consequently, it is sufficient to
evaluate @ on the set (V9)F x VF.

Input: n,k,s > 1.
Output: A set H
1 Let V C F be of size |V| =n? + 1;
2 Set H 2 Hy, sy (VOF x VFY
Algorithm 1: Construction of a hitting set for XIIXII(k) circuits of size s.

Theorem 5.6. Given n, s,k as input, Algorithm 1 runs in time n®®) -sO) gnd outputs H of size

nOk) . so(ks), which is a hitting set for n-variate polynomials that can be computed by multilinear
YIIXII(k) circuits of size s.

Proof. Let Q # 0 € Flxy1,x2,...,2,] be a polynomial computed by a multilinear SIIXTI(k) circuit
of size s. Let H be the set given by Algorithm 1. By Theorem 5.5 we get that @ (Hk 7 Sé,(,m),sz)
is a non-zero polynomial depending on r = ¢ - k + k variables, with individual degrees less than
n? + 1 (the degrees of y’s and w are at most n and @ is multilinear). Consequently, Lemma 2.14
implies that Q|y # 0. For the size of H. Recall Lemma 2.13 and that ¢(k,s) < s°%* We obtain:

[H] < V] = nO0) - (O 1os, s))’“ _ O . 00, O

6 Non Black-Box PIT for Multilinear XIIXII(k) Circuits

In this section we give a non black-box PIT algorithm for multilinear SIIXTI(k) circuits. This
running time of the algorithm is slightly better then the running of the black-box one.

6.1 Overview

Given Theorem 1 it is fairly easy to check if a simple and minimal, multilinear SIIXII(k) circuit
C computes the zero polynomial. More specifically, let C' = Zle F, = Zle H;li:l P;; and let s
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denote the size of C. First, compute the sparsity of each F; by noting that || F;|| = H;-lizl || ;]| Now,

if there exists i € [k] for which ||Fj|| > s°** then by Theorem 1 C # 0. Otherwise, C' computes a
(k- s5k2)—sparse polynomial and hence we can check if C' = 0 by computing its monomial expansion.
However, an arbitrary multilinear XIIXII(k) circuit C' may be neither minimal nor simple. The
idea is first to transform the circuit C' into a simple and minimal circuit C’ such that C = 0 iff
C’' = 0, and afterwards apply the procedure described above. In fact, we are going to “simplify”
and “minimize” C. The “minimization” is carried out by (recursively) checking if all the proper
subcircuits of C' compute the zero polynomial. For the “simplification” of C', suppose that all P;;
were irreducible. Under this assumption, each multiplication gate F; contains among its P;j;-s the
exact same list of irreducible polynomials (up to multiplication by a field element) forming the
ged of C (if ged(C) # 1). Therefore, we can erase those polynomials and obtain a simple circuit.
Although the irreducibility of the P;;-s is a valid assumption for the analysis, this might not be the
case in the given circuit. We handle this scenario by factorizing each F;; to its irreducible factors.
The factorization is carried out using a recent result of [SV10] (Lemma 2.7). Note that factorization
does not affect the sparsity of F;-s and can only decrease the size of the circuit.

6.2 The Algorithm

We now present the algorithm. First, we start with an algorithm that simplifies a given XIIXTI(k)
circuit.

Lemma 6.1. There is a deterministic algorithm that when given as input a multilinear XIIXII(k)
circuit C of size s on n variables runs in time poly(n, s) and outputs a simple SIIXTI(k) circuit C”
of size s such that C =0 iff C' = 0.

Proof. Given C' = Zle H?izl P;; we factorize each P;; to its irreducible factors in time poly(n, s)
using the algorithm in Lemma 2.7 (recall that || P;;|| < s). We then replace each P;; by the product
of its irreducible factors, obtaining the circuit by Chreq = Zle H;l;:l Pz/] Observe that the size
of Creq is at most s. As there are at most s different Pj;-s, the total running time of this step
is poly(n,s). By definition, all Pi’j—s are irreducible. Therefore each multiplication gate of Ci.eq
contains among its Pz-’j—s the exact same set of irreducible polynomials (up to multiplication by a
field element) forming the ged of Ceq. Let C’ be the circuit resulting from erasing the mentioned
set of polynomials. Clearly, C’ is a simple XIIXII(k) circuit of size s. The polynomials computed
by C and C’ differ by a multiplicative factor of ged(Cheq). Consequently, C' = 0 if and only if
c'=0. O

Finally, we present our PIT algorithm for multilinear XIIXII(k) circuits, thus proving Theorem 2.

Lemma 6.2. Given a multilinear SIIXII(k) circuit C of size s on n variables Algorithm 2 runs in
time poly(n) - sO0) and outputs “true” if and only if C = 0.

Proof. We begin the correctness analysis by induction on k. For & = 1 the claim is clear. Let
k > 2. Assume the correctness for smaller values of k. By Lemma 6.1 C' = 0 iff C' = 0. If there
exists ) € A C [k] such that C’y = 0 then, clearly C' = 0 iff C[’k}\A = 0. Otherwise, C’ is simple
and minimal, multilinear XIIXII(k) circuit of size s with & > 2. By Theorem 4.1 if C' = 0 then
| F/| < s5%* for every i € [k]. Therefore, if there exists i € [k] such that | FY| > s5%* then C # 0.
The last step is correct by its definition.
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Input: XIIXII(k) circuit C of size s
Output: “true” it C =0

if k=1 then
return “true” iff F1 =0

Compute C' = Zle F! /* using Lemma 6.1. */
foreach ) C A C [k] do
if ¢’y =0 then
«“. ” o ! —
return “true” iff C[k]\A =0

© 0 N 0 o A W N =

fori=1tok do
Compute || F||
if [|F/|| > s°%" then
return “false”

e e e e
B W N~ O

return “true” iff C’ = 0, by computing the monomial expansion of C’
Algorithm 2: Non-Black PIT algorithm for multilinear XIIXII(k) circuits

=
o

Time complexity: By Lemma 6.1 C’ can be computed in time poly(n,s). Next, as ||F/| < 2"
for each i € [k] the computation of ||F/|| can be done in time poly(n, s). Finally, note that the last
line is reached only in the case that every F! is 55k2—sparse. Therefore, the polynomial computed by
C’ in this case has at most k - s%%° monomials. Consequently, this step takes poly(n) - sOK?) time.
Putting all together we obtain the following recurrent relation: T'(k,n,s) < 281 . T(k — 1,n,s) +

poly(n) - s9*) and hence T(k,n,s) = poly(n) - SOK?). h
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A Missing Proofs

For the sake of completeness we give here some of the missing proofs.

Proof of Lemma 2.11. For the first direction, assume ged(Fy, Fa, ..., Fi) # 1. Then, by definition,
there exists an irreducible polynomial P such that P | F; for every i € [k]. Equivalently, we can
write F; = F] - P. Pick ¢ € var(P). Clearly, ¢ € var(F;) and hence ¢ ¢ var(F]) since the factors
of a multilinear polynomial are variable-disjoint. From Lemma 2.10 we get that Dy(F;, F1) =
Dy(F}- P,F|-P)=F!-F|-DyP,P)=0. For the second direction, let ¢ € var(F;). We can write
F) = F| - P, when P denotes the irreducible factor of F; that depends on ¢. From the statement
F| - Dy(F;, P) = Dy(F;, F1) = 0. As F| # 0, we get that Dy(F;, P) = 0 for every i € [k]. It follows
from Lemma 2.10 that P | F; for every ¢ € [k], or equivalently P | gcd(Fy, Fa, ..., Fy). In particular
this implies ged(F1, Fy, ..., F;) # 1 and completes the proof. O

Proof Observation 2.8. Denote R = ged(Fy -Gy, Fy- Ga, ..., Fy-Gy), Go = ged(F1, F, ..., Fy) and
consider P € F[x1, o, ..., x,] an irreducible factor of R. By definition P | F; - G; for each i € [k].
Therefore, for each i € [k] it must be the case that either P | F; or P | G; holds. Now, if P | F; for all
i-s, then by definition P | Gy. Otherwise, there must exist j € [k] such that P | G;. Consequently,

P |Gy -Gi-Gy-... Gy Since the above holds for every irreducible factor of R we obtain that
R|Go-Gy-Gy- ... Gg. Equivalently, there exists @ such that R-Q = Go-G1-Ga - ... - Gg. and
hence [|R|| < [[Gol| - [[G1]] - - .. - |Gkll- O

We also show that is inequality is tight. Let ® 2 Hle(:ni +1). Take: G; = (z;+1), F; = ©/G;.
Then ng(F1 -G1,Fy - Go, ..., F} - Gk> =b=G1-Gy-... -Gy~ ng(Fl,FQ,. . .,Fk). Note that
ng(Fl,FQ, e ,Fk) =1.
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