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Abstract

A large class of problems in symbolic computation can be expressed as the task of computing
some polynomials; and arithmetic circuits form the most standard model for studying the complexity
of such computations. This algebraic model of computation attracted a large amount of research in
the last five decades, partially due to its simplicity and elegance. Being a more structured model
than Boolean circuits, one could hope that the fundamental problems of theoretical computer science,
such as separating P from NP, will be easier to solve for arithmetic circuits. However, in spite of the
appearing simplicity and the vast amount of mathematical tools available, no major breakthrough has
been seen. In fact, all the fundamental questions are still open for this model as well. Nevertheless,
there has been a lot of progress in the area and beautiful results have been found, some in the last
few years. As examples we mention the connection between polynomial identity testing and lower
bounds of Kabanets and Impagliazzo, the lower bounds of Raz for multilinear formulas, and two new
approaches for proving lower bounds: Geometric Complexity Theory and Elusive Functions.

The goal of this monograph is to survey the field of arithmetic circuit complexity, focusing mainly
on what we find to be the most interesting and accessible research directions. We aim to cover the
main results and techniques, with an emphasis on works from the last two decades. In particular, we
discuss the recent lower bounds for multilinear circuits and formulas, the advances in the question of
deterministically checking polynomial identities and the results regarding reconstruction of arithmetic
circuits. We do, however, also cover part of the classical works on arithmetic circuits. In order to
keep this monograph at a reasonable length, we do not give full proofs of most theorems, but rather
try to convey the main ideas behind each proof and demonstrate it, where possible, by proving some
special cases.
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Chapter 1

Introduction

Arithmetic circuits are the most natural and standard model for computing polynomials. In this
model the inputs are variables x1,...,z,, and the computation is performed using the arithmetic
operations +, X and may involve constants from a field F. The output of an arithmetic circuit is thus
a polynomial (or a set of polynomials) in the input variables. The complexity measures associated
with such circuits are size and depth which capture the number of operations and the maximal
distance between an input and an output, respectively.

The most fundamental problems in algebraic complexity are related to the complexity of arith-
metic circuits: providing efficient algorithms for algebraic problems (e.g., matrix multiplication),
proving lower bounds on the size and depth of arithmetic circuits, giving efficient deterministic algo-
rithms for polynomial identity testing, and finding efficient reconstruction algorithms for polynomials
computed by arithmetic circuits (the latter problem is sometimes referred to as learning arithmetic
circuits or interpolating arithmetic circuits).

In the past 50 years, we have seen a flurry of beautiful and efficient algorithms for algebraic
problems. For example, Cooley and Tukey’s algorithm for the Discrete Fourier Transform [ 1,
Strassen’s algorithm and those following it for Matrix Multiplication | , | (see [ ]
for a detailed survey of algorithms for matrix multiplication), algorithms for factoring polynomials
(see | , , ] for surveys of results in this area), and Csanky’s algorithm for parallel
computation of determinant as well as all other linear algebra problems | . In this survey
we shall not give details of these algorithms, but rather focus on complexity questions related to
arithmetic circuits, mainly on the problem of proving lower bounds for arithmetic circuits and the
question of deterministically deciding polynomial identities.

Arithmetic circuits are a highly structured model of computation compared to Boolean circuits.
For example, when studying arithmetic circuits we are interested in syntactic computation of polyno-
mials, whereas in the study of Boolean circuits we are interested in the semantics of the computation.
In other words, in the Boolean case we are not interested in any specific polynomial representation
of the function but rather we just want to compute some representation of it, while in the arithmetic
world we focus on a specific representation of the function. As such, one may hope that the P vs.
NP question will be easier to solve in this model. However, in spite of many efforts, we are still far
from understanding this fundamental problem. In fact, our understanding of most problems is far
from being complete. In particular, we do not have strong lower bounds for arithmetic circuits; We



do not know how to deterministically and efficiently determine whether a given arithmetic circuit
computes the zero polynomial; and we do not know how to efficiently reconstruct a circuit using
only queries to the polynomial it computes. Although seemingly different, these three problems are
strongly related to each other, and it is usually the case that a new understanding of one problem
sheds light on the other problems as well.

In recent years there has been some progress on these important problems for several interesting
classes of arithmetic circuits. In this monograph we aim to describe this recent progress. In particular,
we shall cover the new lower bounds on the size of multilinear circuits, the new identity testing
algorithms for several restricted classes of circuits and their connection to circuit lower bounds, and
the recent reconstruction algorithms for depth-3 arithmetic circuits. We also present many open
questions that we view as natural “next step” questions, given our current state of knowledge.

1.1 Basic Definitions

Before any further discussion, we give the basic definitions related to arithmetic circuits.

Definition 1.1 (Arithmetic circuits). An arithmetic circuit ® over the field F and the set of variables
X (usually, X = {x1,...,2,}) is a directed acyclic graph as follows. The vertices of ® are called
gates. Fvery gate in ® of in-degree 0 is labeled by either a variable from X or a field element from
F. Every other gate in ® is labeled by either x or + and has in-degree 2. An arithmetic circuit is
called o formula if it is a directed tree whose edges are directed from the leaves to the root.

Every gate of in-degree 0 is called an input gate (even when the gate is labeled by a field element).
Every gate of out-degree 0 is called an output gate. Every gate labeled by x is called a product
gate and every gate labeled by + is called a sum gate. The size of ®, denoted |®|, is the number
of edges in ®. The depth of a gate v in ®, denoted depth(v), is the length of the longest directed
path reaching v. The depth of ® is the maximal depth of a gate in ®. When speaking of bounded
depth circuits — circuits whose depth is bounded by a constant independent of | X | — we do not have
a restriction on the fan-in. For two gates u and v in @, if (u,v) is an edge in @, then w is called a
child of v, and v is called a parent of u.

An arithmetic circuit computes a polynomial in a natural way: An input gate labelled by a € FUX
computes the polynomial a. A product gate computes the product of the polynomials computed by
its children. A sum gate computes the sum of the polynomials computed by its children.

For a gate v in @, define &, to be the sub-circuit of ® rooted at v. Denote by X, the set of
variables that occur in the circuit ®,. We usually denote by f, the polynomial in F[X,] computed
by the gate v in ®. We sometimes abuse notation and denote by ®, the polynomial computed by v
as well. Define the degree of a gate v, denoted deg(v), to be the total degree of the polynomial f,
(e.g., the total degree of 2229 +x1 + 1 is three, whereas the individual degrees are at most two). The
degree of ® is the maximal degree of a gate in .

It is clear that every polynomial f € F[X] can be computed by an arithmetic circuit and by an
arithmetic formula. The main question is how many gates are needed for the computation.

The definition above shows an evident difference between arithmetic circuits and Boolean circuits.
While Boolean circuits can perform operations on the “bit representation” of the input field elements,



that are not necessarily the arithmetic operations, arithmetic circuits cannot. Nevertheless, most
algorithms for algebraic problems fit naturally into the framework of arithmetic circuits.

One last thing to note is that we always regard an arithmetic circuit as computing a polynomial
in F[X] and not a function from FIX| to F. In general, every polynomial defines a unique function,
but a function can usually be expressed as a polynomial in many ways. For example, the polynomial
22 — z is not the zero polynomial as it has nonzero coefficients. However, over the field with two
elements, [Fo, it computes the zero function. This distinction is especially important when studying
the identity testing problem. This is another difference between the Boolean world and the arithmetic

world.

Remark 1.1. For the rest of the survey, unless otherwise stated, the results hold for arbitrary fields.
In most cases, for simplicity of discussion and notation, we do not explicitly state the dependence
on the field. In general, the question of which field we are working over is important and can make
a difference, both from a theoretical point of view and from a practical point of view. The main
examples of fields that the reader should bear in mind are prime fields and the real numbers.

1.2 Arithmetic Complexity

Arithmetic complexity classes were first defined in the seminal works of Valiant | , .
Valiant gave analogous definitions for the classes P and NP in the algebraic world, and showed
complete problems for these classes. We now give a very brief overview of these classes and state the
main known results. As this material was covered in many places, we do not give any proofs here.
For a more detailed treatment and proofs, we refer the interested reader to Refs. | , ,
].

We begin by defining the class VP, the algebraic analog of the class P. Originally, Valiant called
this class the class of p-bounded polynomials (computed by “polynomially bounded” circuits), but
nowadays the notation VP is used (where V is an acronym for Valiant).

Definition 1.2. A family of polynomials {f,} over F is p-bounded if there exists some polynomial
t: N — N such that for every n, both the number of variables in f, and the degree of f, are at most
t(n), and there is an arithmetic circuit of size at most t(n) computing f,. The class VPy consists of
all p-bounded families over F.

The polynomial f,(z) = 22", for example, can be computed by size O(n) circuits, but it is
not in VP as its degree is not polynomial. One motivation for this degree restriction comes from
computation over, say, the rational numbers: if the degree is too high then we cannot efficiently
represent the value of the polynomial on a given input by a “standard” Boolean circuit. Also note
that in the definition we do not require the circuit computing f, to have a polynomial degree, but,
as we shall later see, this property holds without loss of generality (see Theorem 2.2 below).

An interesting family in VP is the family of determinants,

DET,(X) = Y _ sgn(o) [ [ w00,
=1

UESn

where X = (z;;) is an n x n matrix, S, is the set of permutations of n elements and sgn(o) is the



signature of the permutation o. It is a nice exercise to find a polynomial size arithmetic circuit for
DET,, that does not use divisions.

Remark 1.2. For the rest of the survey we sometimes say polynomial and mean a family of polynomi-
als, e.g., when we talk of the determinant polynomial we actually talk about the family of determinant
polynomials.

We now define VNP, the algebraic analog of the class NP.

Definition 1.3. A family of polynomials {f,} over F is p-definable if there exist two polynomially
bounded functions t,k : N — N and a family {gn} in VPr such that for every n,

fu(z1, ) = Z Ge(n) (15 -y Th(n)s Wy - -+ Wy )-
we{0,1}t(n)

The class VNP consists of all p-definable families over IF.

Roughly speaking, VNP is the class of polynomials f so that given a monomial, one can efficiently
compute the coefficient of this monomial in f (this does not follow immediately from the definition,
for more details see, e.g., Refs. | , ]). To better understand the connection to NP, one
can think of the variables w = (w1, ..., wyy)) as the “witness,” and so summing over all witnesses is
the arithmetic analog of searching for a witness in NP. The existential quantifier in the definition of
NP is translated to the algebraic operation of addition. In some sense, this makes VNP a version of
#P as well. The canonical example for a family in VNP is the family of permanents of n x n matrices

n
PERM,(X) = Y [ #i00)- (1.1)
oceSy =1
One way to see that permanent is in VNP is by Ryser’s formula, that also gives the smallest known
circuit computing permanent (which is also a depth-3 circuit).

Fact 1.1 ([ 1). For every n € N, PERM,,(X) = ZTQM(—I)”*‘T' [T > er @i

It follows by definition that VP C VNP. Valiant’s hypothesis says that VP is a strict subclass of
VNP.

Valiant’s hypothesis I: VP # VNP.

As arithmetic circuits are more structured than Boolean circuits, one could hope that proving
Valiant’s hypothesis should be easier than its Boolean counterpart. A very weak version of this
statement was proved in Ref. | |, where it was shown that in a non-associative world, where
variables are not assumed to satisfy the identity (xy)z = x(yz), Valiant’s hypothesis I holds.
This non-associative statement is an evidence for the obvious: the more structured the world is, the
easier it is to prove lower bounds. Specifically, in a non-associative world algorithms cannot exploit
“symmetries” that follow from associativity. Indeed, in such a world it is more difficult to design
algorithms and lower bounds are easier to prove.

Besides defining the classes VP and VNP, Valiant also gave complete problems for these classes.
He described a reduction between families of polynomials and gave complete families with respect
to it.



Definition 1.4. A polynomial f(x1,...,2,) over F is called a projection of a polynomial
91, ..., ym) over F if there exists an assignment p € ({x1,...,2,} UF)™ such that f(xq,...,2,) =
9(p1,- ..y pm). In other words, f can be derived from g by a simple substitution. This definition can
be extended to projections between families of polynomials. The family {f.} is a p-projection of the
family {gn} if there exists a polynomially bounded t : N — N such that for every n, f, is a projection

of Gt(n)-

Both VP and VNP are closed under projections, e.g., if f is in VP then any projection of f is also
in VP. Valiant showed that permanent is complete for the class VNP.

Theorem 1.1 ([ ). For any field F such that char(F) # 2, the family {PERM,,} is VNP-
complete. Namely, any family in VNP is a p-projection of it.

Valiant’s hypothesis I is thus equivalent to proving a super-polynomial lower bound on the size
of circuits computing the permanent. We note that a stronger version of Theorem 1.1 was proved in
Ref. | |, where it was shown that permanent is VNP-complete even in a very weak compu-
tational world where the variables are not assumed to be commutative nor associative.

Valiant also showed that determinant is VP-complete with respect to quasi-polynomial projections.

Theorem 1.2 (| ). The family {DET,} is VP-complete with respect to quasi-polynomial
projections. That is, for any family {f,} in VP there emists a function t : N — N satisfying'
t(n) = n@0o8n) such that f, is a projection of DETy(,). In fact, if we change the definition of
VP to VQP by replacing polynomial by quasi-polynomial (i.e., 27’0[”1"-‘7(")), then determinant is VQP-
complete.

This theorem follows immediately from the next two theorems that show that arithmetic circuits
are “shallow,” and that determinant can “simulate” small formulas.

Theorem 1.3 ([ ). Let f be a degree r polynomial computed by a size s circuit. Then f can
be computed by a circuit of size poly(r,s) and depth O(logr(logr + logs)).

Theorem 1.3 was proved in a seminal work of Valiant et al. | ]. Tt is commonly rephrased as
VP = VNC?, where VNC* denotes polynomial size and polynomial degree arithmetic circuits of depth
O(logkn). Clearly, VNC! € VNC? C ... C VP, and Theorem 1.3 shows that in fact the chain halts
after two steps. Since determinant is in VP, Theorem 1.3 implies that determinant has a formula of
quasi-polynomial size (more generally, every polynomial in VN C? has a formula of quasi-polynomial
size).

Theorem 1.4 ([ ). For any polynomial f in F[X] that can be computed by a formula of size
s over F, there is a matriz A of dimensions (s + 1) x (s + 1) whose entries are in X UF such that
DET(A) = f.

As determinant is complete for VQP, an algebraic analog of the P vs. NP question is the question
of “embedding” permanent in determinant.

Valiant’s hypothesis II: VNP ¢ VQP.

!Unless stated otherwise, logarithms are in base two.



This hypothesis is also known as Valiant’s extended hypothesis. Stated differently, the hypothesis
is that the permanent does not belong to VQP. Thus, in order to prove Valiant’s extended hypothesis
it suffices to prove that one cannot represent PERM,, as the determinant of a matrix of dimension
quasi-polynomial in n. Currently, the best lower bounds on the dimension of such a matrix are given
by the following theorem of [ ) ].

Theorem 1.5 (] , ). Let F be a field of characteristic different than two and let X =
(xi,j)i,je[n] be a matriz of variables. Then, any matriz A whose entries are linear functions in
{zi;}ijemn) over F such that DET(A) = PERM,,(X) must be of dimension at least n*/2.

Here is a rough sketch of the idea behind Mignon and Ressayre’s proof of Theorem 1.5. Compute
the rank of the Hessian matrix, i.e. the matrix of second partial derivatives, of both PERM,,(X)
and DET(A). This rank for PERM,,(X) is at least (roughly) n?, whereas for DET(A) this rank is
of order D, where D is the dimension of A.

Valiant’s extended hypothesis gives a way for reformulating a question about circuits as a purely
algebraic question: the VQP vs. VNP problem is equivalent to the problem of embedding the
permanent inside the determinant. One advantage of this formulation is that the combinatorial
structure of circuits does not appear in it.

Open Problem 1. Improve the lower bound on the dimension of a matriz A with entries that are
linear functions in {x;;}; jefn such that DET(A) = PERM,(X).

1.3 Arithmetic Circuit Classes

In addition to the general model of arithmetic circuits, introduced in Section 1.1, we will be consid-
ering several other, more restricted, classes of arithmetic circuits. In particular, we will be interested
in bounded depth arithmetic circuits, and even more specifically in depth-3 and depth-4 circuits, in
multilinear circuits, noncommutative circuits and more. We shall now define some of these classes
and discuss their importance.

The model of bounded depth circuits was already defined in Section 1.1. Two important sub-
classes of bounded depth circuits that we shall focus on in this monograph are depth 3 circuits, also
known as XIIX circuits and depth-4 circuits known as XIIXII circuits. A XIIX circuit is a depth-3
circuit with an addition gate at the top, a middle layer of multiplication gates and then a level of
addition gates at the bottom. A XIIY circuit with s multiplication gates compute polynomials of

the form )7, H?;l i j(z1,...,xy,), where the ¢; ;’s are linear functions. Although a very restricted
model this is the first class for which we do not have any strong lower bounds, over fields of charac-
teristic zero (see Section 3.5). Moreover, in Section 3.8.2 we discuss a result of Raz | ] showing

that strong lower bounds for (a restricted subclass of) XIIX circuits imply super-polynomial lower
bound on the formula complexity of permanent.

Similar to depth-3 circuits, a XIIXII circuit is composed of four alternating layers of addi-
tion and multiplication gates. Thus, a size s XIIXII circuit computes a polynomial of the form
Yol H;-lizl fij(x1,...,x,), where the f;;’s are polynomials of degree at most s having at most s
monomials (i.e., they are s-sparse polynomials). The importance of XII¥II circuits stems for two
main reasons. Depth-4 is the first depth for which we do not have strong lower bounds for any



field of characteristic different than 2 (over Fy lower bounds follow from the results of Razborov
and Smolensky | , ]). The best known lower bounds, due to Raz | ], are smaller
than n? (see Section 3.5). Another important reason is that, with respect to proving exponential
lower bounds, XIIXII circuits are as interesting as general arithmetic circuits. Namely, an n-variate
degree n polynomial can be computed by a sub-exponential arithmetic circuit if and only if it can
be computed by a sub-exponential XIIXII circuit. This result, due to Agrawal and Vinay [ ], is
discussed in Section 2.4. Furthermore, derandomizing the polynomial identity testing problem for
such circuits is almost equivalent to derandomizing it for general arithmetic circuits. Thus, in order
to understand the main open problems in arithmetic circuit complexity, one can focus on depth-4
circuits, instead of general arithmetic circuits, without loss of generality.

Another important model that we discuss in this monograph is multilinear circuits. A polynomial
f € F[X] is called multilinear if the individual degree of each variable in f is at most one. An
arithmetic circuit @ is called multilinear if every gate in ® computes a multilinear polynomial. An
arithmetic circuit ® is called syntactically multilinear if for every product gate v = v; X vg in P,
the two sets X,, and X,, are disjoint (recall that X, is the set of variables that occur in the circuit
®,). Syntactically multilinear circuits are clearly multilinear but the other direction is not true in
general.

While being a very restricted model of computation, multilinear circuits and formulas form a very
interesting class as for many multilinear polynomials, e.g., permanent and iterated matrix multipli-
cation, the currently best arithmetic circuits computing them are multilinear. Indeed, computing
a multilinear polynomial with a circuit that is not multilinear requires some “non-intuitive” can-
cellations of monomials. We do not however, that such “clever” cancellations occur, e.g., in small
arithmetic circuits computing the determinant. In particular, we do not know today of polynomial
size multilinear circuits computing the determinant. Being a natural model for computing multi-
linear polynomials, multilinear circuits are an interesting and an important class of circuits and we
discuss the best results known for them.

In addition to bounded depth circuits and multilinear circuits we shall also study monotone
circuits, noncommutative circuits, circuits with bounded coefficients and read-once formulas. We
shall give the relevant definitions when we first discuss each of these classes.

1.4 Road Map

Here is a short overview of the content of this survey.

1.4.1 Structural Results

Due to its algebraic nature, the model of arithmetic circuits is more structured than the model of
Boolean circuits. As such, we are able to prove results in the arithmetic world that in the Boolean
case are still open. In Section 2 we discuss some of the works on the structure of arithmetic circuits.
These structural properties of arithmetic circuits are also used as starting points to proving lower
bounds. We now discuss three examples of such structural results and their connection to lower
bounds.



A striking result due to | ] is that in the arithmetic world VP = VNC? (see Theorem 1.3).
This is in contrast to the Boolean world, where it is conjectured that P # NC. Subsequently, Agrawal
and Vinay [ | proved a depth-4 version of this statement, showing that in order to prove expo-
nential lower bounds on the size of general arithmetic circuits one just needs to prove exponential
lower bounds on the size of depth-4 circuits.

A surprising result due to Baur and Strassen | |, that strongly relies on the underlying
algebraic structure, states that computing a polynomial f(z1,...,x,) is essentially equivalent to
simultaneously computing f and all of its n partial derivatives 8—;;, ceey %. Thus, proving a lower
bound on the size of a circuit computing a set of polynomials is as difficult as proving a lower bound
for a single polynomial. Alternatively, perhaps more optimistically, proving lower bounds should not
be so difficult, as instead of proving a lower bound on the computation of a single polynomial we
can try and prove a lower bound for circuits computing many polynomials. This principle actually
turned out to be useful in at least two cases: showing that divisions are not necessary in computing
polynomials by general arithmetic circuits | | and proving lower bounds for multilinear circuits

[ J

An interesting fact is that arithmetic circuits computing homogeneous polynomials can be trans-
formed to be homogeneous, with only a small overhead. Recently, Raz | | proved that for
formulas, this transformation can be done at a smaller cost than what was known before. In partic-
ular, Raz showed that if one can prove (very) strong lower bounds on tensor rank then one obtains
super-polynomial lower bounds on formula-size. Since tensor rank is no other than the size of the
smallest set-multilinear depth-3 circuit computing the “tensor,” Raz’s result says that a very strong
lower bound for the (very restricted) model of set-multilinear depth-3 circuits implies a lower bound
for general formulas.

1.4.2 Lower Bounds for Arithmetic Circuits

One of the biggest challenges of algebraic complexity is proving lower bounds on circuit-size. Unlike
the case of Boolean circuits, super-linear lower bounds on the size of general arithmetic circuits are
known [ , ]. Contrarily,no strong lower bounds are known for bounded depth arithmetic
circuits. In particular, no super-quadratic lower bound is known even for circuits of depth 4, when
char(F) # 2.

In Section 3 we survey the known lower bounds and discuss some proofs in more detail. In
particular, we explain Strassen’s degree bound that gives a super-linear lower bound for general
circuits [ | and Kalorkoti’s quadratic lower bound on the size of general formulas | . We
discuss the lower bounds for the size of bounded depth circuits [ ) ]. We then consider
in detail depth-3 circuits, which is the “first” model for which proving lower bounds seems to be a
difficult task.

In this Section we also explain the following two-step “technique” for proving lower bound for
arithmetic circuits. The first step is based on the fact that polynomials computed by small arithmetic
circuits can be presented as a sum of a small number of products of “simpler” polynomials (this
is one of the structural theorems that we prove). The second step is using the so-called partial
derivative method to bound the complexity of such polynomials. By applying these two steps, we
derive lower bounds for various classes of arithmetic circuits, such as monotone arithmetic circuits



[ , , , | and multilinear formulas | ) , ].

Finally, we present several approaches for proving lower bounds on circuit-size, and discuss the
possibility of generalizing the Natural Proofs approach of Razborov and Rudich | ] to the alge-
braic setting.

1.4.3 Polynomial Identity Testing

Polynomial identity testing (PIT) is the problem of deciding whether a given arithmetic circuit
computes the identically zero polynomial. Many randomized algorithms are known for this problem
yet its deterministic complexity is still far from understood. Recently, it was discovered that this
problem is strongly related to the question of proving lower bounds | ].

In Section 4 we first survey and sketch the proofs of randomized algorithms for PIT. We then
discuss the relation between lower bounds and derandomization of PIT algorithms. One of the
surprising results in this context is that a deterministic (black-box) polynomial-time algorithms for
PIT of depth-4 arithmetic circuits implies a (quasi-polynomial time) derandomization of the problem
for general arithmetic circuits.

We then present several deterministic algorithms for restricted classes of arithmetic circuits. We
do not cover all known algorithms but rather present what we view as the most notable techniques
in the area. Specifically, we give one of the many algorithms for sparse polynomials | ]. We
show a polynomial-time algorithm for PIT of noncommutative formulas that is based on the partial
derivative method | ]. We then describe two algorithms for depth-3 circuits with a bounded top
fan-in. The first is the local ring algorithm of | | that works in the non-black-box model (which
we refer to as the white-box model) and the second is the algorithm of | , ] that is based
on the rank method (with the strengthening of | ) , ). After that, we present two
results for depth 4 circuits. The first is by | ] that gave a polynomial time PIT for the so called
diagonal circuits, based on the ideas of | ]. The second result is by | | that gave a PIT
algorithm for depth-4 multilinear circuits with bounded top fan-in, based on ideas from [ | and
[ |. Finally, we present the algorithm of | , | for identity testing of sums of read-once
formulas that strengthen some of the results for depth-3 circuits and that influenced | ]

1.4.4 Reconstruction of Arithmetic Circuits

In Section 5 we consider the problem of reconstructing arithmetic circuits, which is the algebraic
analog of the learning problem of Boolean circuits. This problem is clearly related to PIT, as an
identity testing algorithm for a circuit class gives a way of distinguishing between different circuits
from that class and can thus be helpful in designing a learning algorithm.

We discuss the similarities and differences between the reconstruction problem and analogous
problems in the Boolean world. We then give some hardness results on the reconstruction problem.
After that we discuss several known reconstruction algorithms. First, we explain how to reconstruct
sparse polynomials. Then we discuss the multiplicity automata technique of | | and its
extension for arithmetic circuits | |. Basically, this technique can be thought of as learning via
partial derivatives. At the end, we move to depth-3 circuits with a bounded top fan-in and sketch
the algorithms of | , ] that are based on ideas from the identity testing algorithm of



1.5 Additional Reading

We decided to focus this survey on recent results in arithmetic circuit complexity, mainly on lower
bounds and identity testing algorithms, and so many beautiful results in algebraic complexity, both
new and old, were left out. We now mention some of the topics that are not discussed in this mono-
graph and give references to relevant papers. Most of these topics are discussed in the comprehensive
book [ ] and the (unfortunately, still relevant) survey of Strassen | .

One important area that we do not cover is algorithms for algebraic problems, an area that
has been yielding many beautiful works. A partial list of algorithms include Cooley and Tukey’s
FFT algorithm | |, fast matrix multiplication | | (and the new algorithmic approach of
[ , ]), efficient polynomial factorization (see the surveys | , | and the recent
[ ]) and the deterministic primality testing algorithm of | .

Another topic that we do not really discuss is that of linear and bilinear complexity. Here, one is
interested in the complexity of computing linear transformations and bilinear forms using linear or
bilinear circuits, respectively. The complexity of computing univariate polynomials is another topic
that we decided not to include. The interested reader is referred to the aforementioned book [ ]
and survey | ].

Several other models of algebraic computations also received a lot of attention. Among them we
mention the Blum—Shub—Smale model of computing over the reals and algebraic decision trees, more
information can be found in [ , ; .
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Chapter 2

Structural Results

Arithmetic circuits, are very structured compared to Boolean circuits. For example, in the algebraic
world we have useful notions such as degree, homogeneity, and partial derivatives that do not have
“nice” counterparts in the Boolean world. In this section, we discuss some results that describe
deep understanding regarding the structure of arithmetic circuits that were obtained in the last four
decades. Some of these results are fairly basic, like transforming a circuit into a homogeneous one.
But others, such as the seminal work [ ] showing that in the arithmetic world P = NC?,
are more sophisticated. We will try and give the main ideas underlying each of the results without
necessarily giving full proofs.

We begin this Section by proving a basic result: the existence of universal arithmetic circuits
(Theorem 2.1). This result plays an important role in the Elusive functions approach of Raz [ ]
that we present in Section 3.8.3 (although, for simplicity, we present there a specific instance that
does not rely on Theorem 2.1). We then discuss Homogenization (Theorems 2.2 and Theorem 2.3)
and multilinearization of arithmetic circuits. After that we move to discussing the important result
of Baur and Strassen on computing partial derivatives (Theorem 2.5). Following that we describe
results on depth reduction (Theorems 2.6, 2.7 and 2.9), and prove Theorem 1.3. We end this Section
by explaining how to cope with division gates (Theorems 2.11 and 2.12).

2.1 Universal Circuits

We start with a basic result of Raz | | showing the existence of a universal arithmetic circuit.

Recall that a polynomial f is homogeneous if all of its monomials have the same degree. Given
a polynomial f, we denote by H;(f) its homogeneous part of degree i. Namely, all monomials of
degree exactly ¢ appearing in f. Clearly, f = Y., H;[f], where r is the degree of f. We say that a
circuit is homogeneous if each of its gates computes a homogeneous polynomial.

Definition 2.1 (Universal circuits). A circuit ® is called universal for n inputs and n outputs
circuits of size s, that compute homogenous polynomials of degree r, if the following holds: For every
n homogeneous polynomials f1(x1,...,Zpn), ..., fn(x1,...,25) of degree r, that can be simultaneously
computed by a circuit of size s, there exists a circuit ¥ computing fi,..., fn as well, such that the
computation graph of V is the same as the graph of ®.
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In other words, a circuit is universal if for any circuit ¥ of size s, there is an appropriate labelling
of the inputs of ® such that the resulting circuit computes the same polynomials as W. Alternatively,
every circuit ¥ is a “projection” of the universal circuit.

The universal circuit that we shall describe has the following additional structure, which gives
some information on “how do arithmetic circuits compute polynomials.” Let ® be a homogenous
circuit. We say that ® is in a normal-homogenous-form if it satisfies the following properties: 1. All
input gates are labelled by a variable, specifically, no input gate is labelled by a field element. 2. All
edges leaving input gates are connected to sum gates. 3. All output gates are sum gates. 4. Gates
are alternating, namely, if v is a product gate and w is a child of v then v is a sum gate, and vice
versa. 5. The fan-in of every product gate is exactly two (we do not restrict the fan-in of sum gates).
6. The out-degree of every addition gate is at most one.

The following theorem tells us that we can efficiently construct a universal circuit.

Theorem 2.1 (| ). For any nonzero integers s > n and r, we can construct in time poly(s, )
a circuit ® in a normal-homogenous-form with at most O(r*s) nodes that is universal for n inputs
and n outputs circuits of size s that compute homogenous polynomials of degree r.

Sketch. The proof is in two steps. First we show that for every circuit ¥ there exist a circuit in
normal-homogeneous-form computing the same polynomial. More accurately, ¥ will be a “projec-
tion” of the circuit that we will find. Then we show that how to construct a universal circuit by
basically demonstrating a circuit that contains as “sub-circuits” all possible normal-homogeneous-
form circuits (with the appropriate set of parameters).

Assume that we are given a circuit ¥, computing a polynomial f, that we wish to “embed”
in the universal circuit. Theorem 2.2 below shows that there exists a homogeneous circuit, of size
O(r2s), computing Ho(f),..., H,(f) simultaneously. While this circuit is not necessarily in normal-
homogeneous-form, we can make it such by a few simple changes: Condition 1 is easily satisfied by
labelling input gates by new variables when needed (thus, f is a obtained by substituting values to
some variables of the new circuit). Condition 2,3 and 6 are satisfied by adding a few sum gates when
needed. Condition 4 is satisfied by adding product gates when needed. Condition 5 is satisfied as
we do not change the fan-in of product gates.

It remains to show that the graph we obtained can be embedded in a universal graph. The proof
of Theorem 2.2 gives a bound on the number of sum and product gates in the circuit that we obtained
at the end of the first step. Assume that there were s sum gates and sx product gates. Consider a
circuit consisting of 2r alternating levels of sum and product gates containing s; and sx gates each,
respectively. Now, for every possible edge between a sum gate and a product gate we put a little
gadget, involving a new “help-variable”, such that by setting the help-variable to 0 we essentially
“erase” the edge and by setting it to 1 we keep the edge. It is not difficult to see that such a gadget is
easy to construct and therefore we basically cover all possible circuits of normal-homogeneous-form
(of a certain size and degree) in this way. It is clear that the circuit that was obtained in the first
step can be computed by making the appropriate assignment to the variables of this circuit. O
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2.2 Homogenization

We now discuss a simple and useful property of algebraic computation. Namely, that we can de-
compose any computation to its homogeneous parts without increasing the size by too much. This
useful observation is implicit in Ref. | ].

Theorem 2.2 (] D). If f has an arithmetic circuit ® of size s, then for every r € N, there is a
homogeneous circuit ¥ of size at most O(r?s) computing Ho[f], H1[f], ..., H.[f].

This transformation allows us to assume without loss of generality that circuits for families in
VP have polynomial degrees as well, i.e. that all their intermediate computations are also low degree
polynomials.

Sketch. We describe how to construct W. For every gate v in ®, we define » + 1 gates in W, which
we denote (v,0),..., (v,r), in such a way that (v,7) computes H;(®,). We construct ¥ inductively
as follows. If v is an input gate, we can clearly define (v,%) as an input gate with the appropriate
properties. If ®, = &, + &, define VU, ;) = V(5 + Yy for all i If &, = &, X &y, define
Vi) = Zj'zo VUuj) X Y(w,i—j)- Induction implies that ¥ has the claimed functionality. Every gate
in ® corresponds to at most O((r+1)2) gates in ¥ (each product gate requires O((r+1)?) additional
sum gates), and so |¥| = O(r?s). O

The process described above takes a general circuit and transforms it into a homogeneous one
with the same functionality while not increasing the size by much. However, as described this process
may increases the depth by a factor that is logarithmic in the degree (due to the loss in each product
gate). In the case of formulas, an increase in depth is translated to the exponent. In particular, it may
transform a general formula of size s to a homogeneous formula of size s?1°87) . Thus, this procedure
is not efficient when working with formulas. Recently, Raz | | showed that, for a certain range
of parameters, one can obtain an efficient construction for formulas as well. For example, it follows
from Raz’s work that a polynomial size formula computing a homogeneous polynomial of degree
O(logn) can be assumed to be homogeneous, without loss of generality.

Theorem 2.3 (| ). Let f be a homogeneous polynomial of degree r that can be computed
by an arithmetic formula of size s. Then, f can be computed by a homogeneous formula of size
poly(s) ("TO°s)).

T

Sketch. Let ® be a formula of size s computing f. Theorem 2.6 below, which is a simple observation,
tells us that we can assume, without loss of generality, that the depth of ® is at most O(log s). This
may cause a polynomial increase in size.

The homogeneous formulas that we shall construct will have depth O(log s-log ), but nevertheless
their sizes will be much smaller than 20U°8s1087)  The basic construction is similar to the one in
Theorem 2.2 and the main difference is that we count the number of times each gate is “used” in a
more accurate way.

For every integer d, denote by G; the family of monotone non-increasing functions x from
{0,1,...,d} to {0,1,...,7}. Le., all functions x satisfying x(i+1) < x(i) for every i € {0,...,d—1}.
Clearly, the size of Gg is (r+d+1).

T
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For every gate v in @, define the product-height of v, denoted ph(v), to be the number of product
gates on the path from v to the output gate. Here is how we transform ® to a homogeneous formula
U: Every gate v in ® with ph(v) = d will be duplicated to |Gy4| gates in ¥ labelled (v,y), for
every X € Gg, so that W, ,) computes H, 4 (®P,), the x(d)'th homogeneous part of the polynomial v
computes in . We construct ¥ by induction. When v is an input gate it is clear how to label (v, x)
for all x. When v = v; + v2, then ph(v) = ph(v;) = ph(v2), and we define (v, x) = (v1, x) + (v2, x)
for all x. Finally, when v = v; X vy, we do the following. Consider some y € G4 where d = ph(v).
For every ¢ € {0,...,x(d)}, define xy € Ggy1 as

N (2) ifi e [d]
Xf(’)_{? ifi=d+1

Set
x(d)

(0,X) = D (v1,Xe) X (V25 Xye(a@)—0)-
(=0

Induction implies that ¥ is homogeneous with the claimed functionality. The way we construct
U also implies that it is a formula. The crucial point is that when v = v; X w9, the function y, tells
us for which value of x we “used” the nodes (v1, x¢), (v2, x¢). The size of ¥ is as claimed, since the
number of times we duplicate each vertex is at most (Hdeptf(@)ﬂ) < (T+09°g 5)). O

We do not know whether computing a polynomial by a homogeneous formula, when the degree
is not too small, can cause a severe blow-up in size.

Open Problem 2. Are homogeneous formulas super-polynomially weaker than general formulas?

In Ref. | ] it was shown that for multilinear formulas (i.e. formulas that each of their gates
computes a multilinear polynomial, see Section 2.2.1) homogeneity is indeed a weakness. Namely,
in some cases, homogeneous multilinear formulas are super-polynomially weaker than multilinear
formulas.

2.2.1 Multilinearization

As with homogenization we can study the task of transforming a circuit computing a multilinear
polynomial into a multilinear circuit. In contrast to homogenization, the most efficient way known
today for transforming a general circuit to a multilinear one, causes an exponential blowup in size
[ |]. In spite of this, we do not have strong lowers bound for multilinear computation (see
Section 3.6). Thus, we do not know whether this loss in size is necessary or not. Specifically, the
following question is open.

Open Problem 3. Are multilinear circuits super-polynomially weaker than general circuits?

Furthermore, given a multilinear circuit it is very natural to try and transform it into a syntac-
tically multilinear circuit. However, the following question is still open.

Open Problem 4. Are multilinear circuits super-polynomially more powerful than syntactically
multilinear circuits?
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If instead of circuits we were to consider formulas then the situation becomes much simpler. In
particular, syntactically multilinear formulas are equivalent to multilinear formulas | ]

Theorem 2.4 (][ D). If f can be computed by a multilinear formula of size s, then f can also
be computed by a syntactically multilinear formula of size s.

Sketch. The idea is to go over the formula gate by gate and guarantee that it satisfies the necessary
condition. Let v = v1 X vy be a gate in a multilinear formula ® and assume that z € X,,, N X,,.
As @ is multilinear, the polynomial ®, = ®,, ®,, is multilinear, and so the degree of z in either ®,,
or ®,, is zero. Without loss of generality, assume that the degree of x in ®,,, is zero. In this case,
substitute x = 0 in ®,,,. This does not affect the overall functionality of ®. O

2.3 Partial Derivatives

We now describe a fairly surprising result by Baur and Strassen | ]. We start by defining the
notion of partial derivatives. The partial derivative with respect to a variable z is defined as follows:
Oz(x) =1, and for a polynomial f that does not contain x, 9;(f) = 0. To define 9,(f) for a general
polynomial, we use the two identities 0,(f + g) = 0.(f) + 0.(g9) and 0,(fg) = 0(f)g + f0x(9).
It is not difficult to prove that this is a well defined notion that makes sense over any field. Note
however that while the definition is the same for all fields, a partial derivative can behave differently
over different fields. For example, over the real numbers d,(2?) = 2z, while over the field with two
elements 0,(z%) = 0. A useful property of this definition is that it satisfies the chain rule for partial
derivatives.

Baur and Strassen showed that computing f(z1,...,2,) is as hard as simultaneously computing
the n 4+ 1 polynomials f, 0y, (f), ..., 0, (f).
Theorem 2.5 ([ ). Let f(x1,...,zy,) be a polynomial that has a circuit ® of size s and depth d.

Then, there exists a circuit ¥ of size O(s) and depth O(d) computing (simultaneously) the polynomials
Oy (f)s- -+ O, (f)-

This result is very interesting as a priori one might expect that the circuit complexity of
Opy (f), ..., 05, (f) will be of order n - s rather than O(s), as these are n polynomials that are,
intuitively, “as complex” as f is.

To prove the theorem we need to define how to take a partial derivative with respect to a gate
of the circuit. We give a slightly more general definition than what the proof requires as it will be
useful in Section 2.4. Let v, w be two gates in ® and denote by f, and f,, the polynomials computed
at v and w, respectively. Let ®,—, be the circuit in which we delete the two edges entering w and
label it with a new variable y (if w is an input gate then we simply label it with y). Denote by
fow(X,y) the polynomial computed by v in ®,,—,. Finally, define

awfv = (ayfv,w) |y=fw7

namely, the polynomial obtained by substituting f,, to ¥ in the polynomial 9, f, .. Clearly, the
polynomial 9y, f, is defined over the variables X.
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Proof. We prove the existence of ¥ by induction on s, computing derivatives from the root down (in
fact, we describe how to construct ¥ given ®). If ® is an input gate, constructing V¥ is straightforward.
Otherwise, let v be the deepest gate in ® (i.e. the gate that is the farthest from the output gate)
and denote its children, which are input gates, by w,w. Consider the circuit ®,—,, and denote its
output polynomial by f,—,. As we deleted two edges, ®,—, is smaller than ®. By induction, there
exists a circuit U/ computing 0y, (fo=y), - - -, Ou,, (fo=y), Oy(fo=y) of size O(s — 1). Denote by X’ the
set of variables that label either u or w in ® (X’ could be empty). Note that f = fv:y‘y: IR where
fv is the polynomial that v computes in ®. The chain rule for partial derivatives implies that for
every xj,

a;rl(f) = aﬂci(fv:y)‘y:fv + 8y(fv:y)‘

Therefore, for every x; & X', Oy, (f) = O, ( fv:y)|y: i
element, and since the size of X’ is at most two, we can compute {0, (f)}+,ex’ by adding at most a
constant number of gates and using the gates in W’. The size of ¥ is thus at most O(s — 1)+ O(1) =
O(s). The statement about the depth follows by induction as well. O

y=fov

. Since 0y, (fy) is either a variable or a field

Theorem 2.5 shows that computing the first partial derivatives of an arithmetic circuit is an
easy task. What about second order partial derivatives? We can define 0y, 4, (f) = Ox,(0x,;(f)) (the
order does not matter). It is not known whether one can compute all the order n? second partial
derivatives with only a constant increase in size. Having such a result will automatically imply an
optimal circuit for matrix multiplication: Assume we wish to multiply two n X n matrices A, B.
Consider the polynomial zABy with x,y two n-dimensional vectors. This polynomial has an O(n?)
size circuit as we can compute xA and By and then take their inner product. On the other hand,
the second partial derivative of zABy with respect to x;,y; is (AB); ;. Therefore, if the answer to
the following open problem is positive then we can multiply two matrices in time O(n?).

Open Problem 5. Does an analog of Theorem 2.5 hold for second order partial derivatives?

We mention that Raz | ] showed that any bounded-coefficients circuit (i.e., a circuit that
uses only, say, real numbers of absolute value at most one) computing the product of two n x n
real matrices must be of size at least Q(n?logn) (see Section 3.7). This lower bound rules out the
possibility that a transformation like the one in Ref. | ] (namely, a transformation that does not
introduce large constants) can yield a constant blow-up in size for computing second order partial
derivatives.

2.4 Depth Reduction

In this section we discuss depth reduction for arithmetic computation. The main idea will be to
express the circuit using partial derivatives of intermediate computations. We start by discussing
some properties of partial derivatives. In what follows we consider a homogeneous circuit ® and use
the notations introduces in Section 2.3.

Claim 2.1. Let v, w be two gates of a homogeneous circuit ®. Denote with f, and f,, the polynomial
computes by v and w, respectively.
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1. Either Oy fy is zero or Oy fy is a homogeneous polynomial of total degree deg(v) — deg(w).

2. Assume that v is a product gate with children vy and vy such that deg(vy) > deg(ve). If deg(w) >
deg(v)/2 then Owfy = fuy - Owfo,-

3. Assume that v is a sum gate with children vy and vy. Then Oy fi, = Ow fo, + Ow fu,-

Proof. To see item 1 recall that both f,, f,, are homogeneous. As f, = fiw|y=f,, and by definition
of Oy fu, it follows that if 9y, f, is nonzero then it is of degree deg(v) — deg(w). For item 2 note that
since v is a product gate, deg(v) = deg(vy)+deg(v2). By assumption we have deg(vs) < deg(w). The
gate w is thus not in the sub-circuit rooted at vy (as the circuit is homogeneous). Hence 0y, fu, = 0.
Item 3 follows from the definition of Oy, f,. O

We start with the simplest type of depth reduction, that of formulas (such a reduction holds for
Boolean formulas as well).

Theorem 2.6. Let f be computed by an arithmetic formula of size s. Then f can also be computed
by an arithmetic formula of depth O(logs) (and hence of size poly(s)).

Sketch. The proof is by a simple induction on the formula size. For simplicity, in this proof we define
the size of a formula to be the number of input gates in it (this is the same as the number of edges
up to a constant factor). Let ® be a formula of size s computing f. Let v be the root of ®. Choose a
vertex w in ® so that s/3 < |®,,| < 2s/3. Such a vertex always exists as if w is a gate with children
wi, wz then |®y| = [Py, | + |Poy,|. Since @ is a formula, f,,, is linear in y (recall the definition of
fow in Section 2.3). Le. fyw = Oyfow Y+ fowly=0. This implies that

f = fu = fv,w’y:fw = wfv ' fw + fv,w

y—0. (2.1)

Each of the polynomials fy,, fy,w|y=0 is computed by a formula of size at most 2s/3. It can also be
shown that 0, f, can be computed by a formula of size |®,| — [®,| < 2s/3 (this follows by induction
on v). Therefore, induction on s implies that each of these three polynomials can be computed by a
formula of depth O(log(s) — log(2/3)). Equation (2.1) completes the proof. O

We continue with the more elaborate depth reduction, that of circuits. It exhibits a remarkable
property of arithmetic circuits: without loss of generality, we can assume that polynomial size circuits
of polynomial degree are of poly-logarithmic depth. This was proved in the seminal work | ].
Such a property is not believed to hold in the Boolean setting. One example of its power is that the
determinant of an n X n matrix can be computed by a polynomial size circuit of depth O(log2 n)
(although the first prove of this claim | | did not use a depth reduction).

Theorem 2.7 (] |). For every homogeneous degree r polynomial f computed by a circuit ®
of size s, there is a homogeneous circuit U of size poly(r, s) computing f with the following additional
structure. (1) The circuit U has alternating levels of sum and product gates. (2) Each product gate
v in U computes the product of five polynomials, each of degree at most 2deg(v)/3. (8) Sum gates
have arbitrary fan-in. In particular, the number of levels in W is O(logr).
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It is clear that Theorem 2.7 implies Theorem 1.3, which states that if f is a polynomial of degree
r computed by a size s circuit, then f can be computed by a size poly(s,r) circuit with fan-in at
most two of depth O(logr(logr + log s)).

Proof. To prove the theorem we shall use properties of partial derivatives in order to express f,, Ow fo
as functions in lower degree polynomial, as we now describe. For an integer m € N, denote by G,, the
set of multiplication gates ¢t in ® with children #; and t such that m < deg(t) and deg(¢;), deg(t2) <
m.

Claim 2.2. Let m > 0 be an integer, and let v,w be two gates so that deg(w) < m < deg(v) <
2deg(w). Then,

fo=Y_ fi-0ifo and Oufo= Y Oufi-Oifs.
teGm t€Gm
Proof. We first show that f, =3 ..o fi - Oifo.

Since m < deg(v), there is a directed path from (at least one gate in) G,, to v in ®. We prove
the claim by induction on the length of the longest directed path from G,, to v. Let v; and vy be
the children of v in ®.

Induction Base: Assume that v € G,,. Thus, deg(v;) < m and deg(v2) < m. So, every gate ¢
in G,,, other than v, is not in ®,,, which implies that 0;f, = 0. Hence, since 0, f, = 1,

fo=Ffo-l+ DY fi:0=> fi-0ifo
teGm t#v teEGm
Induction Step: Consider the following two cases:

Case one: Assume that v is an addition gate. Since the circuit is homogeneous, deg(vi) =
deg(v2) = deg(v) (otherwise we can ignore one of the gates). So, by induction,

foo =Y fi-Oifu, and fu, = > fi- Oifu,.
teGm teGm
Claim 2.1 hence implies that
fo= oo+ foo =" fr- Oufo, + 0ufos) = > fr-Oifo.

teGm teGm

Case two: Assume that v is a product gate, and assume without loss of generality that deg(vy) >
deg(vz). Since v € G, we have m < deg(v1) < 2m. So, by induction,

foo =Y fu-Oufun.
teGm
For all gates t € G,,, we have deg(v) < 2m < 2deg(t). By Item 2 of Claim 2.1 we get
fo="For - foo =D fr-(for-0ufor) = D fr- Ofor

teGm te€Gm

The proof of the second claim, i.e. that d,f, = Ztegm Ow ft + Ot fv, follows the same lines and is
left to the reader. O
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We now proceed with the proof of Theorem 2.7. First, we assume without loss of generality
that s > n. Second, using Theorem 2.2, we can assume without loss of generality that the circuit
computing f, ®, is a homogeneous arithmetic circuit of size s’ = O(r?s). To prove the theorem we
construct W. The construction is done in steps where at the i’th step we do the following:

1. Compute all polynomials f,, for gates v in ® such that 2=! < deg(v) < 2°.

2. After we finish the first part, we compute all polynomials d,, f,, for all (appropriate) gates v, w
so that 4 A
2071 < deg(v) — deg(w) < 2° and deg(v) < 2deg(w).

We will show that we can preform the first part of the i’th step by adding a layer consisting of O(s?)
product gates, of fan-in at most 3, and a layer of O(s’) sum gates, each of fan-in O(s’). Similarly, for
the second part we need to add a layer consisting of O(s"3) product gates, of fan-in at most 3, and
a layer of O(s™) sum gates, each of fan-in O(s'), to the circuit that was computed in the first part.
Overall, this increases the size by O(s”) and the depth by O(1).

The Construction of ¥

We use the following conventions: Gates in ® are denoted by v, t and w. For a gate v, we denote
by v the gate in ¥ computing f,. For two (appropriate) gates v, w, we denote by (w,v) the gate in
U computing Oy fy-

Step 0: For every gate v in ® such that deg(v) < 1, the polynomial f, is linear. So, since s’ > n,
we can compute f, with a linear arithmetic circuit of size O(s") and depth O(1). For every two gates
v and w in ® such that deg(v) —deg(w) < 1, Claim 2.1 implies that 0y, f, is linear as well. So, again,
we can compute Jy, f, with a linear circuit of size O(s’) and depth O(1).

Step i+1: Assume that we already completed step 1.
We first compute the f,’s. Let v be a gate of degree 2! < deg(v) < 2'*! and denote
m = 2°.
Recall that if a gate t is not in ®,,, then 0;f, = 0. Thus, by Claim 2.2,
fo=_fo-0fo=" fu-fu-Oufo, (2:2)
teTy teTy

where T), is the set of gates t € G,,,, with children ¢; and t2, such that ¢ is in ®,.. Clearly, m < deg(t) <
2m and deg(t1), deg(t2) < m. Hence, deg(v) — deg(t) < 20! — 2¢ = 2¢ and deg(v) < 27! < 2deg(t).
Therefore, fi,, fi, and 0;f, were already computed. Using Equation (2.2), we can compute f,, using
previously computed gates, by adding one layer of O(s’) product gates with fan-in 3 and a sum gate
with fan-in O(s').
It remains to compute the 0, f,’s. Let v, w be two gates so that
2% < deg(v) — deg(w) < 21 and  deg(v) < 2deg(w).

Now, denote m = 2! + deg(w). Thus, deg(w) < m < deg(v) < 2deg(w). Recall that if a gate ¢ is not
in ®,, then 0,f, = 0. Also, by Claim 2.1, if a gate ¢ admits deg(t) > deg(v), then 0 f, = 0. Hence,
by Claim 2.2,

awfv = Z awft : 8tfv-

teTy
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Clearly, for t € T, we have deg(t) < deg(v) < 2deg(w). Denote the children of ¢ € T" by t; and
to, and assume (without loss of generality) that w is in ®;,. In particular, deg(w) < deg(t1) and
deg(t1) > deg(t2). Using item 2 of Claim 2.1, we obtain

8wfv = Z ftg : awfh ' 8tfv- (23)

teTy,

We now show that all the polynomials f;,, Oy f:; and 0;f, were already computed, including the
first part of the ¢ 4+ 1 step described above.

Since deg(v) < 27F1 + deg(w) < 20! + deg(t1) = 2 + deg(t) — deg(t2), it holds that deg(t2) <
211 1 deg(t) — deg(v) < 2iT1. Therefore, f;, was already computed (perhaps in the first part of the
i+ 1 step).

As deg(t1) < m = 2¢ +deg(w), we have deg(t;) —deg(w) < 2°. Since deg(t;) < deg(t) < deg(v) <
2deg(w), the polynomial 9, f;, was already computed.

Finally, from deg(t) > m = 2' + deg(w), we get deg(v) — deg(t) < deg(v) — 2¢ — deg(w) <
20+l 21 = 27 Since deg(v) < 27! + deg(w) < 2(2° + deg(w)) < 2deg(t), the polynomial d, f, was
already computed.

Concluding, using Equation (2.3) we can thus compute 9,,f, by adding O(s’) product gates of
fan-in at most 3 and a sum gate of fan-in O(s’).

We thus almost completed the proof of Theorem 2.7. The only remaining problem may be that
not in every product gate the degrees of the children are small enough. By slightly modifying the
proof it is not hard to get the claim at the cost of increasing the fan-in of each multiplication gate
to 5 (e.g., by replacing f;,, in Equation 2.2, with its expression as a sum of products of lower degree
polynomials, if needed). O

A natural thing to ask is whether Theorem 2.7 can be strengthened if we have a bound on the
homogeneous formula complexity of f. The following theorem of Hrubes and Yehudayoff | ]
provides such a strengthening. We leave the proof as an exercise to the reader.

Theorem 2.8 (] ). For every homogeneous polynomial f of degree r computed by a homo-
geneous formula ® of fan-in at most two and of size s, there exist degree r polynomials f1,..., fs,
where ' < s+ 1, such that the following holds. (1) f = fi+ ...+ fs. (2). Fvery f; is of the form
fi=firfiz - fir, where (1/3)7r < deg(fi;) < (2/3)r and deg(fix;) = 1. (8) The total number of
variables in fig,, ..., fo k,, counted with multiplicities, is at most s. (4) Each f;; can be computed
by a homogeneous formula of size at most s. (5) If ® is multilinear then so are the formulas for the

fi’j 78.

Theorem 2.7 can also be used to imply the following “depth-4 version of Theorem 1.3” by | ].
Recall that XIIXII is the class of depth-4 circuits composed of alternating levels of sum and product
gates with a sum gate at the top.

Theorem 2.9 ([ ). Let f(x1,...,zy,) be a polynomial of degree r = O(n) over F. If there exists
a circuit of size s = 200 tT18(/T)) for £ then there ewists a SIXIL circuit of size 200+7108(n/1) for
f as well. Furthermore, the fan-in of the top layer of product gates is bounded by £(n), where £ is
any sufficiently slowly growing function tending to infinity with n, and the fan-in of the bottom layer
of product gates is bounded by o(r).
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Sketch. Consider the circuit guaranteed by Theorem 2.7. To prove the theorem, we break that circuit
to two parts: the first part is composed of the topmost ¢ levels of multiplication gates together with
the addition gates above them, and the second part is the rest of the circuit. Consider the polynomial
computed by the first part (imagine that we connect new variables to the bottom layer of this circuit).
It is a polynomial of degree at most 5! in poly(r, s) variables, and hence can be computed by a depth-
2 circuit of size O(5 (pOIY(g’fHE’t)); this is the sum of monomials representation. On the other hand,
each gate in the second part computes a polynomial of degree at most D = deg(f)/(3/2)!, and hence
it has a depth-2 circuit of size order (”ED ) By composing these circuits we obtain a depth-4 circuit

of size O(5¢ (p01Y(gf)+5t) ("ED )) computing f. Optimization over ¢ completes the proof. O

An immediate corollary of the above theorem is that if we can prove an exp(n) lower bound
for the size of depth-4 circuits, computing polynomials of degree 2(n), then we automatically get
an exp(n) lower bound for the size of general arithmetic circuits! Very recently, Koiran | ]
proved the following extension of Theorem 2.9, using the connection between arithmetic circuits and
arithmetic branching programs (see Section 3.4).

Theorem 2.10 ([ ). Let f be an n-variate polynomial of degree r that can be computed by
a polynomial size arithmetic circuit. Then f can be computed by a SIIXI circuit with n©0087)
addition gates and nO(/rlogr) multiplication gates. Furthermore, multiplication gates have fan-in at
most \/3r + 1.

Thus, a 97'/%** Jower bound on the depth-4 complexity of the permanent (of n X n matrices) is
sufficient for separating VP from VNP. Currently, the best lower bound for depth-4 circuits (when
char(FF) # 2) is of the form n!*¢ for some constant ¢ > 0, see Refs. | , ].

Open Problem 6. Prove super-polynomial lower bounds for the size of depth-4 circuits over fields
of characteristic # 2.

2.5 Coping with Division Gates

A natural question to ask is why not add the division operator + to the set of allowed arithmetic
operations. Indeed this model was considered in the past. Note that when we allow divisions, each
gate computes a rational function instead of a polynomial. Thus, we require that the circuit never
divides by the zero polynomial. An answer to the above question was first given by Strassen | ].
Strassen showed that over infinite fields divisions do not add power to the model (more generally,
Strassen’s approach works when the field contains nonzeros for the polynomial that we divide by
[ ]). This result was recently extended to finite fields as well | ]. In the proof of this
theorem we again use the homogenization procedure discussed above.

Theorem 2.11 (][ , D). If a polynomial f € Flxy,...,xy,] of degree r can be computed
by an arithmetic circuit ® of size s using the operations +, X, =, then there is a circuit ¥ of size
poly(s,r,n) that uses only the arithmetic operations +, X and computes f.

Sketch. We start by sketching the proof for large enough fields. We first show that by slightly
increasing the size of the circuit we can assume that the only division gate appears at the top of the
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circuit. In other words, we can assume that f = h+g where h and g are computed by the two children
of the output gate, and the output gate is the only gate labelled by +. To see this, duplicate each gate
v to two gates (v, numerator) and (v, denominator) in a way such that (v, numerator) computes the
numerator of the rational function that v computes and (v, denominator) computes the denominator
of the function computed by v. This can be easily done using the following identities: hy/g1+ha/g2 =

(h1g2 + h2g1)/(9192), h1/g91 X ha/ge = (h1h2)/(g192) and h1/g1 + ha/ga = (h1g2)/(h2g1).

Finally, we show how to eliminate the only division gate. Write f = h/g. Since the field is large
enough, g(ag,...,a,) # 0 for some ay,...,a, € F. By translating the input and multiplying by a

field element, with a slight increase in size, we can thus assume that ¢(0,...,0) = 1. In this case,
h h > .
fete =Y gy
g 1-(0-9g) ;

where the last equality means that every homogeneous part of f is the same as the homogeneous
part of the right hand side. As 1 — g does not contain constants, the minimal degree of a monomial
in (1 —g)? is j. Therefore, for every i € {0,...,r},

Hi(f) = ZHz(h(l —g)7) = Hi(h(1 - g)).

7=0 Jj=0

We can therefore efficiently compute all the homogeneous parts of f, using the homogeneous parts
of the polynomials {h(1 — g)? : j € [r]}, each of which has a circuit of size poly(s,r). Theorem 2.2
now completes the proof.

To prove the theorem for small fields, we need to “simulate” a large field. We now explain how
this can be done without increasing the size by much. To make a field F “larger” we consider a field
extension E of F that is large enough for our purposes (to eliminate divisions we need E to be of
size poly(r,n)). The point is that we can think of the elements of E as vectors with entries in F,
and can thus simulate the arithmetic operations over E by operations over F: If a = (aq,...,ax)
and b = (by,...,by) are two elements of E = F* where k is the degree of E over F (k = O(log(rs))
suffices), then the sum of @ and b over E is just the entry-wise sum of @ and b as vectors in F¥. The
product of @ and b over E can be defined coordinate-wise as (a x b); = \;(a, b) for i € [k], where \;
is a (fixed) bilinear form, namely, a k X k matrix with entries in F. To simulate a circuit over E by
a circuit over F, we “duplicate” each gate k times and simulate the arithmetic operations over E by
the arithmetic operations over [F, as described above. O

We have just seen that we can eliminate division gates from circuits without paying too much.
Can we do the same for formulas? It turns out that we can, as the following theorem shows.

Theorem 2.12. If a polynomial f € Flxy,...,xz,] of degree r can be computed by a formula ® of
size s using the operations +, X, -+ when the size of F is at least sr 4+ 1, then there is a formula ¥

computing f that uses only +, x of size poly(s,r). For arbitrary finite fields, the size of ¥ is at most
(ST‘)O(IOg log(sr))

Sketch. The proof is similar to the proof of Theorem 2.11. We, therefore, explain mostly the parts
of the argument that are different from the proof for circuits. Theorem 2.6 tells us that without loss
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of generality the depth of ® is O(logs). We transform ¢ to a formula that has only one =+ gate at
the top, as in the proof of Theorem 2.11. This step increases the depth of ® by a constant factor,
so its depth remains O(logs). Write f = h/g, where both h and g have formulas of depth O(log s).
Again, for every i € {0,...,7},

Hi(f) = Zﬂi(hu —g)7) = Hi(h(1 - g)).

7=0 Jj=0

Each h(1 — g)’ has a formula ¥; of depth D = O(log s + logr) and degree R < rs. Unlike the case
of arithmetic circuits, we do not know an efficient way of transforming a formula to a homogeneous
form (unless the degree is small). However, this is not a problem as we do not need a homogeneous
formula, but rather we just need to compute H;(¥;).

When the field is large we achieve this by multiplying each variable 3, in ¥; by a new variable
y to obtain a new formula W’(y) of depth O(D). We have that

Vi) = > yH(T).

1€{0,...,R}

We can thus evaluate W (y) at R + 1 different y’s, and use interpolation to recover H;(¥;). Note
that the division operations required for interpolation are of field elements and not of polynomials.
This can be done using a formula of depth O(D + log R), in particular, a formula of size poly(r, s).

When the field is small, we need to work over a field extension of degree & < O(log(rs)) over F.
To do this, as in Theorem 2.11 above, we can work with k£ x k matrices. This may increase the depth
by a factor of O(log k), which in terms of size means a factor of O(log k) in the exponent. O

2.6 Discussion

In this section we proved several fundamental results on the structure of arithmetic circuits. We
have seen that there is a universal circuit, discussed efficient ways of transforming a circuit to a
homogeneous one, proved that first partial derivatives can be computed efficiently (simultaneously),
learned how to eliminate division gates, and more.

While the importance of results like Theorem 2.7 implying VP = VNC? is evident, the significant
of the other results will become even clearer in Section 3, where they will play an instrumental role
in proving lower bounds for different models of arithmetic circuits. As we shall see in Section 3,
almost all known lower bound proofs can be presented as following a very general scheme: first prove
that polynomials that are computed by the underlying circuit class poses some “simple” structure.
This “simple” structure will help us to understand and isolate the “weaknesses” of that circuit class.
The lower bound will then follow by constructing an explicit polynomial that does not admit this
“simple” structure.
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Chapter 3

Lower Bounds

In this section we survey most of the known lower bounds on the size of arithmetic circuits and
formulas. We start by discussing the existence of hard polynomials, i.e., polynomials that cannot
be computed by small circuits. We then consider lower bounds for ezplicit polynomials, namely,
polynomials in VNP. We first deal with lower bounds for general circuits and formulas, and then
move to lower bounds for restricted models, such as monotone, bounded depth and multilinear
circuits. To conclude, we describe several possible approaches for proving lower bounds.

3.1 Existence of Hard Zero-One Polynomials

Finding explicit hard polynomials is the goal we are after in this Section. In order to even start our
journey, we may ask ourselves “do there exist hard polynomials?” The answer to this question is, of
course, yes. Over finite fields, standard counting arguments tell us that there exist hard polynomials
with zero-one coefficients. The idea is to show that the number of polynomials that have small
circuits is much smaller than the total number of polynomials, and so most polynomials are in fact
hard. Over infinite fields, the existence of hard polynomials follows by counting dimensions instead
of counting polynomials, as there is an infinite number of circuits and polynomials. In particular, it
is less obvious how to prove the existence of hard polynomials with zero-one coefficients, over infinite
fields.

In Ref. | ] it was shown' that over any field there exist hard polynomials with zero-one
coefficients. The proof uses notions from algebraic geometry, the degree and the dimension of a
variety, to show that there are few polynomials with zero-one coefficients that are computed by small
circuits.

Theorem 3.1. For every n,r € N and for every field F, there exists a polynomial f in Flxq,. .., x,]

of degree r with zero-one coefficients so that every circuit computing f has size at least Q< (”jr)>

A key observation behind this proof is thinking of a circuit as defining a polynomial map. We
shall discuss this idea in more detail in Section 3.8 below.

Tn Ref. | ] it is claimed, without a proof, that the methods of Heintz and Sieveking | | imply a similar
statement.
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Sketch. Our goal is to show that the number of polynomials with zero-one coeflicients that are
computed by small circuits is small. The tricky part is to count this number when the field is infinite
as, for example, there are infinitely many circuits of size one. To do so, we use a dimension argument,
which is encapsulated in the following lemma. We will not prove the lemma (its proof relies on an
appropriate dimension argument).

Lemma 3.1 (] ). Let F be a field, and let F : F™ — F™ be a polynomial map of degree r > 0
(i.e. each coordinate of F is an n-variate polynomial of degree at most r). Then |F(F™)N{0,1}"| <
(2r)™.

To use this lemma we show how to construct a polynomial map from each circuit. For a circuit
® of size at most s and degree at most r in the variables X = {z1,...,2,}, let ¥ be the circuit
obtained by replacing every field element that occurs in ® by a new variable z;, i € [s]. The circuit
U thus computes a polynomial in the variables X and Z = {2;}c. We call such a circuit ¥ a
skeleton, as it contains no field elements. The circuit ® is thus a projection of ¥: the polynomial
computed by ® can be obtained from the polynomial computed by ¥ by an appropriate substitution
of field elements to the variables Z.

We now explain how the polynomial computed by ¥ can be viewed as a polynomial map F' = Fy
from F* to FV, with N = (";H") The coordinates of F' are labelled by monomials M of degree at
most r in the variables X, and we denote F' = (Fjs)p;. There are N such monomials, and so there
are N entries in F'. The entry Fy; € F[Z] is the coefficient of the monomial M in the polynomial
computed by W. In particular, each entry F}; is a polynomial of degree at most 2° in the Z variables.

Thus, F' is a degree 2° polynomial map.

We conclude that when ® computes a polynomial with zero-one coefficients, then the vector of
coefficients it is contained in the image of Fy. However, Lemma 3.1 tells us that the size of the image
of Fy inside {0,1}" is at most (2571)s = 20(5*), Thus every skeleton can “cover” at most 20(s)
such polynomials. We are almost done. It remains to observe that there are relatively few skeletons:
by counting the number of directed acyclic graphs (there are no field elements in a skeleton) we see
that the number of skeletons is at most s9) < 20(s?)

This implies that the number of polynomials with zero-one coefficients that can be computed
by circuits of size at most s is at most 20(*). To complete the proof, notice that the number of
polynomials with zero-one coefficients in n variables and degree 7 is 2. This implies that most
polynomials in n variables and degree 7 require circuits of size at least Q(v/N). O

3.2 General Circuits and Formulas

We now describe Strassen’s super-linear lower bound on the size of general circuits | ]. As a
comparison, we mention that no super-linear lower bound on the size of Boolean circuits is known.

Theorem 3.2 (] ). Every circuit computing the n polynomials x%, ..., x, has size Q(nlogr).
Sketch. The key ingredient in the proof is Bezout’s theorem from algebraic geometry, which states

the following. For every k polynomials fq,..., fi of degrees rq,..., 7 over some set of variables, the
number of solutions (with multiplicities) to the k equations fi; = fo = --- = fx = 0 is either at most
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r1-79- -7 or infinite. For example, when f; = 2] — 1, ¢ € {1,...,n}, the number of solutions to the
equations is 7" when the field is algebraically closed.

Now, assume that there is a circuit ® of size s computing z7,...,z],. The goal is to show that
the circuit ® defines a list of roughly s degree two equations whose solution set is “equivalent” to
the set of solutions of 2] —1 =--- =2, —1 = 0. By Bezout’s theorem this will imply that s must
be large. Here is a sketch of the argument. For every gate v in ®, introduce a new variable y,. For
every input gate v in ® labelled by «, which is either a variables or a field element, write the equation
yp — a = 0. For every v = uxw with x € {4, x}, write the equation y, — (¥4 * ) = 0. For every
output gate v (i.e., a gate computing z) also write the equation y, — 1 = 0. We thus have a list of
at most 2s equations in the variables zi,...,x, and {y,}v,ca, each of degree at most two. Denote
this list of equation by £. It is not hard to see that since ® computes z7, ...,z every solution to
] —1=---=uxz, —1=0 gives a solution to £ and vice versa. Bezout’s theorem tells us that the
number of solution to £ is at most 22°, as the number of solutions is finite. Therefore, 7 < 22% or
s> Q(nlogr). O

Remark 3.1. The proof actually shows that the number of product gates in ® is at least Q(nlogr).
This lower bound is tight, as there is a circuit of size O(nlogr) computing these polynomials.

The lower bound above is for a circuit computing a family of n polynomials. However, Baur and
Strassen managed to get such a lower bound for a circuit computing a single polynomials | ].
The idea is to use Theorem 2.5 and define a polynomial whose partial derivatives are the z;-s.

Theorem 3.3 (| , ). The size of a circuit computing xi + --- + ], is at least Q(nlogr),
as long as r does not divide the characteristic of the underlying field.

Proof. Theorem 2.5 implies that if there is a circuit of size s for 2] +--- 4 ], then there is a circuit
of size at most O(s) computing mzq_l, ...,rzl~L. Theorem 3.2 thus implies that s > Q(nlogr). O

Improving this lower bound is a long-standing open problem.

Open Problem 7. Prove a better lower bound for general circuits. For example, prove a super-linear
lower bound for the size of a circuit computing an explicit polynomial of constant degree.

For arithmetic formulas better lower bounds are known. Kalorkoti proved an (n?) lower bound
on the formula-size of determinant [ |. His argument can be thought of as the algebraic analog
of Nechiporuk’s argument (for the Boolean setting), that gives a lower bound on the Boolean formula
size of a Boolean function f by counting the number of different sub-functions of f. Kalorkoti also
proved a quadratic lower bound on the size of formulas computing Zie[n] > icin] z]y; (the lower
bound for determinant is not quadratic in the number of variables). This quadratic lower bound is
tight, and so this method cannot be used to prove stronger lower bounds.

Theorem 3.4 (| ). Every formula computing the determinant of an n x n matriz is of size at
least Q(n3).
In contrast, the smallest formula computing determinant is of size n@0g™).

Sketch. We use the notion of transcendental degree (abbreviated td). A set of polynomials
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g1,---,9¢ € F[X] is said to be algebraically independent if the only polynomial F' € Flyy, ...,y
satisfying F'(g1,...,9¢) = 0 is the zero polynomial. Define td(gi,...,g:) as the maximal size of a
subset S of [t] so that {g; };cs are algebraically independent. Using this notion we define the following
complexity measure for polynomials: Let f € F[X] be a polynomial and X’ C X a set of variables.
The measure tdx/(f) is defined as follows. Expand f according to X', namely, write f = > 00 94" 4
where @ is the set of all monomials (including the monomial 1) in X’ of degree at most deg(f), and
each g, is a polynomial in X \ X’. Define tdx/(f) as the transcendental degree of {gq}qc-

The main step in Kalorkoti’s proof is the following lemma (he considers the case when division
gates are allowed, which makes his proof somewhat more elaborate).

Lemma 3.2. Let f € F[X] and X1,...,X; be a partition of X. Then every arithmetic formula for
f must be of size at least Q(Zie[t] tdx,(f))-

Sketch. The basic property we shall use is that for every X’ C X and two polynomials fi and fo,
both tdx/(f1 + f2) and tdx/(f1 - f2) are at most tdx/(f1) + tdx/(f2). With this in mind, the lemma
follows by induction on the size of the smallest formula & computing f. If ® is a single variable,
the lemma trivially holds as tdx,(z) is one if x is in X; and zero otherwise. If & = ®; x &5 with
* € {4, x}, then for every ¢ € [t], we have tdy,(®) < tdx,(®1) + tdx,(P2). Induction, therefore,
implies
1B] > |®y] + |Po] = Q(thxi(cbl) + thxi(%)) > Q(thxi(cb)).
1€[t] 1€[t] 1€[t]
O

To conclude the lower bound for determinant, partition X = (z;;) to X1,..., X, with X; =
{Titj—15}je[n), where the indices are taken modulo n. Using the lemma above, it suffices to show
that > cp, tdx; (DET) = Q(n?). By symmetry it is sufficient to prove that tdx, (DET) > Q(n?).
To see this, observe that determinant contains all monomials of the form x; jx;; - Hzg (i} el with
i # j in [n]. Thinking of x; jz;; as the coefficient of the monomial Hzg{i,j} xy in the variables X1,
we have that tdx, (DET) is at least the transcendental degree of {; ;x;;}iz;, which is Q(n?). As
a concluding remark, we note that for any partition of the matrix X to sets Xi,...,X; we have
>icp tdx; (DET) < nt. O

Proving better lower bounds for arithmetic formulas is a great challenge.

Open Problem 8. Prove a super-polynomial lower bound on the size of arithmetic formulas.

3.3 Monotone Circuits

Monotone arithmetic circuits are circuits over order fields, such as Q and R, that use only positive
numbers as coefficients. Intuitively, such circuits compute polynomials in a “straightforward” way,
as there are no cancelations during the computation. This simple model of computation has been
studied in many works, and exponential lower bounds for the size of monotone circuits are well known
(this is true for the arithmetic case as well as for the Boolean case). Jerrum and Snir | ] proved
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the following lower bound (see also Refs. | , ). We present a simpler but less accurate
analysis that is based on the structural understanding given in Section 2.

Theorem 3.5 (| ). Every monotone circuit computing the permanent of an n X n matriz has
size 2941,

Sketch. Let ® be a monotone circuit computing PERM(X), where X is an n x n matrix. Induction
on the size of ®, as in Theorem 2.6 above, implies that the permanent can be decomposed as
PERM(X) = Y7, gih;, where s = O(|®|), all the coefficients in g; and h; are non-negative, the
degree of each g; is between n/3 and 2n/3 and deg(g;) + deg(h;) = n (we do not assume anything
on the complexity of g; and h;). Since ® is monotone, every monomial that occurs in g;h; occurs in
the permanent as well.

Fix some g = g; and h = h; as above. Let R, be the rows ¢ in X so that a variable from row 4
occurs in g, and similarly define Rj. Let Cy be the columns j in X so that a variable from column
Jj occurs in g, and similarly define Cj,. Monotonicity implies that Ry N Ry = 0 and Cy N Cy = 0. In
addition, it implies |Ry| = |Cy| and |Ry| = |C}| (as otherwise, gh will contain a monomial that does
not belong to the permanent). As deg(gh) = n it follows that the size of R, is the degree of g and
the size of Ry, is the degree of h. The properties above imply that the number of monomials in gh is
at most (|Rg|)!(|Rn|)! < (2n/3)!(n/3)!. Since the number of monomials that occur in permanent is
n!, the size of ® is at least Q((n’}g)) — 29(n) O

A different method for proving lower bounds that are tight for monotone circuits was recently
presented in Ref. | | (the above lower bound for permanent is not tight; the smallest known
monotone circuit for permanent is of size 20108 ")). The idea behind the proof is to first decompose
the polynomial in question in a similar way to the proof above, i.e., to represent it as a sum of a
product of polynomials, and then to use results from additive combinatorics to conclude the lower
bound.

Valiant showed that even one “negation” gate is exponentially powerful | |, that is, there
exists a polynomial f that has a polynomial size circuit with only one “minus” gate, but every
monotone circuit for f has exponential size. We note that given an arithmetic circuit, we can
efficiently transform it to a circuit with just one “minus” gate (similarly to the first step in the
elimination of division gates, see Theorem 2.11). Recently, it was shown that even for constant
degree polynomials one “minus” gate gives additional power | ], although their arguments only
apply to formulas.

Open Problem 9. Prove a separation between general and monotone circuits for polynomials of
constant degree.

3.4 Noncommutative Computation

In the previous section we considered a restricted model of computation. The restriction was a
“physical” one, a restriction on the coefficients used in the circuit. Here we consider a different type
of restriction, a restriction on the way of “interpreting” the circuit. Given an arithmetic circuit ®, we
can interpret the polynomial computed by @ in the “usual” way, or we can interpret the polynomial
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computed by ® in a noncommutative way. Namely, we can think of the variables as living in a
noncommutative world, so that the circuit may not “assume” that zy = yx for variables z,y. For
example, from a commutative point of view (z +y) x (z —y) = 2% — y?, whereas the noncommutative
way gives (x +y) x (x —y) = 22 + yx — 2y + y?. Hence, since we have less possible ways to create
cancelations, it is more difficult to compute a given polynomial in the noncommutative model than in
the commutative model. This makes the task of proving lower bounds for noncommutative circuits
easier than for commutative circuits. Indeed, in terms of proving lower bounds, more is known about
the noncommutative world than the commutative one.

We start by discussing Nisan’s noncommutative formula-size lower bound | ]

Theorem 3.6 (| ). There ezists an explicit noncommutative polynomial f of polynomial degree
that can be computed by a noncommutative circuit of linear size, but every noncommutative formula
for f has exponential size. In addition, viewed as a commutative polynomial, f can be computed by
a polynomial size commutative formula.

This exponential lower bound yields an exponential separation between noncommutative circuit-
size and formula-size. This is in contrast to the commutative world, where every circuit having
a polynomial size and degree can be simulated by a quasi-polynomial size formula (an immediate
corollary of Theorem 2.7). Another interesting point is that the polynomial f given in Theorem 3.6,
viewed as a commutative polynomial, has a polynomial size commutative formula, and hence non-
commutative formulas are exponentially weaker than commutative ones. Nisan also proved similar
exponential lower bounds on the formula-size of the noncommutative permanent and determinant.

Chien and Sinclair strengthened Nisan’s result in the following way | |. Nisan proved that,
say, determinant cannot be computed by small noncommutative formulas as a formal polynomial.
This does not rule out the possibility that over some other noncommutative domains, that are more
structured than the free noncommutative algebra, it is possible to compute the determinant by a
small formula. Chien and Sinclair proved that even when the computation is over 2 x 2 real matrices,
which form the “most structured non-trivial noncommutative domain,” there are no small formulas
for determinant.

We now sketch the proof of Theorem 3.6.

Sketch. To understand noncommutative formulas, Nisan defined the notion of an arithmetic branch-
ing programs (ABP).

Definition 3.1 (ABP). An ABP is a layered graph with d + 1 layers as follows. The layers are
labelled by 0,1,...,d. The edges of the graph go from layer i to layer i + 1. FEwvery edge e 1is
labelled by a homogeneous linear form f, = Zje[n] Ce;jTj. Layer O has only one vertex called the
source, and layer d has only one verter called the sink. For every directed path from the source
to the sink v = (e1,e2,...,eq), define the polynomial associated to -y, denoted f[vy], as follows:
flvl = te,ley - - - Le,. The polynomial computed by an ABP is ZW flvl-

The first step in the proof is to simulate noncommutative formulas by ABPs. This is done in two
stages. In the first stage we construct by induction a “messy” ABP as follows. We define ABP(®) to
be the ABP corresponding to the formula @ by induction. When @ is an input gate, it is clear how to
define ABP(®). To construct ABP(®; x ®3) we connect ABP(®;) and ABP(®3) sequentially, and to
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construct ABP(®;+®2) we connect ABP(®;) and ABP(®3) in a parallel way. In the second stage we
transform the “messy” ABP to an ABP as follows. Split every vertex v to r vertices (v, 1),..., (v,7),
where r is the degree of the polynomial computed by ®. Put all vertices of the form (v,) in layer
i. Wire the edges so that (v,7) computes the homogeneous part of degree ¢ of v (here the wiring is
slightly more elaborate than in Theorem 2.2). The second stage may cause an increase in size by a
factor of O(r).

The second step in the proof is to find a “weakness” of noncommutative ABPs. To do so, Nisan
used the so-called partial derivative matrix. Given a homogeneous noncommutative polynomial
f of degree 7 in x1,...,2, and k € {0,1,...,7}, define M(f) as the n* by n"~* matrix whose
((t1,...,ik), (J1, .-, Jr—k)) entry is the coefficient of the monomial z;, - - - x;, xj, ---x;._, in f. Note
that due to non-commutativity, every noncommutative monomial of degree r can be uniquely de-
composed to a product of two monomials of degrees k and r — k. The “weakness” of noncommutative
ABPs is that if the kth layer in a noncommutative ABP has t vertices, then the polynomial f com-
puted by the ABP admits rank(M(f)) < t. Indeed, denote by hq, ..., h; the polynomials computed
by the vertices in layer k, thinking of these vertices as sinks. Denote by ¢y, ..., g; the polynomials
computed by the sink when the sources are the t vertices in layer k, respectively. Thus, f = Zle hig;
and so My, (f) = St My (higi). Tt is not hard to see that each of the matrices My, (h;g;) has rank
one, and hence rank(M(f)) < t.

Therefore, if a polynomial f of degree 2r admits rank(M,(f)) > R, then every noncommutative
ABP for f has size at least R, and so every noncommutative formula for f is large as well. We now give

an example of a degree 2n polynomial with R = 2". Let 93(1), x%, acg, 1:5, ...,22 2! be 2n variables. For
every a = (a1,...,a,) € {0,1}", define the degree 2n monomial m, = z&z," " - z{'z{ a§? - 2o,

Set f=)>_,mqa Thus, M,(f) is a permutation matrix of size 2" x 2" and so its rank is 2. By the
discussion above, f requires exponentially large noncommutative formulas. Note, however, that f
can be computed by a linear size noncommutative circuit (of linear depth, of course); define fp =1
and f; = :L‘?fi,lx? + x}fi,lm} for i € [n]. It is clear that f = f,, has a small circuit. O

Albeit this understanding of noncommutative formulas, we do not know any lower bound for
noncommutative circuits, that is better than the lower bound for commutative circuits that we
already know. In Section 3.8.5 we present an approach of Hrubes et al. | | for proving lower
bounds for noncommutative circuits.

Open Problem 10. Prove a super-polynomial lower bound on the size of noncommutative circuits.

We remark that the fact that rank(My(f)) < ¢ (in the notations of the proof) will play an
important role in Section 4.5 where we discuss deterministic algorithms for polynomial identity testing
of noncommutative formulas.

3.5 Constant Depth Circuits

We now address a second family of restricted circuits, constant depth circuits (recall that for constant
depth circuits the fan-in is unbounded). One of the main motivations for studying restricted families
of circuits is to gain a better understanding of the general model. In Boolean circuit complexity,
the model of bounded depth circuits has received a lot of attention and exponential lower bounds
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(that deteriorate as the depth increases) were proved for it | |, but no lower bounds for general
Boolean circuits were derived from those results. In particular, currently we do not know how
to translate a constant depth lower bound of the form exp(n), for any Boolean function f, to
anything more than a proof that f cannot be computed by linear size and logarithmic depth Boolean
circuits (see e.g. the recent Survey | ). However, in sharp contrast to the Boolean case, if
we could prove an exp(n) lower bound for any n-variate multilinear polynomial for even depth
4 arithmetic circuits then this immediately implies an exp(n) lower bound for general arithmetic
circuits [ , , |. Thus, understanding shallow arithmetic circuits is almost as difficult
and important task as understanding general circuits. This fact gives a very strong motivation for
studying small depth circuits.

We start this section with a brief survey of known lower bounds for the size of constant depth
circuits. We then consider depth-3 circuit, the “first depth that we do not understand.” Finally, we
discuss circuits of arbitrary constant depth.

The simplest type of constant depth circuits are depth-2 circuits. Such circuits compute either
a sum of monomials or a product of linear functions. This means that the size of a depth-2 circuit
computing an irreducible f is just the number of monomials in f.

Our understanding of (even) depth-3 circuits is far from complete. Recall that depth-3 XII%
circuits compute a sum of products of linear forms (there is also the less interesting case of IIXII
circuits, that are “closer” to depth-2 circuits, which we do not discuss here). Over finite fields,
Grigoriev and Karpinski | ] and Grigoriev and Razborov | ] proved exponential lower bound
on the size of XIIX circuits. In fact, their lower bound holds for any circuit computing the function
MOD, (where ¢ is a prime number different than the characteristic of the field), which is stronger
than a lower bound for computing some specific polynomial-representation of the function (recall
that the MOD, function is defined as MODy(z1,...,2,) = 1 iff >, 2; =0 mod ¢, thinking of z; as
an integer).

Theorem 3.7 (] , ). Let p # q be two primes. Then, every YIIX circuit computing the
n-variate MODy function over F), must be of size at least 28x(n)

Sketch. Let @ be a ¥IIX circuit over the field with p elements IF,,. The idea is to partition the product
gates of ® into two sets, and to find the weakness of each of these sets. We partition the gates of
® according to their rank: Every product gate v in ® of degree d, multiplies d, linear functions.
Define the rank of v as the dimension of the span of these d, linear functions. Partition the product
gates of ® into Ve and Viow, where Vyrap is the set of product gates of rank at least R (we
shall choose R = en for a constant € > 0 that depends on p and ¢), and Vzow contains the rest of
the gates.

We now describe the weakness of XII3 circuits (over finite fields). If we substitute random field
elements as inputs, each gate in Virgy is nonzero with probability at most (1 —1/p)® = 2=%%, On
the other hand, each product gate in Vyow can be represented by a low degree polynomial, namely,
a polynomial of degree at most pR. The union bound hence implies that a I3 circuit ® of size s
can be well approximated by a low degree polynomial. More accurately, there exists a polynomial
g € Fplzi,...,x,] of degree at most pR so that

Prl®(a) # g(a)] < 27",
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where @ is uniform in IFZ.

Smolensky | ] proved that the MOD, function cannot be well approximated by low degree
polynomials over the Boolean cube. Intuitively, this property of the MOD,, function should complete
our proof. However, Smolensky’s result holds over the Boolean cube, and does not imply the needed
property over F,. To overcome this, Grigoriev and Razborov use the observation that the uniform
distribution over F}} is a convex combination of distributions that are uniform over translates of Fy
in [F. The proof now immediately follows. O

Over large fields, however, the best lower bound known on the size of I3 circuits is quadratic
[ , ]. In fact, over infinite fields no super-linear lower bound on the number of product
gates in depth-3 circuits is known. We shall now give a proof of a nearly quadratic lower bound for
depth 3 circuits computing the determinant.

Theorem 3.8 (| ). Every ¥IIX circuit computing the determinant of an n X n matriz must be
of size at least Q(n*/logn).

Sketch. The proof combines two common methods in lower bounds proofs. We eliminate gates of
high degree by restricting our inputs to some affine space (thus making certain linear functions
vanish). Then, we claim that the space of partial derivatives of the remaining circuit is of somewhat
low rank whereas that of the determinant has high rank. For the latter property we shall rely on the
fact that determinant is downward-self-reducible in a strong sense.

Let us start with some notation. Recall that for a polynomial f € F[z1,...,x,], we denote with
Oz;(f) the partial derivative of f with respect to z;. We also define Oy, 4,}(f) as 0z, (0x,(f)) =
Ory (0, (f)). Notice that the order does not matter. For any S C [n], we can similarly define ds(f).
Finally, for an integer k, we denote by O(f; k) the vector space over F spanned by all polynomials of
the form 9g(f), where S is a sized k set.

We shall use the following two simple claims.

Claim 3.1. For every product gate v of degree v in a XIIX circuit, the dimension of O(fy; k) is at
most (2), where f, is the polynomial that v computes.

Proof. Assume f, = [[;_, ¢i, where each ¢; is a linear form. The space J(f,; k) is spanned by the set
{ILicr & : T C[r], |T| =r — k}, whose size is at most (}). O

Claim 3.2. For every k, the dimension of 0(DET,,; k) is at least (2)2, where DET,, is the determi-
nant of an n x n matric X = (z; ;).

Proof. For every two sets R = {ry < rg < --- < rp}and C = {¢1 < ea < -+ < ¢} of [n], let
S(R,C) ={Try,c1»- > Try,c, ;- The polynomial dgg o) (DET},) is the determinant of the n—k xn—k
matrix that is obtained by deleting the rows indexed by R and columns indexed by C' (these are all
monomials that “contain” the monomial ., ¢, Ty e, = Ty e, ). The set of all such dg(g cy(DET,,) is

linearly independent over F. The number of such pairs (R, C) is (2)2 ]

The two claims above tell us that if all product gates in a 311X circuit ® computing DET,, are
of degree at most D, then the size of ® is at least (2)2/(1’:;) for every k. Choosing k = n%/(D - e),
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Stirling’s approximation tells us that the size of such a ® is at least 9(6”2/ (D 'e)). Thus, if D is linear
in n then we get an exponential lower bound. However, in general this does not have to be the case
and so our argument is based on the following case analysis. If there are “many” gates of “high”
degree then clearly the circuit has many wires. I.e. a lower bound immediately follows. On the other
hand if the circuit has a few gates of high degree then by restricting the inputs to a subspace we
can eliminate all gates and still get a circuit computing the determinant of a slightly smaller matrix.
We now explain the details behind this argument: So far we established that when all product gates
are of small degree, the circuit must be large. In particular, if all the product gates containing
the variable x1, are of degree at most D, then the size of ® is at least Q(e("*l)Q/(D'e)). Indeed,
consider the circuit ¥ = ®|;, =1 — @[, ,,—0 where we eliminate all product gates not containing z1
in ® and only maintain the gates of ® containing z , (each such gate will “appear” twice in ).
Clearly ¥ computes DET,,_; and all its gates are of degree at most D. Hence a lower bound on
the size of ¥ and hence on the size of ® follows. Clearly, the same reasoning works if we consider
T1n—1,T1,n—2,--, 21,1 and not just xq ,.

If this is not the case, i.e. there is a gate vy, of degree at least D that contains z1 ,, then there
is a linear function ¢; so that the restriction of the polynomial ®,, ,, to the subspace z;, = 0y is
zero, i.e., @y, |z, —¢, = 0. Applying this restriction, we can eliminate at least D wires from ®. We
repeat this line of argument sequentially for x1,_1,Z1,—2,...,212. If at some point we find that
all gates containing x;; (after the substitutions made to x1,...,21,4+1) are of degree D then we
proceed as in our former argument. Otherwise we find an appropriate substitution to x;. At the
end of the process we get that either there are at least Q(e”Z/ (De)) gates in ® or that we eliminated
(n — 1)D wires. In the latter case we set 211 = 1 and x;; = 0 for all i € {2,...,n}. This gives a
circuit computing DET,,_;. To conclude, if we denote by X113 (DET),,) the size of the smallest XII%
circuit computing the determinant of an n x n matrix, then for every D,

SIY(dety,) > max (Q(e("—1>2/ (D)) SIS (dety_1) + (n — 1)D>.

Choosing D = n?/(4elogn), the theorem follows by induction. O

Open Problem 11. Prove super-polynomial lower bounds on the size of XIIX circuits over infinite
fields.

For depths higher than three weaker lower bounds are known. Raz | | and Shoup and
Smolensky [ ] proved a lower bound of (roughly) n'*'/¢ on the size of depth-d circuits over
arbitrary fields. The main difference between | | and | ] is that [ ] proved? the lower
bound for a polynomial of degree n, whereas Raz | ] proved the lower bound for a polynomial of
constant degree, O(d). This difference is particularly interesting when we are dealing with constant
depth circuits, since without loss of generality we can assume that the best arithmetic circuit for a
constant degree polynomial is of constant depth. Hence, if the lower bound of Raz [ | was a
sufficiently large polynomial rather than just super-linear, then it would hold for general, arbitrary
depth, circuits as well. We now discuss Raz’s lower bound | ]

Theorem 3.9 (| |). For every d € N, there exists a polynomial f with zero-one coefficients of
2In fact, this can be deduced using the techniques of Shoup and Smolensky [ ], but it was not stated nor proved
there.
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degree at most O(d) in O(nd) variables so that every depth-d circuit computing f is of size at least
179(1/d)
n .

Raz’s proof uses the language of Elusive Functions. To simplify the presentation, we prove the
theorem without using elusive functions (for more details about Elusive Functions see Section 3.8.3).
The argument that we give is close in spirit to the proof of Shoup and Smolensky [ ].

Sketch. We shall use the following complexity measure. Let G be a field extension of F (e.g., G =
F(Y), the field of rational functions over a new set of variables Y). Let F = {f, : a € [n]} be a
family of homogeneous degree one polynomials in the variables X = {z} : b € [n]} over G. Think
of each f, as a vector of coefficients: for a variable z}, denote by f|a,b] the coefficient of x; in f,.
Define Dy, (F) as the span over F of all expressions of the form [], ;g fla,b], where S is a subset
of [n] x [n] of size m. As G is an extension field of I, this vector space is not trivial. We are mainly
interested in the dimension of D,,(F) as a vector space over F.

The following claim is the basic observation behind the lower bound. A variant of this lemma
appeared in Ref. | -

Lemma 3.3. Let F be a family of homogeneous degree one polynomials that can be computed by a
o ‘ . . . d

depth-d circuit ® of size s over G. Then the dimension of D,,(F) is at most (Sj;m) .

Proof. As every polynomial in F is linear and homogeneous, we can assume without loss of generality

that every gate in ® computes a homogeneous degree one polynomial. We can transform ® to such a

form, without increasing the size and depth, by keeping only the “linear homogeneous part” of every

gate (here we allow gates to compute arbitrary linear combinations of their inputs).

Denote by T; the set of elements of G that label edges that enter gates of depth ¢ — 1 in ®. By
the assumed structure of @, every coefficient in f[a, b] is a sum of products of the form [,y t: with
t; € T; U{1}. Thus D,,(F) is contained in the span over F of all expressions of the form

(trati2 - tim)(toatao - -tom) - (taita2 - tam)

. . L d
with every t; ; € T;U{1}. By arough estimate, the number of such expressions is at most (S;m) . O

To prove a lower bound, it thus suffices to find a family F so that the dimension of D, (F) is
large. Raz defined such a family as follows. Assume that n is prime, and consider the field of rational
functions G = F(Y) with Y = {y; ; : ¢ € [5d],j € [n]} and the variables X = {z; : ¢ € [n]}. For every
a,b € [n], define fla,b] € G as

fla.b] = 1T wiaiso,
1€[5d]
where ai 4 b is taken modulo n. This defines a family F of n homogeneous degree one polynomials
in the variables X over G. An important point in the argument is that we can also think of F as a
family of polynomials over the field F in the variables X, Y (so the “final” family of polynomials is in
F[X,Y]). Note that since the output polynomials are homogeneous linear forms in the X variables,
we can still assume that each gate in the circuit computes a homogeneous linear form in X and
therefore the argument remains the same.

Claim 3.3. The dimension of Dy, (F), with F defined above, for m = |n'~VCd| s at least %("2)

m
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Proof. For every set S C [n] x [n] of size m, define f[S] = ][, pes fla,b]. Notice that f[S] is a
monomial in the Y variables. It thus suffices to show that the number of different Y monomials in
the set {f[S]: S C [n] x [n], |S| = m} is at least one half of the total number of such sets S.

We say that a set S is unique if for every (a,b) ¢ S, one of the variables in {y; 4i4p : © € [5d]}
does not appear in f[S]. The term “unique” originates from the following property. If S is unique
and f[S’] = f[S], then every (a,b) not in S is also not contained in S’, and therefore S = 5.

We now claim that at least half of the sets S C [n] X [n] of size m are unique. This will complete
the proof of the claim. To see that this holds, let us choose S uniformly at random and prove that S
is unique with probability at least one half. For every (a,b) € [n] X [n] and i € [5d], denote by Ly ;
the “line” {(a’,V') € [n] x [n] :i(a—a') + (b—0) =0 mod n}. For every (a,b), the following events
are equal

{one of the variables {y; 4its : @ € [5d]} does not appear in f[S]}

= {there exists ¢ € [5d] so that SN Lgyp; = @}.

Denote by E,p,; the event {S N Lyp; # 0}. The size of Lyp; \ {(a,b)} is n — 1 and the size of
[n] x [n]\ {(a,b)} is n® — 1. As for i # ¢’ in [5d], the two lines Ly p;, Lqp, intersect only at the point
(a,b), for every a,b,i, we have

Pr(€apil€abis - Eapi-t, (a,b) &S] < Prl€apil(a,b) &S] < |S|(n—1)/(n® — 1),

which implies

Pr[ () Eanil(@b) & 5] < (18I0 = 1)/(n? = 1)* < n=59@D < 7272,
1€[5d)

Applying the union bound again, the probability that S in not unique is at most n?n=2/2 =1/2. O

Lemma, 3.3 with m = Lnlfl/ (Qd)J and Claim 3.3 imply that if a depth-d circuit of size s computes

F then (Zj)/Z < (sjnm)d, which implies s > n!t1/4) Tt just remains to conclude the same lower
bound for a single polynomial rather than a family of n polynomials. Theorem 2.5 tells us that the
constant depth circuit-size of F is equivalent to that of

f: Z Zafm

a€ln]

where F = {f, : a € [n]}, and Z = {z, : a € [n]} is a new set of variables. This completes the proof
(to conclude the theorem for all integers n, we can use the density of prime numbers). We remark
that the “final” polynomial for which the lower bounds is proved, is a polynomial in the n + 5nd+n
variables X, Y, Z over F. As explained above, this does not change the conclusion. O

To conclude our discussion of constant depth circuits, we consider a special type of XIIY circuits
which we suggest as a step towards solving Problem 11.

Denote oy, = ZSc[m]:|S\:k [Lics i, the k'th symmetric polynomial in m variables. Ben-Or
gave a YIIY circuit of size O(n?) that, simultaneously, computes oq,-..,0n, (see Ref. | ).
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Here is a rough description of this circuit: evaluate the polynomial f(z) = (z + z1)(z + z2) - -+ (2 +
Tn) =D iy 2"ig; at n + 1 different points, and recover the coefficient of 2"~*, which is o;, using
interpolation. This construction works as long as the field is large enough, namely, contains at
least n + 1 points so that interpolation is possible. In contrast, in the Boolean world we know that
computing the symmetric polynomials requires exponentially large constant depth circuits. This is
another evidence of the difference between the finite field case and the infinite field case.

In | ] it was shown that for every polynomial f(z1,...,z,) of degree r over the field of
complex numbers C, there exists m = m(f) € N so that f = o m(y1,...,Ym), where y1,...,9m
are linear functions in x1,...,z,. Using Ben-Or’s construction, we conclude that, over C, every

polynomial f has a YIIX circuit of size roughly (m(f))?. Therefore, proving lower bounds on m(f)
over C is easier than proving lower bound on the size of a XII¥ circuit for f.

Open Problem 12. Prove super-polynomial lower bounds on m(f) over C.

Currently the best lower bound known on m(f) is linear in n | ]. Thus, even the problem
of proving super-linear lower bounds on m(f) is open.

3.6 Multilinear Circuits and Formulas

In the multilinear world our understanding of formulas, for which strong lower bounds are known,
is quite good (but still far from being complete), whereas our understanding of circuits, for which
only weak bounds are known, could be greatly improved. We start by stating the lower bounds
and separations known for multilinear formulas, and explaining the ideas behind the proofs of these
results. We then sketch the proof of the best known lower bound for multilinear circuits, and finally
we discuss lower bounds and separations for constant depth multilinear circuits. The reader is advised
to recall the relevant definitions from Section 2.2.1.

The first super-polynomial lower bounds on the size of multilinear formulas were proved by Raz
[ ]. We shall give a sketch of the proof idea below.

Theorem 3.10 (] ). Every multilinear formula computing either the permanent or the deter-
minant of an n X n matriz must be of size at least nS1°gm).

Subsequently, Raz showed a super-polynomial separation between multilinear circuit-size and
formula-size | ]. Later, Raz and Yehudayoff | | gave a simplified proof for this separation.

Theorem 3.11 ([ ). There exists a polynomial f that can be computed by a polynomial size
syntactically multilinear circuit, but every multilinear formula for f must be of super-polynomial size.

As for general circuits (Theorem 2.7 above), syntactically multilinear circuits can be simulated
efficiently by syntactically multilinear circuits of depth log® n. Theorem 3.11 therefore shows that in
the multilinear world NC! % NC2. In addition, by examining the proof of Theorem 3.11 we see that
the “ideas” of Theorem 3.10 are not sufficient for proving super-polynomial lower bounds on the size
of syntactically multilinear circuits (as the lower bound proof is the same as in Theorem 3.10).

The best lower bound known on the size of syntactically multilinear circuits is slightly better
than the one known for general circuits | ].
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Theorem 3.12 (] ). There is an explicit polynomial f € VNP with 0/1 coefficients so that
every syntactically multilinear circuit computing f must be of size Q(n4/ 3/ log? n).

As a side remark, we note that one can show that a lower bound of s on the size of syntactically
multilinear circuits automatically implies an €2(s/n3) lower bound on the size of noncommutative
circuits | ].

Open Problem 13. Prove a super-polynomial lower bound on the size of multilinear circuits.

We now move on to discussing the ideas required to prove Theorem 3.10. The two main tools
required for proving lower bounds for multilinear formulas are the partial derivative matrix and
random partitions of the variables. These tools were first used in this context by Raz, and they could
be seen as an adaptation/evolvement of similar ideas from the earlier works | , ) ].
We first give a brief description of these concepts, and then discuss how to combine them to a proof.

The partial derivative matriz was previously discussed in the context of noncommutative com-
putation (see Section 3.4). Here we use it in a slightly different manner. Given a polynomial f in
two sets of variables Y = {y1,...,ym} and Z = {z1,..., 2}, define M(f) as the 2™ by 2™ matrix
whose (5, T) entry, S,T C [m], is the coefficient of the monomial ], g v HjeT zj in f. The partial
derivative matrix has a few useful and simple properties (for more details see, e.g., Ref. | ).

Lemma 3.4. Given two polynomials f and g,

1. rank(M(f + g)) < rank(M(f)) + rank(M (g)),
2. rank(M(f - g)) <rank(M(f)) rank(M(g)) (here we take the multilinear part of f - g), and

3. rank(M(f)) < 2min(V(N2(N) < o0 UN+ZUN2 | where Y (f) is the number of Y wvariables that
occur in f and Z(f) is the number of Z variables that occur in f.

As in the noncommutative world, we think of the rank of this matrix as an “evidence of hardness”
of a given polynomial. However, the situation in the multilinear world is not as simple as in the
noncommutative world. For example, the partial derivative matrix of f = (y1+21)(y2+ 22) -+ (Ym +
Zm) has full rank, but f has a linear size formula. To overcome this difficultly, Raz suggested to
consider the rank with respect to a random partition of the variables to two sets. Specifically, let
X = {x1,...,x9m} be a set of variables. A partition A is a one-to-one map from X to Y U Z. In
other words, it is a renaming of the variables X by Y and Z. For a polynomial f in X, define f[A]
as the polynomial in Y, Z that is obtained by substituting every x; by A(z;) in f. For our needs we
will only consider partitions in which |Y'| = |Z]|. The following theorem is the crux of Raz’s idea and
demonstrates a “weakness” of multilinear formulas.

Theorem 3.13 ([ 1). There is a constant € > 0 so that if a multilinear formula of size n®1°8™

computes an n-variate polynomial f, then there exists a partition A such that the rank of M (f[A])
s not full.

We say that a polynomial f has full rank if M(f[A]) has full rank for every A. Theorem 3.13
thus tells us that every full rank polynomial requires multilinear formulas of super-polynomial size.
Now, to prove a lower bound for multilinear formulas, we just need to find a full rank polynomial.
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We address this issue after sketching the proof of the theorem (we present a slightly different proof
than Raz’s).

Sketch. The first step is to decompose f into “building blocks,” which we call log-product polynomi-
als. A polynomial g is log-product if it is a product of t = (logn)/100 polynomials g = g1 - g2+ - g¢ SO
that the set of variables X can be partitioned into ¢ sets X7, ..., X, each of size at least n'/2 where
every g; is defined over the variable set X;. Let ® be a multilinear formula of size s — 1 computing f.

Lemma 3.5. Fvery polynomial f computed by a multilinear formula of size s can be written as a
sum of s + 1 polynomials f = f1 + ...+ fsy1, where each f; is a log-product polynomial.

Sketch. Find a gate v in ® so that n/3 < |X,| < 2n/3. By induction, ®, is a sum of |®,| log-product
polynomials in the variables X,. As & is multilinear it holds that f = ¢ - ®, + h, where g is a
polynomial in X \ X, and A is the polynomial computed by ® after labeling v by zero. The structure
of f now follows by using the induction hypothesis for h. O

The second part of the proof is the following probability estimate. Choose A uniformly at random
from the set of all partitions. For every log-product polynomial g = g1 - g2 - - - g¢, the probability of
the event £(g) = {rank(M (g[A])) > 2"/2_"1/16} is at most n~¥t) = p=00ogn)  Thig probability
estimate, together with the union bound and Item (1) from Lemma 3.4 complete the proof of the
theorem, since

Prirank(M (f[A])) = 2"/ < Pr[E(f1) UE(f) U~ UE(S)] < sn 20 <172,

for € > 0 a small enough constant. To prove this probability estimate, we argue that £ = £(g) is
roughly the intersection of Q(t) independent events, each of which happens with probability at most
order n =3/, We first write this statement (which completes the proof) formally, and then explain
it in more detail. The formal statement is

Prl€] < Prl¥ j € [t] rank(M(g;[A])) > 25127
<Prlvjelt] [JAX)NY]—[X;]/2] <n'/1

where ¢ > 0 is a constant and X1, ..., X; is the partition of X corresponding to the representation of
g as a log-product polynomial. The first inequality holds (from a contra-positive point of view) by
properties (2) and (3) from Lemma 3.4: if there exists j' € [t] so that rank(M (g;/[A])) < ol Xj1/2=nl/10
then
rank(M (g[A])) < 2552 K5l/2  rank(M (g, [A])) < 2727,

The second inequality holds by property (3) from Lemma 3.4, as for any two real numbers «, 5 we
have min(a, 5) = (a+)/2—|a—B3|/2. The third inequality holds by the union bound and standard
properties of the hyper-geometric distribution. Finally, the last inequality holds as |X;| > nt/2. O

Raz also showed that both determinant and permanent are full rank polynomials (in some, more

general, sense), thus proving Theorem 3.10. To be able to view permanent and determinant as
full rank polynomials, we define a slightly more general family of partitions. A partition A of an
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n X n matrix X is a map from X to Y UZ U{0,1}, where Y = {y1,...,Ym}, Z ={z1,...,2m} and
m = |n'/3], defined as follows. Let Ry = {r1(1),...,71(m)}, Ry = {ra(1),...,72(m)} be two disjoint
subsets of [n], and let C; = {c1(1),...,c1(m)}, Co = {ca(1),...,ca(m)} be another pair of disjoint
subsets of [n]. These two pairs correspond to subsets of rows and columns of X, respectively. For
every i € [m], A can be defined as

(ﬂinu),el(i) xrl(i)m(i)) s (yi 2z‘> or as <fcn<i>,cl<z'> xm(i),m(i)) N (y 1> ‘
Tra(i)er (i) Tra(i)eai) 11 Tra(i)er (i) Tra(i)eali) zi 1
Denote {j1 < -+ < Jn—2m} = [n]\ (R1 U R2) and {1 < -+ < lp_2m} = [n] \ (C1 U Cs). For every

i € [n—2m], set A(xj,) = 1. For every variable x € X that A is not already defined on, set
A(z) = 0. So, up to a permutation, the matrix X after the substitution A looks like

By

where each B; is a 2 x 2 matrix such that DET(B;) = y; — z;. For every A, we have DET[A] =
[Ticpm (i — 2i), and so the rank of M(DET[A]) is full. It turns out that similar probability estimates
to the ones in the proof of Theorem 3.13 hold when we consider the uniform distribution on such
partitions instead of the uniform distribution on all partitions.

Although we know how to prove lower bounds for multilinear formulas, we still do not understand
well enough their computational power compared to that of general formulas.

Open Problem 14. Are multilinear formulas weaker than general formulas?

We now give a sketch of the proof of Theorem 3.12. In fact we will sketch the proof of the
following theorem. Theorem 3.12 follows by exhibiting a polynomial with 0/1 coefficients that have
the required properties. We shall not give the details of this construction here.

Theorem 3.14 (| ). Let ¥ be a syntactically multilinear arithmetic circuit over the field G
and the set of variables X = {x1,...,xn} computing f. Let Y ={y1,...,ym} and Z = {z1,...,2m}
be two sets of variables (where n = 2m and m is even). If for all partitions A of X toY and Z

Rank (M(f[A])) = 2™, then |¥| = Q ( n'/® ) .

logZn

Sketch. The proof combines the ideas of Theorem 3.13 and Theorem 2.5 together with the general
theme of looking for a “special” structure of polynomials computed by small circuits.

The first step of the proof is the following analog of Theorem 2.5. The proof resembles the proof
of Theorem 2.5 and so we leave it to the reader. Note that the lemma actually guarantees the
existence of a syntactic multilinear circuit ¥’ that has more structure than in the case of general
circuits.

Lemma 3.6. Let ¥ be a syntactically multilinear arithmetic circuit over the field F and the set of
variables X computing f. Then, there exists an arithmetic circuit U’ over the field F and the set of
variables X such that the following hold:
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1. W' computes all n partial derivatives Oy, (f),..., 0, (f)-
2. |W'] = O(¥)).
3. ' is a syntactically multilinear arithmetic circuit.

4. For every i € [n|, if v; is the gate computing Oy, (f) in V', then z; & var(v;), where var(v;) is
the set of variables in the sub-circuit rooted at v;.

Another important ingredient in the proof is the following. Let ® be a syntactically multilinear
arithmetic circuit over the field F and the variables X = {z1,...,z,}. Fix 7 = 3logn. Define £(®, 7),
the set of lower leveled gates in ®, as the set of all gates v in ®, such that 27 < |var(u)| < n — 27,
and u has a father «’ such that |var(u’)| > n —27. The next theorem shows that if a circuit does not
have enough lower leveled gates then it computes a (relatively) low rank polynomial.

Theorem 3.15. Let f be a polynomial that is computed by a syntactically multilinear arithmetic
circuit ®, over the field F and the set of variables X = {x1,...,xn}. Let Y = {y1,...,ym} and
Z ={z1,...,2m} be two sets of variables (where n = 2m and m is even). Let T = 3logn, and let
L = L(P,T) be the set of lower leveled gates in ®. Let ¢ > 0 be a small enough constant (¢ = 1/1000
suffices). Assume |L| < Sn'/3. Then, there exists a partition A of X toY and Z such that

rank(M(f[A])) < 2™ 1.

At first sight this theorem seems very weak as it only guarantees the existence of (roughly) nl/3
gates in the lower leveled set. The picture becomes clearer when one considers Lemma 3.6 and the
following simple observation.

Observation 3.1. Let A be a partition of X. If Rank(M(f[A])) =2™. Then, for every x; € X

rank(M (9, (f)[A])) = 2"~

Our goal will be to show that for every variable x; the set of lower leveled gates in the sub-circuit
computing J,, (f) is large and that these sets are “almost” disjoint.

Indeed, let W' be the arithmetic circuit computing all n partial derivatives of f given by
Lemma 3.6. Let 7 = 3logn, and let £ = L(¥,7) be the set of lower leveled gates in ¥'. De-
fine U = U(T', 7), the set of upper leveled gates in W’ to be the set of all gates u € ¥’ that have a
child in £ and that satisfy |var(u)| > n — 27. To prove the theorem, we will bound from below the
size of U.

Let ¢ € [n]. Set g; = Oy, f. Let v; be the gate computing g; in ¥'. Denote by ¥/, the arithmetic
circuit W, . Define £; = L(¥],7) to be the set of lower leveled gates in Wj. It is not difficult to see
that £; C £. In addition, Theorem 3.15 and Observation 3.1 imply that |£;| > $n1/3. For a gate v
in ¥/, define C, = [{i € [n] : v is a gate in W.}|. For i € [n], define U; = {v' € U : v/ is a gate in V/}.
Thus, for all i € [n], we have U; C U. Hence,

Z U;| = [{(«,7) : v € U and i € [n] are such that v’ is a gate in Vj}| = Z Cur-
i€[n] w' el
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Let i € [n]. As £; C L it follows that for every gate u € L; there is a corresponding gate v’ € U,
which is a father of u. Thus, since the in-degree of the gates in U; is 2, we have |£;| < 2|U;|. Recall
that, for all v’ € U, it holds that |var(u')| > n— 27. Property 4 of Lemma 3.6 now implies that every
u' € U admits Cy < n — |var(v')| < n — (n — 27) = 27. Combining all of the above we get

SntB < ST <2y =2 Cu <2l -2
T i€[n] i€[n] u'el

nA/3

log? n

In particular, [U| =2 ( ) and the result follows.

Thus, all that is left to do is to prove Theorem 3.15. This is the main technical difficulty of Raz
et al. | ].

Sketch of Proof of Theorem 3.15. The proof is based on a structure theorem and a probability es-
timate. Denote £ = {ui,...,up}. Set Y; =Y, and Z; = Z,, to be the set of Y variables and Z
variables that appear in the sub-circuit of ®[A] rooted at w;, respectively. Denote with v; the output
gate of ®.

Theorem 3.16. For every partition A, f[A] can be expressed as f[A] = Zie[é] 9i®Py, + g, where
9,91,--.,9¢ € FY, Z] are multilinear polynomials such that for all i € [£], the set of variables that
occur in g; and the set Y; U Z; are disjoint, g is the polynomial computed by vy after substituting (in
®[A]) every u € L by 0 and, furthermore, deg(g) < 47.

The proof of the theorem is by induction on the structure of ® and we leave it to the readers.
Another ingredient required for the proof of Theorem 3.15 is the following probabilistic argument
whose proof is also left to the readers. We say that a gate v is k-unbalanced if ||Y,| — |Z,|| > 2k.

Lemma 3.7. Let ¥ be an arithmetic circuit over the field F in the set of variables X = {x1,...,z,}.
Let Y = {y1,...,ym} and Z = {z1,...,2m} be two sets of variables (where n = 2m and m is
even). Let X1 C X be a subset of X of size n/4. Let A be a random partition of X to'Y and Z,
conditioned on the event A(Xy) C Y. Let 8 be such that 0 < 8 < 1, and let v be a gate in ¥ such
that n® < |X,| <n —nB. Then, for any integer k € N,

Pryv is not k-unbalanced in W[A] | A(X1) CY] =0 <]m*/3/2> _

We continue with the proof of Theorem 3.15. The first step is to use Lemma 3.7 together with a
“clever” union bound to show that there exists a partition A such that every u € £ is 7-unbalanced
in ®[A4]. In the second step, we use Theorem 3.16 to express f[A] as f[A] =} ;c1y 9i®u, + 9. Since
each u € L is T-unbalanced, Lemma 3.4 implies that rank(M (g;®,,[A])) < 2™77. As deg(g) < 47
it holds that rank(M (g[A])) < m*" (this is an upper bound on the number of nonzero rows and
columns in the matrix M (g[A])). Hence, rank(M (f[A])) < |L£]- 2™ 7 +m*™ < 2m~! where the last

inequality holds as 7 = 3logn and m = n/2. O
This completes the overview of the proof of Theorem 3.14. O

For bounded depth multilinear circuits we can prove much stronger lower bounds, similar to those
known for bounded depth Boolean circuits | ].
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Theorem 3.17 (| ). Every depth-d multilinear circuits computing either the permanent or the
determinant of an n X n matrixz must be of size gn?/ D,

In fact, for bounded depth multilinear circuits we have a strong separation result.

Theorem 3.18 (] ). For every constant d, there is an n-variate polynomial that is computed
by a polynomial-size polynomial-degree syntactically multilinear circuit of product-depth® d, but every
multilinear circuit of product-depth d — 1 computing it must be of size at least pnog/(n))

We now explain the idea behind the proof of Theorem 3.17. The proof of Theorem 3.18 is
more involved and we shall not discuss it here (the lower bound part is similar to the proof of
Theorem 3.17, but the construction requires a detailed discussion). To demonstrate the main idea
we give a high-level description of the proof of the following theorem.

Theorem 3.19 ([ ). There is a constant € > 0 so that if a multilinear product-depth d circuit

of size at most gne/4 computes an n-variate polynomial f, then there exists a partition A such that
the rank of M(f[A]) is not full. (Here n is large enough compared to d.)

High-level. The main idea behind the proof of the n®(°¢™) lower bound for the size of multilinear
formulas was to express a multilinear formula of size s as a sum of s polynomials, each of which is a
product of t = O(logn) polynomials with at least n!/? variables each, and then applying a random
partition to the variables. Then, using probability estimates, we obtained a lower bound of the form
n® A similar though more elaborate analysis can be performed for constant depth multilinear
circuits as well. In what follows we assume (using Theorem 2.4) that ® is a syntactic multilinear
formula (making ® a formula may increase the size by a polynomial factor).

Definition 3.2. A polynomial f over the variables X = {x1,...,x,} is called d-weak if for t =
|/ | one of the following holds:

1. f=g1-92- g, where for every i # j in [k] the two polynomial f;, f; are defined over disjoint
sets of variables, and for every i in [k] the variable-set of f; has size at least t.

2. f=1-g, where { is a linear form over at least t variables and the variable-set of g is disjoint
from that of ¢.

The following lemma is the basic decomposition required for the lower bound proof.

Lemma 3.8. Let d € N and let ® be a multilinear circuit of product-depth d and size s over n
variables computing h. Then there exist d-weak polynomials hy, ..., hsy1 so that

h=hi+ho+ ...+ hst1.

High-level. The lemma follows by similar arguments to the proof of Theorem 2.6. The basic obser-
vation is that (as long as ® contains at least n/2 variables) either

3The product-depth of a gate v is the maximal number of product gates in a directed path reaching v. Depth and
product-depth are equivalent up to a factor of two, for circuits of unbounded fan-in.
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1. ® has a product gate v that has at least ¢ children, each computing a polynomial over at least
t variables, or

2. ® contains a sum gate v that computes a linear function over at least ¢ variables.

This property holds as ® has product-depth d and is syntactically multilinear. With this property
(as in Theorem 2.6), we can write h as

h = gyhy + hl,

where h, is the polynomial computed at v, g, is a polynomial whose variable-set is disjoint from that
of hy, and h! is another polynomial that can be computed by a smaller formula. The lemma now
follows by induction on the size of ®, as the polynomial g, - h, is d-weak. O

As in the proof of Theorem 3.13, we will use random partitions. A one-to-one map from X to
Y, Z with |Y| = | X]/2 is called a partition. In the following A is chosen uniformly at random from
the family of all partitions.

Lemma 3.9. Let h be a d-weak polynomial. Then

Prlrank(M (h[A])) > gn/2=t11Y) < 9=0(1),

Proof. Assume that h can be written as h = g1 - go - - - g+ as in the definition of d-weak. Similarly to
the proof of Theorem 3.13, the event {rank(M (h[A])) > 27/ 2_t1/4} is roughly the intersection of ¢
independent events, the probability of which is at most 1/2. Otherwise, h = £- g, and then for all A,

rank(M (h[A])) < rank(M (¢[A])) - rank(M (g[A])) < 2 - 2(0=0/2,

O
The two lemmas imply that
Prirank(M (f[A])) = 27 < Prirank(M (fi[A])) = 22 /(s +1)] < (s +1)27%0) <1,
i€[s+1]
where s < 97°/? is the size of the circuit for fand fi,..., fs41 are d-weak polynomials (assuming
e > 0 is small enough). O

In conclusion, we see that strong lower bounds are known for multilinear formulas and for bounded
depth multilinear circuits. However, many open problems still remain, most significantly proving su-
per polynomial lower bounds for general multilinear circuits (or even just for syntactically multilinear
circuits).
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3.7 Circuits with Bounded Coefficients

When computing a polynomial (over, say, the complex numbers) whose coefficients have bounded
absolute value, say, at most 1, it is not clear whether the use of large constants can help the com-
putation. In particular it seems unnatural to use large coefficients in order to compute a polynomial
that have, say, 0/1 coefficients. This motivates the study of circuits with bounded coefficients. A
circuit with bounded coefficients is a circuit in which the input gates are labelled by variables and
not by field elements, and the edges are labelled by field elements with absolute value at most 1
(any other bound ¢ > 1 on the absolute value can be translated to 1 by a simple reduction). The
computation is performed as before with the notable difference that every edge is multiplied by the
constant labeling it. Such circuits were suggested by Morgenstern | |, and were later studied by
Chazelle [ ] and Raz | | as well. Morgenstern proved the following lower bound | ].

Theorem 3.20 (][ ). Every circuit with bounded coefficients computing the discrete Fourier
transform of & = (x1,...,xy,) must be of size Q(nlogn).

This lower bound is tight, as there is a circuit with bounded coefficients of size O(nlogn) com-
puting the Fourier transform | | (at least when n is a power of two).

Sketch. For simplicity, we shall consider computation over R. Consider a circuit ® computing n
linear forms (@1, Z),..., (@, T) in the variables z, where (-, -) denotes the usual inner product in R"
(note that DFT has exactly this form). Since these are homogeneous linear forms, we can assume
without loss of generality that ® is a linear circuit, that is, all computations done in ® are of the
form &, = a1®,, + a2®,,, with a1,as € R. As we consider the bounded coefficients model we have
that |a1|,|az| < 1. For every gate v in ®, we can thus associate a vector 3, in R" so that v computes
<Bv,§:>. The main idea behind the proof is to consider the volume of the polytope defined by the
linear functions computed at the gates of the circuit. Let aq, ..., &, be n vectors in R™. The volume
of these n vectors is the absolute value of the determinant of the n x n matrix whose rows are
Qi,...,0,. We now define a progress measure that does not increase fast for circuits with bounded
coefficients. For a linear circuit ¥, denote by volume(¥) the maximum volume of B3,,,. .., By, , over
all choices of n gates vy,...,v, in W. Since the coefficients in ® are bounded in absolute value by
1, a sum gate can increase the volume, of the circuits computed by its children, by at most a factor
of two. Indeed, it follows by a simple induction that the volume of a size s circuit, with coefficients
bounded by 1, is at most 2°. Since the volume of the n vectors defining the Fourier transform is
n"/2 any circuit with bounded coefficients computing it has size at least Q(nlogn). O

Generalizing Morgenstern’s ideas, Raz proved the following lower bound | ].

Theorem 3.21 (| ). Every circuit with bounded coefficients computing the product of two nxn
matrices must be of size Q(n?logn).

Note that these two lower bounds hold for polynomials of constant degree. In contrast, no super-
linear lower bound is known on the size of general circuits computing constant degree polynomials
(recall Open Problem 7).
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3.8 Approaches for Proving Lower Bounds

In this section we shortly discuss several general approaches for proving lower bounds. We shall not
give the most general treatment of each of these approaches but rather give the main ideas, mostly
by considering some specific examples.

3.8.1 Rigidity

The notion of rigidity was introduced by Valiant | | for the purpose of proving size-depth trade-
offs, namely, showing that a circuit of depth O(log n) and linear size cannot compute some polynomial
f. We will demonstrate this method for the task of computing a linear transformation, although it
is more general and can take different forms in different contexts.

We say that a matrix M is (S, R)-rigid if by changing at most S entries in every row of M one
cannot decrease its rank below R. The integer S is called the sparsity parameter and R the rank
parameter.

Theorem 3.22 (] D). If an n x n matriz M is (S, R)-rigid with S = n'/1° and R > n/100 then
any circuit computing Mx, for x = (x1,...,xy), cannot be of (simultaneously) depth O(logn) and
size O(n).

Sketch. Assume towards a contradiction that there exists a circuit ® of depth O(logn) and size
s = O(n) computing Mxz. We can assume without loss of generality that every gate in ® computes
a homogeneous linear form (at the cost of a constant blowup in size).

Valiant’s idea is to show that there exists a set V' of gates in ® of size |V| = o(s), so that after
deleting all the edges connected to V, the circuit becomes of depth at most (logn)/10. This is a
combinatorial claim on graphs of logarithmic depth and has nothing to do with the function being
computed by the circuit. We leave the proof of this claim to the reader.

With this observation in mind, one can argue that M has a “special” structure. Denote by F;
the linear form defined by the i’th row of M. Now, if we delete V' from ®, then we are left with a
circuit of depth at most (logn)/10, and therefore each output gate originally computing some Fj is
now connected to at most n'/19 input gates. We can thus express each Fj as a linear combination
of the linear forms {®,},cy and of at most nl/10 input variables. In other words, the matrix M can
be written as a sum of a matrix of rank at most o(s) = o(n) (whose rows are spanned by {®,},cv)
and a sparse matrix having at most n!/1% nonzero entries in every row. This is a contradiction, as
M is rigid. O

To prove a size-depth tradeoff, it thus suffices to find an explicit rigid matrix, a matrix that
cannot be expressed as a sum of a low rank matrix and a sparse matrix. Counting arguments imply
that most matrices are in fact rigid. However, and as usual, we do not know of any explicit rigid
matrix. It seems that the main difficulty in finding a rigid matrix comes from the fact that we need
to argue about two different structures at the same time: low rank matrices and sparse matrices.
We have a good understanding of each of these families, but we do not understand how to jointly
analyze them. For some recent result on rigidity see Ref. | .
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3.8.2 Tensor Rank

The tensor rank approach is quite general as well. Here we give two examples of its possible ap-
plicability: a circuit-size lower bound and a formula-size lower bound. We start by defining some
notions related to tensors. A three-dimensional tensor T is a map T : [n]> — F. A tensor is a
higher dimensional version of a matrix: an n x n matrix M is simply a map M : [n]? — F. A
rank one tensor is a tensor T so that T'(i1,i2,i3) = t1(i1)t2(i2)t3(i3), where t1,ty and t3 are maps
from [n] to F. This coincides with the definition of rank one matrices: a matrix M has rank one
if M(i1,12) = my(i1)ma(iz). The rank of a tensor T is the minimal R € N so that T = ZleTj
with every T} being a rank one tensor. Tensor rank is a generalization of matrix rank, and it is not
difficult to see that, e.g., the rank of a three-dimensional tensor is at most n2. As the next theorem
shows, tensor rank is an important measure that is closely related to the circuit complexity of the
underlying tensor.

Theorem 3.23 (] ). Let T be a three-dimensional tensor of tensor rank at least R. Then the
polynomial F(x,y,z) = Zi,j,ke[n} T(i, j, k)xiy;zi requires circuits of size at least Q(R), over R.

Sketch. Let T; be the matrix defined by T;(j, k) = T(i,7,k). Consider a circuit ® computing the
n bilinear forms Fi, ..., F, defined by T1,...,T,, respectively. Namely, F; = Ej,k Ti(j, k)yjz,. By
Theorem 2.5, the circuit complexity of Fi, ..., F;, is the same as that of F', up to constant factors.
By possibly increasing the size by a constant factor we can assume without loss of generality that
every gate v in ® computes a linear form or a bilinear form f, = Zj,k Ty(j,k)yjz. Consider the
set V of product gates v = u X w in ® so that f, and f,, are linear forms. By a homogenization
argument, f, is a linear form in yy,...,y, and f,, is a linear form in z1,..., z,. A simple argument
shows that each F; is a linear combination of {f,},cv. By simple algebraic manipulations one gets
that the tensor rank of 7' is at most |V|. The size of ® is hence at least Q(|V]) > Q(R). O

We remark that circuits of the kind that was discussed in the proof are called bilinear circuit.
The best known lower bounds for bilinear circuits for problems such as polynomial multiplication or
matrix multiplication are given in Refs. [ , ) ) ].

Tensor rank is a generalization of matrix rank (which we understand pretty well) to higher
dimensions. However, we do not know of any explicit tensor of high rank. This shows the striking
difference between tensors and matrices. Another evidence of that difference is reflected in the
computational complexity of the two notions. Computing the rank of a matrix is fairly easy, e.g.
using Gaussian elimination. On the other hand, Hastad proved that computing the tensor rank of a
given tensor is NP-hard | l.

Counting arguments show that most three-dimensional tensors are of rank 2(n?) (similarly to
the existence of hard polynomials). However, the following question is open.

Open Problem 15. Find an explicit three-dimensional tensor whose rank is w(n).

We now discuss a recent connection between tensor rank and formula-size lower bounds that was
found by Raz [ ]. For this we need to consider k-dimensional tensors, that are a straightforward
generalization of three-dimensional tensors.

Theorem 3.24 (| . Let T : [n]* — F be an explicit tensor (i.e., given ii,...,i, we can
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compute T(iy, ..., i) in polynomial time) with k = O(logn/loglogn). If the tensor rank of T is at
least nk1—o(1)) (in particular, k must tend to infinity as n tends to infinity, since the tensor rank of
T is always at most n*~1) then permanent requires formulas of super-polynomial size.

Sketch. The proof consists of two different parts. First we analyzes set-multilinear polynomials. A
set-multilinear polynomial with respect to a set S of size k is a polynomial in k disjoint sets of
variables {X;}ics so that every monomial that appears in it is of the form [, g z; with z; € X;.
Raz showed that as long as k < O(logn/loglogn) we can efficiently transform a general formula
computing a set-multilinear polynomial to a set-multilinear formula computing the same polynomial.
Namely, to a formula so that for every v = v; X vg in it, the polynomial f,, is set-multilinear with
respect to a subset S; C S, the polynomial f,, is set-multilinear with respect to a subset Sy C §,
and S N Sy = (). In particular, f, is set-multilinear with respect to S7 U Ss.

Theorem 3.25 (] ). Let ® be a formula of size s that computes a set-multilinear polynomial
with respect to [k]. Then there exists a set-multilinear formula ¥ of size at most (O(logs))¥s that
computes the same polynomial.

Proof. The proof is similar to the proof of Theorem 2.3. O

Secondly, we prove that the maximal tensor rank that a set-multilinear formula can compute
is relatively small. Note that a tensor T : [n]¥ — F defines a set-multilinear polynomial fr in the
variables {z; ; : i € [n],j € [k]} in a natural way: the coefficient of H;?:l x5 in fris T(iy, gz, ..., ix).

Lemma 3.10. Let T : [n]* — F be a tensor with k < O(logn/loglogn). If there exists a set-

multilinear formula of size n¢ for the polynomial fr then the tensor rank of T is at most pk(1=2791))

High-level. Raz proved the following intuitive statement. A set-multilinear formula of size n¢ that
computes the “polynomial with the maximal tensor rank” must have a very specific structure: in
particular, the topmost 279k gates must be product gates. To prove this he used the following
three simple properties of tensor rank: (1) the tensor rank of an /-dimensional tensor is at most
n‘~1, (2) the tensor rank of >, 7} is at most the sum of the tensor ranks of the 7j’s, and (3) the
tensor rank of Ty ® Ty is at most the product of the tensor ranks of 71 and T (if T3 : [n]** — F and
T : [n]’” — F, then T1 ® 15 : [n]kl"'k? — F is defined by 177 ® T5 (gl,gg) =T (%1)T2(52)) The proof of
this structure is too long to include here, but the idea is that properties (2) and (3) above tell us that
tensor rank cannot increase too quickly in a formula, and property (1) tells us that we should do the
sum operations “as low as possible.” This argument could be thought of as a convexity argument.

With this structure, we can write fr as a product of at least &' = 279k polynomials of the
form fr,. Property (1) tells us that the tensor rank of each 7; is at most n*~1 where Y. k; = k.
Now, property (3) implies that the tensor rank of 7" is at most nk_k/, since T =T1RTHh®: 1Ty,
as claimed. O

The theorem and lemma above tell us that if a k-dimensional tensor 7" with & < O(logn/loglogn)
has tensor rank at least n*(:=°(1) then fr cannot be computed by a polynomial size formula, as
otherwise it can also be computed by a polynomial size set-multilinear formula and this is impossible.
The conclusion about permanent holds by its completeness and the assumption that 7' is explicit
(see Theorem 1.1). O
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Currently, the best lower bound on tensor rank is Q(n!*/2)) by Nisan and Wigderson | | for
k-dimensional tensors, e.g., the symmetric tensor T'(iy,... i) = 1 iff |{i1,...,ix}| = k. Here is a
sketch of the simple proof of such a lower bound: Take a tensor T' and write it as an n!¥/2) by nlk/2]
matrix M by partitioning its £ “dimensions” to two disjoint sets. Observe that if T' has rank one
then M has rank one as well. This implies that the tensor rank of 7" is at least the rank of the matrix
M. Hence, if M has full rank then T has rank at least nl%/2/. We note, however, that much tighter
lower bounds are required in order to obtain lower bounds for the formula size of the permanent.

3.8.3 Elusive Functions

We now discuss the Elusive Functions approach for proving circuit-size lower bounds suggested by
Raz | ]. Here too we focus on a particular example in order to explain the more general approach.

There are several structure results that we can use as the starting point of the argument. Here
we (roughly) use the one given by Theorem 2.7. Let f be a polynomial of degree d in the variables
Z1,...,2Tpn. Given a circuit ® computing f, there exist s ~ |®| polynomials fi,..., fs such that

f= Zfi, (3.1)

where every f; can be written as f; = fi1- fi2, where f;1, fi2 are of degrees at most 2d/3.

We now wish to understand how the coefficients of the monomials in f; look like. For every
T = (t1,...,t,) € N" we define the monomial z7 = ' ---2ln. We denote deg(T) = >, tx. Given
T € N" and j € {1,2}, let y; ;(T') be the coefficient of the monomial z7 in f; ;. Now, think of the
y;,;(T)’s as new variables and define Y; = Y; 1 U Y2, where Y;; = {y;;(T) : deg(T) < 2d/3}. It
follows that the coefficient of z7 in f; is ZTl A Ty=T Yi,1 (1) - yi2(T2). In particular, this coefficient
is a degree two polynomial in the variables Y;. This argument shows that each coefficient in f is
a degree two polynomial in the variables Y = (J;Y;. Denote the size of Y by S. We have that
V] =8 < 0(n?3s).

Let N = (”;d). We think of [N] as being the set of all 7' € N" of degree at most d. Consider
the polynomial map ¢ from F to FN that is defined above. Namely, the T°th output of ¢ is
O ZTl A y=T Yid * Yi;2, 1.e., the degree two polynomial corresponding to the coefficient of the
monomial z7 in f. Now, every substitution of field elements to the variables Y defines a degree
d polynomial in the variables z1,...,x,. We say that this polynomial is in the image of . More
importantly, every degree d polynomial that has a circuit of size roughly s is contained in the image
of . In other words, in order to find an explicit polynomial that cannot be computed by circuits of
size s, we just need to find an explicit point in FN that is not in the image of the degree two map
. Why should such a point exist? Well, if the circuits are not too large, i.e., S < N, then the
input dimension of ¢, S, is much smaller than the output dimension, N, so such points must exist
(see also Lemma 3.1). Raz called such points Elusive Functions, as they elude the maps defined by
small circuits. To conclude, separating VNP from VP boils down to solving an algorithmic problem:
finding a point outside the image of a given degree two polynomial map.

The example above considers the problem of eluding degree two polynomial maps. More generally,
Raz proved that if one can elude degree r maps ¢ : FS — FV for many settings of r, S, N, then a
lower bound on the circuit complexity of the permanent follows.
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3.8.4 Geometric Complexity Theory

We now address Mulmuley and Sohoni’s approach for showing that VP # VNP | , |, which
is called geometric complezity theory (GCT). For simplicity, we focus on the case where the underlying
field is C. We also focus on a specific goal: showing that permanent cannot be “embedded” in a
polynomial size determinant, solving Open Problem 1. To argue this, GCT suggests to look at the
symmetries of both determinant and permanent.

Consider the determinant of an n x n matrix X = (z;;). As a vector of coefficients, it is an

N-dimensional vector with N being roughly (’f), as it is a multilinear homogeneous polynomial
of degree n in n? variables. Every n x n matrix U can act on N-dimensional vectors by linearly
transforming the variables X: Given a polynomial f(X), which is also an N-dimensional vector,
we define U o f(X) = f(UX) (indeed, (UjUz) o f = Uy o (Uz 0 f)). An important property of
determinant (that in fact uniquely defines it) is that if U is in SL(n,C), that is, DET(U) = 1, then
U o DET = DET. Moreover, any U such that U o DET = DET is in SL(n,C). In other words,
SL(n,C) is in the stabilizer of determinant.

The stabilizer of permanent is different. If we act with SL(n,C) on permanent, we may change
it to a different polynomial. However, every n x n permutation matrix II is in the stabilizer of the
permanent,

Mo PERM(X) = Y [[znw.emey = Y []#ixe = PERM(X).

€Sy i=1 TESy 1=1

This difference between determinant and permanent is the reason, according to GCT, that the
permanent cannot be embedded in a small determinant. In rough terms, permanent is much less
symmetric than determinant, its stabilizer is not as rich, and so in order to embed permanent in
determinant we must use high dimensions, to be able to fit the disorder. To prove this intuitive
claim, GCT suggests to use notions from many other areas of mathematics, such as representation
theory, invariant theory and algebraic geometry. It seems, however, that the current mathematical
knowledge is very far from being able to prove even simpler claims.

The appealing part of GCT is that it seems to overcome the barrier of natural proofs (see Sec-
tion 3.9 below). Specifically, it is known that the stabilizers of both determinant and permanent
characterize them, e.g., the only polynomial f so that Ao f = f for all A in the stabilizer of deter-
minant is f = DET, and similarly for the permanent. This is highly unusual, in the sense that a
random polynomial has a trivial stabilizer, and in particular it is not characterized by it. Intuitively,
this means that if indeed we prove a lower bound based on these arguments, it may work only for a
small family of polynomials. Thus, (perhaps) overcoming the natural proofs barrier.

3.8.5 Sum-of-Squares Problem

In | | a new approach for proving lower bounds on the size of noncommutative circuits
was given. Specifically, Hrubes et al. | | showed a reduction between the noncommutative
complexity of permanent to a classical mathematical problem called the sum-of-squares problem, that
arises in the areas of topology and algebra. The reader is referred to the introduction of | ]
for more background. We give a brief and partial survey of this result.
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For an integer n, define the sum-of-square complexity of n as the minimal integer k£ so that there
exist n complex matrices My, ..., M,, each of dimension n x k, so that

1. for every i € [n], we have M; M} = I, where I is the n x n identity and M" is M transposed,

2. for every i # j in [n], we have M; M} = —M; M.

Equivalently, the sum-of-squares complexity of n is the minimal integer k so that there exist complex
bilinear forms fi,..., fx, in {z1,...,z,} and {y1,...,yn}, so that the following equality holds

(@f ot aR) i+ ) = e f

The following theorem relates sum-of-squares complexity to noncommutative circuit complexity.
The sum-of-squares complexity can be defined over any field, but is related to circuit complexity
only over fields of characteristic different than two, in which y/—1 exists.

Theorem 3.26 (| 1). If the sum-of-square complexity of n is at least Q(n**¢) with ¢ > 0
a constant, then permanent requires noncommutative circuits of exponential size over the complex
numbers.

We do not include the proof of this statement here, as it is too technical. We note, however,
that Hrubes et al. | ] also proved lower bounds on the sum-of-squares complexity in some
restricted cases. For example, if the matrices M; are restricted to be integer matrices, then & must
be at least Q(n6/ ®). We also note that the sum-of-squares problem has a few other equivalent
formulations, e.g., as a question about degree four polynomials and as a question about “embedding
of unit spheres.”

3.9 Natural Proofs for Arithmetic Circuits?

As mentioned before, almost no lower bounds are known for Boolean circuits. A remarkable result
of Razborov and Rudich [ | gives a partial explanation for this lack of success. In their work,
Razborov and Rudich introduced the concept of natural proofs and showed that a natural proof
cannot yield a super-polynomial lower bound and that all existing techniques give rise to natural
proofs. Specifically, a property P of Boolean functions from {0,1}" to {0, 1} is natural if it satisfies
the following requirements:

1. “many” functions have P,
2. it is “easy” to verify whether a given function has P by looking at its truth table, and

3. any Boolean circuit computing a function with the property P has to be of “large” size.

Razborov and Rudich showed that all known lower bounds were proved by analyzing natural prop-
erties (where the meaning of “many,” “easy” and “large” depend on the specific lower bound). The
key point in their argument is that a natural proof of a super-polynomial lower bound implies that
there are no families of pseudorandom functions. Namely, families of functions that “behave like” the
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family of all functions, from the point of view of a computationally efficient observer: Properties (1)
and (2) imply that any family of pseudorandom functions must contain a function with the property
P. However, under widely believed complexity assumptions, families of pseudorandom functions that
can be computed by small circuits exist, and so condition (3) is violated. Another way of stating
this results is: if hard Boolean functions exist (i.e. our hardness assumptions are justified and so
pseudorandom functions exist) then it is hard to prove hardness results.

For arithmetic circuits no such argument exists. By considering known lower bounds one sees that
they are all “natural” in a sense. For example, the known lower bounds for multilinear complexity
and noncommutative complexity are obtained by studying the rank of the partial derivative matrix.
Notice that (1) simple counting arguments show that the rank of the partial derivative matrix of
almost all polynomials is high, and (2) given a polynomial as a list of coefficients, we can efficiently
compute the rank of its partial derivatives matrix.

In order to apply Razborov and Rudich’s reasoning all that is required is a construction of a family
of pseudorandom polynomials (based, of course, on reasonable hardness assumptions). Unfortunately
no such construction is known today. A natural approach would be to try to apply the construction
given in Ref. | ], that is based on the construction of Goldreich et al. | ], in the arithmetic
setting. The problem with this idea is that the construction of Goldreich et al. is highly sequential
and by arithmetizing it one gets a polynomial of an exponentially high degree. For a further discussion
see Aaronson’s blog post on the topic | ].

Open Problem 16. Give an arithmetic analog of Razborov and Rudich’s result. Specifically, give an
algebraic analog for pseudo-random function generators. Le. a family of pseudo-random functions
that can be computed by polynomial size (and polynomial degree) arithmetic circuits.

3.10 Meta Lower Bounds

This Section dealt with the fundamental problem of proving that a certain computational task is
hard. Specifically, with the problem of finding explicit polynomials that require large circuits or
formulas. We conclude the Section with a meta discussion of the basic ideas behind this line of
research.

When trying to understand what a given computational class (like monotone circuits, multilinear
circuits, etc.) can or cannot do, it is natural to try and bring this class into some normal form.
The advantage of such a normal form is that it may unveil a certain weakness of the underlying
computational class. Finding such a weakness is, in many cases, the key step in proving hardness
results. Indeed, this line of thought appeared many times in this Section. Below is a table that
summarizes this approach for different computational classes.
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circuit class

normal form

weakness

monotone circuits

f=>_,higi, each h;, g;
monotone of degree

f has a few monomials

~r/2
noncommutative arithmetic branching partial derivative matrix
formulas programs of low rank
YIIY over F, in normal form well approximated by

a low degree polynomial

constant depth
circuits

in normal from

vector space of coeflicients
of low dimension

multilinear formulas

sum of log-product
polynomials

partial derivative matrix
of low rank, for a random
partition

multilinear circuits

sum of “structured”
polynomials

partial derivative matrix
of low rank for some
partition

bounded coefficient

linear /bilinear circuits

compute matrices
with small determinants

(approaches)

linear circuits

in normal form

cannot compute rigid
matrices

bilinear circuits

in normal form

result has a low tensor rank

Table 3.1:

Summary of techniques and approaches

52



Chapter 4

Polynomial Identity Testing

Polynomial Identity Testing (PIT) is a fundamental problem in algebraic complexity: We are given
an arithmetic circuit computing a multivariate polynomial over some field, and we have to determine
whether that polynomial is identically zero or not. In other words, we want the polynomial to be
formally zero (i.e. that all its coefficients are zero) and not just zero as a function over the field. As
a simple example for the difference between these two notions of “zero,” consider z? — x, which is
the zero function over Fo but not the zero polynomial. Note however, that if the size of the field is
higher than the degree of the polynomial then a polynomial is formally zero if and only if it is zero
as a function. This is a well-known fact that can be found, e.g., in Ref. | ]

Solving polynomial identities is a central question in both complexity theory and algorithm-
design. For example, the best parallel algorithms for finding perfect matchings are based on testing

whether a given determinant is formally zero or not | , , , ]. Other
algorithms based on identity testing are the primality testing algorithm of | , |, algorithms
for testing equivalence of read-once branching programs | ], and more. In complexity theory,
identity testing played a major role in results such as IP = PSPACE | , |, MIP =
NEXPTIME | |, and the proof of the PCP theorem | , ]. Identity testing algorithms
also lead to interpolation/learning algorithms for sparse polynomials, see | , , ]
and references within, for depth-3 circuits | , |, and for read-once arithmetic formulas

[SVO8, J

There are two well-studied models in which the PIT problem is considered. The first is the
so-called black-box model in which the only access to the circuit is by asking for its value on inputs
of our choice. It is clear that every deterministic algorithm in the black-box model must produce a
test set for the circuit, namely, a set of points such that if the circuit vanishes on all points in the
set then the circuit computes the zero polynomial. Note that such an algorithm is non adaptive as it
stops at the first nonzero input. The second setting is the non black-box model in which the circuit
is given as input. In particular, we have access to the polynomials that are computed at the gates
of the circuit. We call this model the white-box model. Clearly, the white-box model is the easier
amongst the two, although the PIT problem is notoriously hard also for this model.

The difficulty of the PIT problem stems from that the polynomial is not given explicitly as a list of
coefficients, but rather implicitly by a circuit or a formula. Converting an implicit representation to
an explicit one requires, in general, exponential time and so cannot be performed efficiently. On the
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other hand, the advantage of such an implicit representation is that the underlying polynomial can be
evaluated efficiently on any given input, as long as field operations can be done efficiently. Using this
property, randomized (block-box) algorithms were designed for the problem | , , .
These randomized algorithms require assignments from a relatively large field. To better understand
this, consider a black-box algorithm testing only zero-one assignments. As the “black-box” may
contain a polynomial “accepting” only a single input one can easily prove that 2" queries are required
to determine whether it computes the zero polynomial or not. Therefore, when considering PIT over
finite fields we allow the algorithm to test assignments from a polynomially large extension field.

The challenge that remains is to design deterministic algorithms for PIT, or, less ambitiously, to
reduce the amount of randomness required for solving the problem. The importance of derandomizing
PIT follows from its many applications. For example, the famous algorithm for primality testing of
Agrawal et al. | | is based on giving a deterministic algorithm for a specific polynomial identity,
using the derandomization ideas of Agrawal and Biswas [ |. Specifically, their algorithm verifies
that (z + a)™ — 2™ — a is the zero polynomial modulo n, for special values of a (indeed, the identity
is zero for every a € Z, if and only if n is a prime). Another example is that derandomization of
PIT will imply a deterministic parallel algorithm for finding perfect matchings | | which is an
important open problem. Besides its algorithmic implications, derandomization of PIT may lead to
strong lower bounds for arithmetic circuits. In particular, as we shall soon see, if PIT can be solved
deterministically in the black-box model, then there exists an “explicit” polynomial that requires
exponential size arithmetic circuits.

Determining the complexity of PIT is one of the greatest challenges of theoretical computer
science. It is one of a few problems for which we have coRP algorithms [ , , ],
but no deterministic sub-exponential time algorithms. A partial explanation for the hardness of
obtaining deterministic algorithms was given by Kabanets and Impagliazzo [ ], who showed that
an efficient deterministic algorithm for PIT, even in the white-box model, implies that NEXP does
not have polynomial size arithmetic circuits. Namely, if PIT has polynomial time deterministic
algorithms, then either permanent cannot be computed by polynomial size arithmetic circuits or
NEXP & P/poly. In Refs. | , | it was observed that a deterministic polynomial time
black-box PIT algorithm implies an exponential lower bound for a polynomial whose coefficients can
be computed in PSPACE. While this gives a stronger conclusion, we note that the result of | ]
holds both in the black-box model and in the white-box model, whereas that of | , | only
holds in the black-box model. Kabanets and Impagliazzo also showed an implication in the other
direction: a super-polynomial lower bound for the size of arithmetic circuits yields a deterministic
sub-exponential time algorithms for PIT. In Ref. | ] an (almost) analogous result to | | was
obtained for bounded depth circuits. These results highlight the tight connection between PIT and
lower bounds, and raise the question of obtaining efficient deterministic PIT algorithms for models
in which strong lower bounds are known.

We organize this Section according to what we view as the four main themes in the study of
the PIT problem. The first is devising randomness-efficient randomized algorithms for the problem.
These algorithms work for general arithmetic circuits. The second research direction is trying to
better understand the hardness of derandomizing PIT, mainly by connecting deterministic PIT
algorithms to circuit lower bounds. The third theme is the study of PIT for restricted models of
arithmetic circuits. Here the main research goal is not the restricted model itself, but rather the
understanding of the more general case, via some special instantiations of it. Finally, we discuss
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results connecting PIT to other problems in algebraic complexity such as polynomial factorization
and the isolation lemma (first defined and proved in Ref. | 1.

4.1 Generators and Hitting Sets

We start by defining the basic notions of generators and hitting sets and shortly discuss the relation
between them. A polynomial mapping G = (Gy,...,Gy,) : Ft — F" is a generator for the circuit class
M if for every nonzero n-variate polynomial’ f € M, it holds that f(G) # 0. In other words, the
polynomial f o G is not formally zero. The image of the map G is Im (G) = G(F?). Ideally, t should
be very small compared to n. A set H C F”" is a hitting set for a circuit class M if for every nonzero
polynomial f € M, there exists a € H such that f(a) # 0. A generator for M can also be viewed as
a polynomial map whose image contains a hitting set for M (when the field is large enough). That
is, for every nonzero f € M, there exists a € Im (G) such that f(a) # 0. The following lemma shows
that we can efficiently construct a generator given a hitting set and vice versa. From this point on
generators are always polynomial maps.

Lemma 4.1. Let |F| > n. Given a hitting set H C F™ for a circuit class M, there is an algorithm
that, in time poly(|H|,n), constructs a map G : Ft — F"™ with t = [log,, |H|] that is a generator for
M. Furthermore, the individual degrees of each G; are bounded by n — 1.

In the other direction, let G : Bt — F" be a generator for a circuit class M such that the individual
degrees of each G; are bounded by r. If M contains polynomials with individual degrees at most D
then for every set S CF of size |S| > rD it holds that H = G(S*) is a hitting set for M.

Sketch. Denote H = {ay,...,an}, where h = |H|. Let 41, ..., 7 be different elements in F!. We shall
define G so that G(y;) =

of G, that always has a solution due to choice of parameters.

The proof of the other direction follows by the fact that if f : F! — I has individual degrees at
most 7D then f(S%) £ 0. While this is a well-known fact we state it here as we shall use it many
times implicitly. The statement that we give is from Ref. | ]. The proof is by a simple induction
and is omitted.

a;. To do so, we need to solve a set of linear equations, in the coeflicients

Fact 4.1 (] ). Let f(x1,...,x,) be a polynomial over an arbitrary field F. Suppose that the
degree of f as a polynomial in x; is at most r;, for 1 < i < n. Let S; CF be a set of size at least
ri + 1.2 Then, if f is not formally zero then there exists (aq,...,a,) € S; X Sy X ... x S, such that
f(al,---,an) #O

O

The following is an immediate and important property of generators.

Observation 4.1. Let f = f1 - fo--- fr be a product of nonzero polynomials f; € M and let G be a
generator for M. Then f(G) # 0.

"We write f € M when f can be computed by a circuit from M.
2This is where we need F to be “large enough”.
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At times, we would like to use only partial substitutions. Given a subset I C [n], we define the
mapping G! as (G'); = G; when i € I and (G!); = x; when i ¢ I. In words, G! is the same as G in
entries in I and is the “original” variables in entries not in /. In addition, in a somewhat abuse of
notations, define f o G! def flgr to be the polynomial resulting from substituting the polynomial G;
to the variable z; in f, for every ¢ € I.

Observation 4.2. Let M be a class of circuits and let G be a generator for n-variate polynomials
in M. Let I C [n] and f € M be a nonzero polynomial. Then f|gr # 0. Moreover, if |F| is large
enough then there exists a € Im (QI) such that f(a) # 0.

Finally, we observe that adding generators for two different circuit classes gives one generator for
both classes.

Observation 4.3. Let G' : F — F" be a generator for M’ and G" : FY" — F™ be a generator for
M". Assume (w.l.o.g.) that the zero vector is in the image of both generators.® Then G : F'+t" — o
defined as G(y',y") = G'(v') + G"(y") is a generator for both M’ and M".

4.2 Randomized Algorithms

There are several different randomized algorithms for the PIT problem. The so-called Schwartz-
Zippel algorithm | , , | is based on the observation that by substituting random
values to the variables, from a large enough domain, one gets, with high probability, a zero value
only if the polynomial is zero. This is perhaps the simplest possible randomized algorithm known and
in spite (or perhaps because) of its simplicity it has found many applications in theoretical computer
science | , ) ]. The Schwartz-Zippel algorithm has a randomness-error tradeoff;
in order to reduce the error the algorithm uses more random bits. Chen and Kao | ] and Lewin
and Vadhan | | designed algorithms that have time-error tradeoff; to achieve smaller error the
algorithms need to run for a longer time. These algorithms require less random bits, compared to the
Schwartz-Zippel algorithm, but have worse running time.* The Chen-Kao algorithm | | works
over the rational numbers, while the Lewin-Vadhan algorithm [ ] works for any field. A different
algorithmic approach was suggested by Agrawal and Biswass | ]. They map the polynomial
computed by the circuit to a univariate polynomial of a very high degree, and then compute this
polynomial modulo a random low degree polynomial chosen from a carefully specified family of low
degree polynomials. This is a white-box algorithm, as in order to compute the remainder of the
polynomial division, one needs to access the intermediate computations performed at the gates of
the circuit. The advantage of this approach was demonstrated in Ref. | |, where a deterministic
algorithm for primality testing, that follows this scheme was given.

3This is a small technical requirement that is needed for handling models in which shifting an input by a constant
is not permitted (e.g. XII circuits). Clearly, adding the zero vector to the image can be done at a very small cost.

“We note that using expanders graphs one can always obtain time-error tradeoffs (see, e.g., ). The advantage
of Refs. [ , ] is that they provide additional insight into the structure of the PIT problem.
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4.2.1 The Schwartz-Zippel Algorithm

As mentioned above, the Schwartz-Zippel algorithm is based on the observation that a nonzero low
degree polynomial does not have too many zeroes. The proof is by an easy induction on the number
of variables and is left to the reader.

Lemma 4.2 (][ , ). Let f(x1,...,2,) be a nonzero polynomial of degree at most r, and
let T CF. If we choose a = (ai,...,a,) € T™ uniformly at random, then Pr[f(a) = 0] < r/|T).

The lemma suggests a randomized algorithm for PIT: given a degree r polynomial f(x1,...,x,),
pick at random a € T™ and check whether f(a) = 0. If f # 0, the probability of error is at most
r/|T|, and if f = 0, we are always correct. To achieve error of at most €, we should pick a set T" of
size |T'| > r/e. This requires n-[log(r/e)] random bits. Another corollary of Lemma 4.2 is that there
is a small hitting set for all polynomial size arithmetic circuits. The proof is by a simple application
of the union bound.

Theorem 4.1. For every n,r,s and a field F of size |F| > max(r?, s), there evists a set H C F" of
size |H| = poly(r, s) that is a hitting set for all circuits of size at most s and degree at most r.

Sketch. We first describe the proof over finite fields. By counting the number of directed acyclic
graphs (DAGs for short) we get that there are at most |F|?® - 52 arithmetic circuits over [ of size at
most s (this bound holds for circuits of fan-in two). Let H be a set of size 4rs chosen uniformly at
random from F". Lemma 4.2 tells us that the probability that a nonzero circuit ® of degree at most
7 vanishes on all points in # is at most (r/|F|)/* < |F|=*"s. By the union bound, it follows that
there is such a hitting set H for all nonzero circuits of size at most s and degree at most r.

When |F| is infinite, say F = Q, a slightly different argument is used. Here, the set of all
polynomials computed by some arithmetic circuit of size s is contained in the union of s2¢ manifolds,
one for each possible DAG, of dimension s each, that are obtained by varying the field constants.
One can now prove that when we pick a point at random (say, according to the Gaussian measure)
from F™, the set of polynomials that vanish at that point and that are computed by size s arithmetic
circuits is a manifold of dimension at most s — 1. Repeating this argument O(s) times we get the
required result. ]

The hitting set guaranteed by the theorem is not explicit, of course, and the main challenge is to
come up with explicit constructions of hitting sets.

4.2.2 Time-Error Tradeoff

We now present the Chen-Kao and Lewin-Vadhan algorithms that give time-error tradeoffs. Namely,
to reduce the error the algorithm does not invest more random bits, but rather runs longer. As
mentioned earlier, using expander graphs, one can obtain such algorithms in a “generic” way (see
Section 1.3.3 in | |). However, the results of Refs. | , ] provide more information on
the structure of the PIT problem compared to the generic algorithm and highlight how algebraic
independence could be used in this context.
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Theorem 4.2 (| ). Let f € Qlxy,...,zn] have individual degree at most r; in x;, for every
i € [n], and denote r = max; ;. Assume that each coefficient of f has bit length at most L. Then
there is a randomized algorithm that for every e > 0, decides correctly, with probability at least 1 — €,
whether f =0, using Y ;- [log(r;+1)] random bits and running time T = poly((L+rlog(nlogr))/e).

For comparison, consider the case when f is multilinear. In this case, in order to get error
e = 1/poly(n), the Schwartz-Zippel algorithm needs O(nlogn) random bits, whereas the Chen-Kao
algorithm uses only O(n) random bits, but requires a longer running time.

Sketch. The idea behind the algorithm is that if (a1,...,a,) are algebraically independent over Q
then f =0 iff f(a,...,a,) = 0. Clearly, algebraically independent numbers are transcendental over
Q, so instead of using them, we should pick numbers whose annihilating polynomial is of high degree.
However, such numbers must be irrationals and so we cannot use them as inputs either (they have
an infinite length bit representation). Nevertheless, one can hope that by truncating the a;’s we still
get numbers that low degree polynomials do not vanish on. This is of course not true as for any
given (rational) n-tuple we can find a low degree polynomial f that vanishes on it. Chen and Kao
solve this by considering the truncation of all conjugates to (a1, ..., a,) and then picking a conjugate
at random. The point is that no low degree polynomial can vanish on too many of those conjugates.
We now present the formal argument.

Denote k; = [log(r; +1)| and k = max; k;. Let {pi,j}z‘e[n},je[k] be the first nk primes. For every
i € [n]and j € [k;], let b; j € {0,1} be a bit, and denote b = (b; j); ;. The basic observation behind the

algorithm is that if we set wgb) = Z?;l(—l)bim /Pi,j» then Galois theory (see, e.g., Morandi [ )]
tells us that

fan,... ) =0 < f@ . x0)=o, (4.1)
as the field @(ﬂ'gb), e ,71'](.2_?1) has degree 2¥i+1 over Q(ﬂ'gb), e ,7r](-b)), and so by induction if we know

that f(wgb), ... ,W§b),$j+1, ..., xy) Z 0, then also f(ﬂgb), .. .,Wj(ljzl,:njH, ...,xy) £ 0. Note that 7ri(b1)
(b2)

,  are conjugates, for any b; and bs.

(0)

Since the m;’s are irrational numbers, Chen and Kao proposed the following randomized algo-
rithm. Choose b uniformly at random (i.e. choose random conjugates) and let ¢; ; be the rounding
of \/pij at the £’th position after the radix point in binary representation (¢ is the parameter that

determines the error). Set agb) = Z?;l(—l)bi’j ¢ij. Accept if and only if f (agb), . ,aq(%b)) # 0. Note

that the algorithm uses ), k; = >, [log(r; + 1)] random bits.

and 7

We now give the idea behind the analysis. We will bound from below the value of f (agb), , %b))
as a function of r, £ and n. Galois theory also tells us that the product, over all choices of b, of

£( (0) (b)

7™ ,...,Tp ) is a nonzero integer. In other words, as long as f is nonzero,

‘Hf(b)‘ > 1, (4.2)
b

where f(®) = f(T['gb), . ,w,(f’)). The idea now is to show that each | f(*)| is not too large, which implies
(b)

that most of the multiplicands cannot be too small in absolute value. Consequently, as a; "~ is not

“too far” from ng), the same conclusion holds for f (agb), e ,agb)), implying that it is nonzero with

high probability. We now give a more formal explanation.
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By the prime number theorem, /p;; < O(y/nklog(nk)). Hence, regardless of b, |7ri(b)| <

O(k+/nklog(nk)). As f has degree at most r in each variable, it has at most n"*! monomials.
Since the bit length of each coefficient is at most L, we get that for every b,

£ = £, . 7)) < 0L (O(ky/nk log(nk)))” - 2L & om

Equation (4.2) thus implies that, for every ¢ > 0, the fraction of b's for which [f®)] < 27 is at
most m/(m + t). In other words, the fraction of b’s for which |f®)| > 27 is at least t/(m +t). We

now show that for every such b, and an appropriate choice of ¢, 1t holds that f (a1 ), . ,a;b)) # 0.
Indeed, as |g;i; — pij| < 27% we have that for each b, |a Eb) - Z- ] < k27¢. Using the estimate
|2¢ — y¢| < |z —y| - e - max(z,y)¢" !, we get that

@0l = pm?, . w )| < 2 g tronr <) i,

n

where inequality () holds when ¢ > m + logr +t 4+ 1. For such an ¢, we thus have

‘f a ,...,a;’)))’ > ‘f(ﬂ'gb),...,ﬂ’y(zb))‘ —97tml > 971 5
To better understand the parameters, for £ = m/e + logr + 1 and t = £ — m — logr — 1, we
have that the error probability is at most m/(m + t) = e. The number of random bits used is
Yo [log(r; +1)] and the running time it takes to “prepare” the inputs {al(-b)} is polynomial in n
and in £ < O((L + rlog(nlogr))/e). O

The algorithm seems to heavily rely on Q being the underlying field. Lewin and Vadhan [ ]
showed how to extend it to the case of finite fields as well (in fact their algorithm works over any
field). The main idea is to find the “correct” finite field analogs of the notions used by Chen and
Kao [ |: irreducible polynomials instead of prime numbers, infinite power series instead of square
roots, and truncation modulo z¢ instead of truncating after the £’th bit. Since the algorithm and its
analysis are not very different than that of Chen and Kao, we refer the reader to Ref. | | for a
proof.

Theorem 4.3 (] ). Let f € Flx1,...,zy,] be of degree at most r; in x; over some finite field
F. Then there is a randomized algorithm that, for every e > 0, decides correctly, with probability at
least 1 — €, whether f =0, using Y ., [log(r; + 1)] random bits and running time T = poly(rn/ec).
This algorithm can work in the black-box model, given access to a polynomial size extension field of
F (unless F is already large enough).

4.2.3 The Agrawal-Biswass Algorithm

Assume that ® is an arithmetic circuit computing a polynomial f of individual degrees smaller

than r. Consider the substitution x; = y’"i. It is not hard to see that f(z1,...,z,) = 0 iff f, def

f,...,y"") = 0. The idea of Agrawal and Biswass | | is to use the Chmese Remainder
Theorem in order to reduce the degree of f,. Specifically, they find a relatively small set of low degree
co-prime polynomials, {g;(y)}icr, and check whether f, = 0 mod g;, for each i € I. The Chinese
Remainder Theorem implies that when ), deg(g;) > deg(f,) it holds that f =0 Viel f, =0
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mod g;. As the g;’s are of low degree, it is relatively easy to verify whether f, = 0 mod g; when
® is given to us. Agrawal and Biswass in fact do something more sophisticated. They give a set of
polynomials that are not co-prime, but rather the least common multiple of any large enough subset
of them (say, of size at least ¢|I|) has high degree. Their randomized algorithm simply picks one g;
at random, and checks whether f, =0 mod g;. This gives an algorithm whose error is at most ¢, as
the following theorem shows.

Theorem 4.4 ([ ). Let @ be an arithmetic circuit of size s computing a polynomial f of degree
at most r; in x;, for every . For every € > 0, there is a randomized algorithm that, with probability
at least 1 — ¢, decides correctly whether f = 0. The algorithm uses [y .~ logr;]| random bits and
works in time poly(n, s, 1/€,1og(q)), when the field is of size q. For fields of characteristic zero, a
similar result holds, with a dependance on the bit length of the coefficients instead of the field size.

4.3 PIT and Lower Bounds: Hardness-Randomness Tradeoffs

The hardness-randomness paradigm in computer science (roughly) says that hard functions exist
iff one can derandomize any (polynomial time) randomized algorithm. The intuition being that if
a function is hard to compute then its output looks random (to an efficient algorithm) and vice
versa. A prominent example is Impagliazzo and Wigderson’s proof that if E requires exponential size
Boolean circuits then BPP = P [ ]. In other words, they showed that if there are hard (explicit)
functions then randomness is not essential for computation. As for the other direction, Impagliazzo
et al. | | showed that derandomizing promise-BPP will imply that NEXP ¢ P/poly. In recent
years, similar results were obtained for arithmetic circuits. We shall now review these results and
sketch their proofs.

In | | Kabanets and Impagliazzo showed that derandomizing PIT implies arithmetic lower
bounds for NEXP. More precisely, they proved the following theorem.

Theorem 4.5 (| ). The following three assumptions cannot be simultaneously true.

1. NEXP C P/poly.
2. Permanent is computable by polynomial size arithmetic circuits over Z.

3. There is a (non-deterministic®) sub-exponential time algorithm for PIT.

Stated differently, derandomizing PIT implies either a Boolean lower bound for NEXP or an
arithmetic lower bound for permanent. We shall later see a result in the reverse direction as well,
namely, that lower bounds for arithmetic circuits imply derandomization of PIT. It is an interesting
example where a lower bound gives an upper bound (PIT algorithm) and vice versa. Before sketching
the proof, we describe one high-level part of it. Assuming that permanent has small circuits and
that we can solve PIT efficiently and deterministically, we can obtain an efficient non-deterministic
uniform algorithm for permanent: simply guess a small circuit for permanent and then verify its
correctness, using the self-reducibility of permanent and the PIT algorithm. As permanent is hard
for the polynomial hierarchy, we do not expect it to have an efficient non-deterministic algorithm.

5Recall that PIT is in co — RP, but is not known to be in NSUBEXP.
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Sketch. Consider the Boolean language 0-1-Perm comprising of all pairs (M, v), where M is an n xn
matrix with 0/1 entries, v is a string of O(nlogn) bits representing an integer and PERM(M) = v.
Assume for a contradiction that all three assumptions hold. We will reach a contradiction by showing
that these assumptions imply that co-NEXP C NSUBEXP = N.oNTIME(2™), which is false (this
can be shown by a diagonalization argument).

Valiant’s theorem that 0-1-Perm is #P-complete [ | implies that if 0-1-Perm is in NSUBEXP
then P#P C NSUBEXP. In Ref. | ] it was shown that NEXP C P/poly implies that NEXP = co-
NEXP = MA. By applying Toda’s theorem that PH c P#P | ], it thus follows, under our
assumptions, that if 0-1-Perm is in NSUBEXP then co-NEXP c P#P ¢ NSUBEXP.

It therefore suffices to show that if there is a (non-deterministic) sub-exponential time algorithm
for PIT and permanent is computable by polynomial size arithmetic circuits over Z, then 0-1-Perm is
in NSUBEXP. The idea is to use the self-reducibility of permanent. For an n x n matrix X = (z; ;),
denote by X; the sub-matrix obtained by deleting the first row and j’th column from X. Thus,
PERM(X) = >"_; #1;- PERM(Xj). Now, assuming that permanent has polynomial size arithmetic
circuits, we can guess such a circuit ®,, using non-determinism. Given such a guess ®,,, construct,
for every 1 < m < n—1, a circuit ®,, computing the permanent of an m x m matrix by substituting
zero-one values to the appropriate variables in ®,,. Now, for every 1 < m < n, write the identity

X(m Zwlj) ®,,_ 1 X(m))
7j=1

where X (™) is an m x m matrix of variables. In addition, consider the identity ®;(x) = . It is not
difficult to show that if all these n identities hold, then ®,, indeed computes permanent. Using the
sub-exponential time PIT algorithm, we can verify that all these identities hold, and thus guarantee
that ®,, computes permanent. This shows that 0-1-Perm is in NSUBEXP, which is what we wanted
to prove. [

This proof holds in the black-box model as well as in the white-box one. For the case of black-box

algorithms, Heintz and Schnorr, and later Agrawal, proved a more straightforward result [ ,

|. The idea behind the proof is that given a small hitting set, we can find a nonzero polynomial

that vanishes on all the points of the set. This immediately implies that this polynomial has high
circuit complexity.

Theorem 4.6 (] , ). Let T : N — N be a monotone increasing function. If there is a
black-box deterministic PIT algorithm that runs in time T(s) for arithmetic circuits of size s, then
there is an n-variate polynomial whose coefficients are computed in PSPACE that requires arithmetic
circuits of size at least T—1(exp(n)), where exp(n) means c® with ¢ > 1 and T~ is the inverse
function of T.

For example, if T'(s) = poly(s), we get an exponential lower bound for the size of arithmetic
circuits, and if T'(s) = exp(poly(log s)), the lower bound is of the form exp(n®).

Sketch. Let H be the hitting set generated by the algorithm. Clearly, |H| < T(s). Using simple

interpolation, we can compute in PSPACE the coefficients of a nonzero polynomial f(yi,...,¥yn),
with n = O(log T'(s)), satisfying f(a) = 0 for every a € H. It is clear that f cannot be computed by
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a size s circuit, as any circuit of size at most s that vanishes on all points of H is the zero polynomial.
The circuit-size of f is thus at least s = T~ !(exp(n)), as required. O

This proof highlights, in a more direct way, the relation between PIT and proving circuit lower
bounds. This result, however, does not imply lower bounds for permanent as we are only guaranteed
a lower bound for a polynomial whose coefficients are computed in PSPACE. It is an interesting

question whether from any black-box PIT algorithm one can get a lower bound for a polynomial in
VNP.

Open Problem 17. Assume that an arithmetic circuit class C has a PIT algorithm that runs in
time poly(s) for circuits of size s. Does the permanent require super-polynomial circuits from C?

So far we have seen that PIT algorithms imply lower bounds. Next we shall see the other direction,
that lower bounds for arithmetic circuits imply efficient deterministic PIT algorithms. The first such
result was proved by Kabanets and Impagliazzo [ ].

Theorem 4.7 (| ). Let F be a large enough field (of size at least some polynomial in n) and
s : N — N be a monotone increasing function. Assume that a multilinear m-variate polynomial
f(z1,...,2m) cannot be computed by size s(m) arithmetic circuits over F. Then, there is a deter-
ministic black-box PIT algorithm for arithmetic circuits in n variables, of polynomial degree over I,
that runs in time exp((s~!(poly(t)))?) for size t = t(n) > n circuits.

To make sense of the parameters, consider the case when we have an exp(n) lower bound. Then,
we get a PIT algorithm for that runs in time exp((logn)?) for poly(n)-size circuits. If the lower
bound is exp(n°), then we get an exp(poly(logn))-time PIT algorithm for poly(n)-size circuits. In
general, if the lower bound is super-polynomial in n, then the PIT algorithm will be sub-exponential.

Proof. The proof is similar in nature to the proof of Nisan and Wigderson | | and in partic-
ular uses an arithmetic analog of the so-called NW-generator. The next lemma both defines and
guarantees the existence of NW-designs. The proof of the lemma can be found in Ref. | ]

Lemma 4.3. Let n,m be integers such that n < 2™. There exists a family of sets Si,..., Sy C [k]
with k = O(m?/log(n)) so that (1) for each i € [n] it holds that |S;| = m, and (2) for everyi # j in
[n] we have that |S; N S;| < log(n). This family of sets can be constructed deterministically in time
poly(n, 2¥). Such a family is called an NW-design.

Given such an NW-design and the “hard” polynomial f, we construct the hitting set as follows.
Let m = m(t) be such that s(m) > t°), the exact value of the O(1) in the exponent will be
determined later. Consider an NW-design Si,..., S, with parameters m and n (note that n <
2™ as f is multilinear and hence s is at most exponential). Define the map G : F¥ — F" as
Gy) = (f(ylsy),---» f(yls,)), where y|g, is the restriction of y to the entries in \S;, namely, y|s, =
(ijyjz:"'vyjm) with S; = {jl < Go < e <jm}

We now show that for any size ¢ circuit ®, it holds that ® = 0 iff ®(G) = 0. One direction is
trivial. The other direction is proved using the “hybrid” method. Assume for a contradiction that
®(G) =0 but ® # 0. Then, there exists i € [n] such that

(P(f(yysl)7 . '7f(y‘51)’$i+17 s )xn) §é 0 but (I)(f(y‘&)’ ) f(y|5i+1)733i+27 s 7xn) =0.
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As T is large enough, by fixing the values of x;49, ..., x, to appropriate field elements a;12, ..., ay,
we get that there is a circuit ¥ in k£ 4 1 variables such that

U(y,2) € o(f(yls)), .., FWls,) 2 aira, - an) 20 but U(y, f(yls,,,)) = 0.

Without loss of generality, assume that S;11 = [m]. We can further fix values bp,41,...,b; to
Ym+1,- - -, Yk such that

def
\Ij/(ylw"aymvz) é \I’(yl,...,ym,bm+17...,bk,2’) $—£0

Here is the point where we use the design property: as for every j < i+ 1 we have |S; N S; 41| < logn,
each of the polynomials f(y| Sj)}y rmbo 1o n=br has a circuit of size poly(n) (it is a multilinear
polynomial with < logn variables). Therefore, ¥’ has a circuit of size ¢ + poly(n). Since

\Il/(ylw"aymvz) 7_é 0 but \P,(ylv"' >ym7f(y17"'aym)) = 07

we get that z — f(y1,...,ym) is a factor of ¥'. The following factoring result by Kaltofen | ]
now tells us that f(y1,...,ym) has a circuit of size poly(t(n) + poly(n)) = tOW),

Theorem 4.8. There is a probabilistic polynomial time algorithm that gets as input an arithmetic
circuit of size s computing a polynomial g € Flxy, ..., x,] of total degree at most r and outputs, with
probability at least 3/4, integers ey, e, ... e > 0 and circuits @1, Po, ..., D, each of size at most
poly(s,r,log |F|), computing irreducible polynomials hy,ha, ..., h. such that g = H:lzl hit. In case
the characteristic q of F divides any e;, i.e., e; = qkie’i with € not divisible by q, the algorithm returns
e; instead of e;, and the corresponding arithmetic circuit computes hgki instead of h;. For F =Q, the
size of the produced arithmetic circuits is at most poly(s,r, L), where L is the size of the mazximal
coefficient in g.

The polynomial f(y1,...,¥mn) thus has an arithmetic circuit of size t9®) The lower bound on f
implies that t?(1) > s(m), but this contradicts our choice of m. We conclude that ® = 0 iff ®(G) = 0.
As f and ® have degrees poly(n), we get that ®(G) has degree at most poly(n). Thus, if we evaluate
®(G) on all points in A*, where A C T is a set of size poly(n), we get that ® = 0 iff &(G(A*)) = {0}.
This gives a hitting set of size poly(n)F = poly(n)™"/108" = exp((s~1(t°1))2). O

Using the ideas of the theorem above and of Theorems 2.9 and 4.6, Agrawal and Vinay proved
that a polynomial size hitting set for depth-4 circuits gives rise to a quasi-polynomial size hitting set
for general arithmetic circuits | ].

Theorem 4.9 ([ ). If for every s there is an efficient way to construct a hitting set of size
poly(s) for SIIXIL arithmetic circuits of size s, then in time exp(log?(s)) one can construct a hitting
set for general arithmetic circuits of size s.

Sketch. The idea is that if we have a polynomial size hitting set for depth-4 circuits, then Theo-
rem 4.6 guarantees a polynomial that requires exponential size depth-4 circuits. Theorem 2.9 and
the discussion following it imply that this polynomial actually requires exponential size general arith-
metic circuits. By Theorem 4.7, this implies the existence of a quasi-polynomial size hitting set for
general circuits. O
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The following question is thus as interesting as the general PIT question.

Open Problem 18. Derandomize the black-box PIT problem for XIIXII arithmetic circuits.

The result of Agrawal and Vinay requires an exp(n) lower bound for depth-4 circuits in order to
obtain exponential lower bounds for general circuits and thus derandomize PIT. But, what can we
conclude if we only have lower bounds of the form exp(n®) for depth-4 circuits, or even just super-
polynomial lower bounds? What if we have lower bounds for a larger depth? A close inspection
of the proof of Theorem 4.7 shows that the use of Kaltofen’s factoring algorithm requires the lower
bound to hold for general arithmetic circuits and not just for bounded depth circuits (this is the case
since Kaltofen’s factoring algorithm does not preserve depth). A partial answer was given in | ]
where it was shown that exponential lower bounds for depth-d circuits imply quasi-polynomial time
deterministic algorithms for PIT of depth-(d — 5) circuits, assuming that the polynomial computed
by the circuit has individual degrees at most poly(logn). The idea behind this result is to replace
Kaltofen’s factoring algorithm with the following root finding result that basically says that if z —
flx1,...,x,) is a factor of U(zy,...,zy, 2), where U is a small depth-d circuit with a small degree
in z, then f can be computed by a small arithmetic circuit of depth at most d + 3.

Theorem 4.10. Let n,s,r,m,t,d be integers such that s > n. Let F be a field which has at least
max{mt + 1,7 + 1} elements. Let g(z1,...,Tpn,2) € Flx1,...,2p, 2] be a nonzero polynomial with
deg(g) < t and deg,(g) < r (i.e. the degree of z in g is at most r) that has a depth-d arithmetic
circuit of size s over F. Let f(x1,...,2zyn) € Flz1,...,2,] be a polynomial with deg(f) < m such that
g(x1,... 2y, f(x1,...,2y)) =0. Then f(x1,...,2,) can be computed by a circuit of size poly(s,m")
and depth d + 3 over F.

We do not prove this theorem here but only give the idea behind the proof. Newton’s method
(also known as Hensel’s lifting lemma) provides a general way for finding roots of a given function.
In our case, we apply this method to the polynomial g with the intention of finding the root f of
g. The proof follows by showing that, with some careful manipulation, Newton’s method actually
implies that the complexity of f is not much larger than that of g.

Given the theorem above one can follow the proof of Theorem 4.7 to conclude the following analog
for the case of bounded depth circuits.

Theorem 4.11 (] ). Let d be an integer, ¢ > 0 a real number and F a finite field. Let
f €F[zy,...,x,] be an explicit polynomial of degree poly(n) such that any depth-d circuit computing
it has size at least 2°°. Then, the black-box PIT problem for polynomial-size depth-(d — 5) circuits,
having individual degrees at most poly(logn), can be solved deterministically in time exp(poly(logn)).

It is an intriguing question whether one can factor polynomials, or even just compute factors that
are linear in some variable, without increasing the depth by much.

Open Problem 19. Let f(x1,...,2n,2) be computed by a depth-d size s circuit. Is it true that any
factor of f can be computed by a depth-O(d) size poly(s) circuit? What about factors that are linear
inz?

The results that were described in this section give tight relations between PIT and lower bounds.
In Section 3.6 we saw that quasi-polynomial lower bounds are known for multilinear formulas, and
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that for constant-depth multilinear formulas exponential lower bounds are known. Unfortunately,
the results of | , ] require lower bounds for general circuits and not just for multilinear
circuits. We therefore would like to understand whether one can use lower bounds for weak models
to obtain PIT algorithms (for the corresponding weak models). As we shall see in Section 4.8,
[ , | use a lower bound for sums of read-once formulas, to obtain a PIT algorithm for that
model. It is a very interesting question to understand whether this can be achieved for other models
as well.

Open Problem 20. Is there a way to transform lower bounds for multilinear circuits to PIT al-
gorithms for some model of multilinear circuits or formulas? What if we have a (slightly) super-
polynomial lower bound for arithmetic formulas, can we use it to get a sub-exponential time PIT
algorithm for arithmetic formulas?

As we shall see in Section 4.5, Raz and Shpilka | | obtained a polynomial time (white-box)
PIT algorithm for noncommutative formulas. Their proof does not transform the lower bound of
Nisan | ], discussed in Section 3.4, to a PIT algorithm but rather relies on the intuition gained
in the proof of the lower bound to design the algorithm. Therefore, we may hope that even if there
is no clear way of transforming lower bounds for multilinear formulas into PIT algorithms, that we
can still use the intuition gained in the lower bounds proofs to design such algorithms.

Open Problem 21. Give a deterministic sub-exponential time identity testing algorithm for multi-
linear formulas.

4.4 Sparse Polynomials

Sparse polynomials are polynomials having a small number of monomials. We will be mostly inter-
ested in the case when the number of monomials m is polynomial in the number of variables. In
other words, we will be interested in polynomials that have polynomial size 11 circuits. This model
is of course the simplest and “most explicit” way for computing and representing a polynomial: the
polynomial is given by its list of coefficients. As such, the polynomial identity testing problem for this
model attracted a lot of research and many algorithms were devised for it, see Refs. | , ]
and references therein.

In this section we give the proof of Klivans and Spielman [ | for identity testing of sparse
polynomials. The main idea is to reduce the multivariate problem to a univariate problem. Namely,
to generate from each sparse polynomial f a univariate polynomial f and then check whether f =0.

Assume that the unknown polynomial is f(z1,...,2,) and that its (total) degree is smaller than r.
Consider the substitution x; =y . Any two different monomials of f are mapped to different powers

of y, and so f( ) f(y ,ooy” ) = 0 iff f = 0. Therefore, all that we have to do now is to check
whether a univariate polynomial is identically zero or not. This can be easily achieved by querying
f on deg( f) many points. The problem with this approach is that deg( f ) can be exponentially
large. Recall tat this is the same problem that faced Agrawal and Biswass in Section 4.2.3. Here,
Klivans and Spielman handle this by picking some prime p = O(max(r,mn + 1)) and making the
substitution z; = y" ™°4P. The problem now is that different monomials in f can be mapped to the
same monomial in f and can therefore cancel each other. To overcome this difficulty, they consider
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all substitutions of the form x; = y* ™°dP for all integers k € [mn + 1]. They show that for at least
one of these k’s, at least one monomial of f will be uniquely mapped to a monomial of f, and this
will give that f = 0 iff f = 0, with the additional property deg( f ) < rp. By evaluating f in 7p many
points we can check whether f = 0. We now give the formal details of the proof.

Theorem 4.12 (| ). Let f be a nonzero n-variate polynomial of individual degrees smaller than
r, that has (at most) m monomials over F. Let p be a prime larger than max(r,mn~+1). Then, there
1

is some k € [mn + 1] such that the univariate polynomial f(y) def fly,yF modp ,yknf1 mod p)

is not identically zero, and of degree at most rp — 1. Hence, if S C F is of size at least rp then
evaluating f on all points of the form (y,yk1 modp 7yknfl mod ) for y € S is a hitting set for
f- In particular, when m and r are polynomial in n we get a deterministic polynomial time PIT

algorithm by testing this for every k € [mn + 1].

Proof. Let f = 377" ), where 7(j) = (r(j)1,...,7(j)n) and 2"0) = xq(j)lxg(j)z gt Con-
sider the substltutlon T; = yk mod p - The monomial 2"0) is mapped to y2iz1 7(@)i(k ™! modp) e
will show that for some choice of k € [mn + 1], there exists j € [m] such that the monomial ") is
mapped uniquely to ,142?:17"(3')1'(’&71 mod p) which implies that f (y) # 0. To see this, observe that if

2"0) and 2"U") are mapped to the same y monomial, then 37, 7(5); (k"' mod p) = 327", r(5"); (k"

o . d
mod p). The last equality implies that for any such pair j # 5/, it holds that > &, r(j)k" ! =P

S r(5)ik . As r < p, it holds that 7(j) # r(j’) modulo p. Thus, a bad “event” can happen

only if k is a root of the nonzero polynomial g; j/(2) & S (r(5)i —r(5)i)2"! over F,,. Fix some
Jjo such that ¢, # 0. There are m different polynomials gj, j(2). As deg(g;,,;(2)) < n — 1, it follows
that there are at most mn different values of k that can be roots of any of these polynomials. Since
mn + 1 < p, there exists some k € [mn + 1] that is not a root of any of the gj, j(2)’s. For this k, we
get that 2"U0) was mapped uniquely to some y monomial. ]

The bit length of the points on which we evaluate f can be as large as m log m, however, using the
Chinese Remainder Theorem this can be reduced to O(lognr). We omit the details of this reduction.

As mentioned above, there were other deterministic PIT algorithms for sparse polynomials prior
to [ ]. The main difference between the various algorithms is the bit length of the points on
which one evaluates the polynomial and the exact size of the hitting set constructed. We refer the
interested reader to Ref. | | where these issues are discussed.

In | | a slight twist of the above result was considered in which we do not have a polynomial
bound on the degree of f but instead we are assured that f (which is sparse) is computed by a size
s circuit (that does not necessarily have small depth). This implies that deg(f) < 2°. Note that the
size of the hitting set constructed in Theorem 4.12 is polynomial in the degree, which is not efficient
when s = poly(n). Bléser et al. gave a deterministic PIT algorithm, with running time poly(m,n, s),
for such circuits | ]. The algorithm is black-box over Z and white-box over finite fields. Their
black-box algorithm basically evaluates the polynomial on points of the form (kro, ey k:’“n_l) mod p
for several different primes p and all points k € F,.°

In fact, the size of the hitting set over Z is polynomial in L, which is an upper bound on the bit length of the
coefficients of the underlying polynomial.
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4.5 Noncommutative Formulas

In Ref. | | a deterministic, polynomial time, white-box algorithm for PIT of noncommutative
formulas was given. Besides the model of sparse polynomials, this is the only “complete” model of
computation for which polynomial time deterministic PIT algorithms are known. This algorithm also
plays a role in Saxena’s [ | PIT algorithm for the so-called diagonal circuits, see Section 4.7.1.

The algorithm of Raz and Shpilka | | relies on the fact, shown in Section 3.4, that a noncom-
mutative formula can be simulated efficiently by an ABP. The algorithm, in fact, works also for the
more general model of noncommutative ABP’s. We first give a sketch of the argument. Given an
ABP A, computing a polynomial f(z1,...,2,), we can construct, for every monomial of the form
z;x; (i may be equal to j), a new ABP that computes the part of f containing all monomials that
“start” with x;x;. Since we are working in the noncommutative polynomial ring, A computes the
zero polynomial iff all the new ABP’s compute the zero polynomial as well. We now explain how
to merge the new ABP’s to a single ABP ./Zl, which has one less level, such that A is identically
zero iff A is identically zero. A is constructed by removing from A the vertices of level 1 and the
edges adjacent to them, and then connecting the source directly to level 2. The technical part is the
labelling of the new edges, going out of the source, with the “correct” linear functions (recall that
every edge is labeled with a linear form). The naive way of replacing each term of the form x;x;
with a new variable y; ; does not work, as in this way the number of variables introduced after k&
steps can be as large as n?*. The main point in the argument is that the number of new variables
is never larger than O(s + n), and this is achieved by the “correct” labelling. We now give a more
formal explanation.

Let A be an ABP with levels 0, ...,d. Denote by mj1 and mo the number of vertices in levels 1
and 2 of A, respectively. Denote by vi, the source of A and by voy the sink of A. Let vy, ..., v, be
the vertices in level 2 of A. Let A(v,vout) be the polynomial that is computed by the ABP with the
vertex v as source and vy, as sink. By definition,

A 'Um, Uout § -A 'Umy vz : (Uia ’Uout)-

1€[ma]

For every i € [mg], we can express A(vin, v;) as

Ulnavl = Z azkxk + Z 51,] kTjTE + Z Yi,5,kLkLj-

1<k<n 1<j<k<n 1<j<k<n

We thus have
A(Uinyvout) = Z .73k2 Z QK - A(Uiavout)

1<k<n  i€[ma]

+ > wimk Y Bk A vew) + Y @kdy Y Yk - A, Vout)-

1<j<k<n i€[ma] 1<j<k<n i€[mz]
The next claim now follows, as we are working in the noncommutative polynomial ring.

Claim 4.1. A computes the zero polynomial iff for every 1 <k <mn,

Z a; g - A(vi, Vous) = 0,

ie[mg]
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and for every 1 < j <k <n,

> Bigk - AWivout) = Y ik - A, voutr) = 0.

i€[ma] i€[ma]

For simplicity of notation, define the following vectors

ap = (al,kaQQ,ku"°7am2,k)) 1 < k Sna
Bik = Bk B2jks -+ Bmajk)s 1<j<k<mn,
Yik = (fyl,j,k772,j,k7 s 7’7m2,j,k)7 1 < j <k < n, and

a = (A('Ul, vout)7 A(”Q? Uout)a e ,A(vm27vout))-
The claim tells us that A(vin, vout) = 0 iff for every 1 < j < k < mn,

(a,a) = (Bjr,a) = (Vjx, a) =0,

where (-,-) is the inner product form. Consider V' = span{ag,Bj,Vjk}jk- Stated differently,
A(Vin, vout) = 0 iff @ L V. Let d = dim(V) < mgy and uy,...,uq be a basis for V. Note that as
we work in the white-box model, we can easily compute ay, 3;x,7;r and hence we can efficiently
compute a basis of V. Denote u; = (uj 1, ..., Ujm,). For i € [my], define the linear form

Ei(yh ceey yd Z UjiYj-

JE[d]
We thus have
-’Zl § Z l- A quout Z Yj Z Uj,g - quout) = Z yj(uj7a>
i€[ma] JEld]  i€[ma] Jj€ld]
which implies
A=0 & Vjeld (uj,a)=0 & A=0.
Notice that A can be computed by an ABP with d — 1 levels in the following manner. Remove all the
vertices in level 1 from A. For every i € [mg], connect v; to the source with an edge labelled by ¢;. We

now give a bound on the number of operations needed to construct A, given A. With O(m1 -ma-n?)

operations we can compute the vectors {ay, 5jk, Vjk}jk We can compute the ¢;’s with O((n?+my)-

n? - mg) operations, using Gaussian elimination. Thus, using O (m2 nt4+md-n?+myg-my- nz)

operations we can transform A to A.

Theorem 4.13 (| ). Let A be an ABP of size s, then we can deterministically verify whether
A =0 in time O(s® + s - n?).

Proof. The size of Ais s = mq + ... + mg, where m; is the size of level i. By the above procedure,
we can reduce A to an ABP with two levels in d steps. After the i’th step, we have an ABP in at
most n + m;41 variables (where mg = 1). The reduction, therefore, runs in time

d—1
0 (Z mip1 - (mi+n)* + (mig1)? - (mi +n)* +mg - mig - (my + n)2> =0(s"+s-n").
i=1

As we can efficiently verify whether an ABP with two levels is identically zero or not, the result
follows. m
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This algorithm runs in polynomial time but it works only in the white-box setting. It is thus
an interesting question to find a black-box algorithm for the problem. Any black-box algorithm will
need to make assignments from a noncommutative domain, as otherwise it will make a mistake, e.g.,
on the polynomial zy — yx which is nonzero when x and y do not commute. In the next section we
present randomized noncommutative PIT algorithms.

4.5.1 Randomized Noncommutative PIT Algorithms

The first such algorithm was given by Bogdanov and Wee | |, that presented a noncommutative
analog of the Schwartz-Zippel algorithm. A nontrivial extension is required as, e.g., the polynomial
xy — yr is nonzero in the noncommutative world but vanishes whenever the inputs come from a
commutative domain.

Theorem 4.14 (| ). There exists a black-box, randomized identity testing algorithm for the
class of noncommutative degree d n-variate polynomials that uses O(dlognlog(dlogn/e)) random
bits and succeeds with probability 1 — €.

The algorithm is based on a classical theorem of Amitsur and Levitzki saying that over any field

F the matrix algebra F¥** does not satisfy any polynomial identity of degree less than 2k | ]. In
other words, for every nonzero polynomial g(z1,...,x,) of degree smaller than 2k, there exist k x k
matrices Aj,..., A, such that g(A4i,...,A,) is nonzero. For example, for xy — yz, we have

01 0 -1 0 -1 01| |1 0 -1 0| (20
[1 0H1 0 }_{1 0 H1 o]_[o —1}_[ 0 1]_{0 2]‘

The high-level idea behind the Bogdanov-Wee algorithm is the following. Let f(z1,...,zy) be
a noncommutative polynomial of degree r. Evaluate f on random r x r matrices over F (we need
to assume that [F is large enough, otherwise we pick matrices over an extension field). After this
substitution, f computes an 7 X r matrix in which each entry is a degree r polynomial in the entries
of the n matrices. If f is not a polynomial identity for F"*", then some entry of f computes a nonzero
polynomial of degree at most r in the entries of the matrices that we picked. In particular, if we
pick the matrices at random then by the usual commutative version of the Schwartz-Zippel lemma
f will compute a nonzero matrix with high probability. Furthermore, we may obtain a lower bound
for this probability via the commutative Schwartz-Zippel lemma. While this is the main idea behind
the algorithm, Bogdanov and Wee use another trick in order to optimize parameters. Roughly, they
pick the random matrices from a linear subspace where some entries of the matrices are fixed to zero,
and the remaining entries are chosen randomly from some subset T' C F.

In Ref. | ] a randomized algorithm based on the so-called isolation lemma and that uses
ideas from automata theory was given. To explain their approach, we first recall some standard
automata theory (see, e.g., Ref. [ ]). Fix a deterministic finite automaton A = (Q, 3, d, qo, ¢f)
that takes inputs from >*, where () is the set of states, 3 is the alphabet, § : Q x ¥ — @ is
the transition function, and gp and gy are the initial and final states, respectively. For each letter
w € X, let 6y, 1 Q@ — @ be defined by d,(q) = d(¢g,w). Define the transition matriz M, to be the
|Q| x |Q| matrix given by My (q,q") = 1 if 0,(¢) = ¢’ and My (q,q") = 0 otherwise. For a word
W = wiws ... wy € X¥, we define My = My, -+ M,,, and if @ is the empty string then My is
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the identity matrix. Let d5 denote the natural extension of the transition function to w (if w is the
empty string then dy is simply the identity function). As before, we have My (q,q') = 1iff §5(q) = ¢'.
Specifically, Mg (qo,qr) = 1 iff w is accepted by the automaton A.

The authors of Ref. [ | use automata to get a randomized PIT algorithm in the following
way. Let ® be the noncommutative circuit that we wish to test. Let A = (Q, X, 4, qo, ¢s) be a finite
automaton over the alphabet ¥ = {z1,...,2,} and define the matrices M,, € FlQIXIQl a5 before.
Consider the matrix Mgy, obtained by evaluating ® on the input (M,,...,M;, ). The crucial
observation is that My, is determined completely by the polynomial f computed by ®, and the
structure of ® itself is otherwise irrelevant. In particular, Myt is always zero when f = 0. Consider
what happens when ® computes a single monomial, i.e., f(z1,...,2n) = ¢z, ---xj,, where c is
a field element. In this case, the output matrix Mgy is the matrix c - MQ,].1 ---ijr = ¢+ Mg, for
w = xj, - -xj,. Specifically, Mout(qo, qf) is zero when A rejects w, and equals ¢ when A accepts w.
In general, suppose that ® computes the polynomial f = Zie[t} c;-mj, where m; = [} | ;. Let w;
denote the string representing the monomial m;. Finally, let S(f, A) = {i € [t] : A accepts w;}.
It is not hard to see that Mout(qo,qr) = > jes(sa)ci- Thus, when evaluating ® on the input
(Mg, ..., M,,) we obtain a matrix that reflects how the automaton acts on f, when viewed as the
set of strings corresponding to its monomials. In particular, if A is an automaton that accepts exactly
one string that corresponds to a monomial of f, then Moy (qo, gf) is the coefficient of that monomial
in f. In order to use this observation we recall the isolation lemma of Mulmuley et al. | ]

Lemma 4.4. Let U be a universe of size u and F be any family of subsets of U. Let W : U — [2u]
denote a weight assignment function to elements of U. Then, when W is picked uniformly at random,
the probability that there exists a unique minimum-weight set in F is at least 1/2 (the weight of a
set is the sum of the weights of its elements).

To obtain a “noncommutative Schwartz-Zippel algorithm” we do the following. Let f be a
noncommutative polynomial of degree r. Consider the universe U; = [t] x [n] with ¢ € [r]. We
identify each monomial m = x;, - - - x;, with the set S,, = {(1,41),(2,42),..., (t,it)} C U;. Consider
the family F of all sets Sy, such that the monomial m has a nonzero coefficient in f. The isolation
lemma tells us that if we assign random weights from [2¢n] to the elements of U; then with probability
at least 1/2 there is a unique minimum-weight set in F. In Ref. | ] Arvind and Mukhopadhyay
construct a family of small automata {Aw: : w € [2nr],t € [r]} such that the automaton Ay,
accepts precisely all the strings m of length ¢ such that the weight of S, is w. Thus, the automaton
corresponding to the minimum weight accepts only one string (monomial). Now, for each automaton
Ay t, plug the n matrices that it defines to f as inputs in the way described above. If the output
matrix of some automaton is nonzero, then the algorithm declares f # 0, otherwise it declares
f = 0. By the isolation lemma, with probability at least 1/2 the algorithm is correct. Repeating
this procedure several times, with “fresh” weight function at each run, we can reduce the error as
we like.

We end this section by stating two open questions.

Open Problem 22. Derandomize black-box PIT for noncommutative arithmetic formulas.

Another interesting problem is to derandomize PIT for noncommutative circuits, even in the
white-box setting. Currently no sub-exponential time deterministic algorithm is known. We note that
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similarly to the general PIT question, derandomizing PIT for noncommutative circuits is equivalent

to proving lower bounds in the sense of [ |. Specifically, Arvind et al. | | proved the
following.
Theorem 4.15 ([ ). If PIT for noncommutative circuits can be done in deterministic sub-

exponential time, then either NEXP & P/poly or the noncommutative permanent does not have
polynomial-size noncommutative circuits.

The proof is essentially the same as the proof of Theorem 4.5 and is left to the readers. Thus,
derandomizing PIT of noncommutative circuits can be viewed as a first step towards proving super-
polynomial lower bound for noncommutative circuits (recall Open Problem 10).

Open Problem 23. Derandomize PIT for noncommutative arithmetic circuits.

Finally, we note that while for general circuits Kabanets and Impagliazzo showed that lower
bounds imply PIT algorithm (Theorem 4.7), no such result is known for noncommutative circuits.

Open Problem 24. Obtain an analog of Theorem 4.7 for noncommutative circuits. ILe., show that
an exponential lower bound for noncommutative circuits computing a multilinear polynomial, implies
a sub-exponential time deterministic black-box PIT algorithm for noncommutative circuits.

4.6 Depth-3 Circuits

Theorem 4.9 shows that black-box derandomization of XIIXII circuits is almost equivalent to black-
box derandomization of PIT for general circuits. Currently only the case of depth-2 is solved, as we
saw in Section 4.4. The next step is, therefore, depth-3 circuits. In the last few years this model
attracted a lot of research but still the question of derandomizing PIT for depth-3 circuits remains
open. We note that for depth-3 circuits the interesting case is XIIX circuits and not IIXII circuits,
as the latter follows by the depth-2 case.

Open Problem 25. Give a deterministic sub-exponential time PIT algorithm for XIIX circuits.

As the general question is still open, research has focused on restricted depth-3 circuits, in hope of
gaining a better understanding of the general case. Klivans and Spielman | ] raised the problem
of giving a deterministic white-box PIT algorithm for XIIX circuits, even when the top fan-in is
three. Namely, when there are only three multiplication gates. This question was first solved in
Ref. | | who gave a white-box quasi-polynomial time deterministic PIT algorithm for XIIX(k)
circuits (depth-3 circuits with top fan-in k). This result was significantly improved by Kayal and
Saxena | ] who gave an n°%) time white-box PIT algorithm for STIX(k) circuits. Consequently,
Arvind and Mukhopadhyay [ | gave a somewhat simpler algorithm of the same running time
for the problem. In Ref. | | it was shown how to generalize the approach of | ] to the black-
box setting, thus giving the first quasi-polynomial time black-box algorithm for the problem. This
result was later improved by Saxena and Seshadhri | ] who gave a better quasi-polynomial time
algorithm over finite fields, and by Kayal and Saraf | ] who gave a polynomial time algorithm,
of running time nko(k), over Q and R. Very recently, Saxena and Seshadhri | ] obtained improved
algorithms for both finite fields, where the algorithm runs in quasi-polynomial time, and for Q and
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R, where it runs in time nO*) . The algorithms of | , , | are the same as the original
algorithm of Karnin and Shpilka [ ], the difference is that they improve the parameters in the
main lemma of Dvir and Shpilka [ ], on which the analysis of Karnin and Shpilka | | relies.

4.6.1 White-Box Algorithms

The following theorem of Kayal and Saxena | | gives the best white-box algorithm for XII¥ (k)
circuits.
Theorem 4.16 (| 1). There is a deterministic poly(n,r¥)-time white-box PIT algorithm for

YIIX (k) circuits of degree r.

We shall present the ideas behind the algorithm of Kayal and Saxena without giving the full
details. We start by a simplified version of the algorithm. Let ® be a given XIIX (k) circuit of degree
r. Assume that we can find (r + 1) co-prime linear functions ¢y, ..., /.1 that appear in ®. In this
case ® =0 mod [[;cf g7 iff @ =0, as deg(®) < deg([[;e[r4174i)- In other words, @ = 0 iff for
every /; it holds that ®|,,—o = 0. (imagine that ¢; = z; and in this case ®|s,—¢ is the circuit obtained
by substituting x; = 0. The general case is handled similarly.) Since each ¢; appears in ®, the circuit
Q|p,—o is a XII¥(k — 1) circuit. This gives rise to an inductive argument: find “enough” co-prime
linear functions that appear in the circuit and check all the restriction of the circuit to the linear
functions. The base case for the induction is & = 2 which is trivial to check, as a XII3(2) circuit is
zero iff its two multiplication gates have the same factorization (with a different sign). Thus, if we
could find such a set of linear functions, we would be done.

In the general case, however, we may not be able to find such a set. For example, this will
occur if all linear functions appear with high multiplicity. Kayal and Saxena circumvent this dif-
ficulty by working modulo powers of linear functions and performing computations in the ring
Flzy, ..., 2n]/ (2], ..., 2&). To better understand their approach, let us first consider the case
k = 3. It is not difficult to see (e.g. using a greedy argument) that if the multiplication gates
are not identical, and no linear function appears in all three gates, then we can find co-prime powers
of linear functions ¢7*, ..., ¢% such that each ¢;* divides exactly one of the multiplication gates and
e1 + -+ ep > r. The algorithm now checks whether ® = 0 mod £;* for every i. Let us consider
what happens when we set £ = 0. For simplicity, assume without loss of generality that 1 = .
The circuit ® mod z7* is a XIIX(2) circuit in the ring Flz1, ..., z,]/(z]"). We now repeat the same
procedure for this circuit, that is, find a set of co-prime powers of linear functions (that are also co-
prime to x1), each dividing one of the two remaining gates, such that their product is of high degree.
By doing so we reduced PIT for YII3(3) circuits to O(r?) instances of the problem of verifying that
a given multiplication gate is zero in the ring Flzq, ..., x,]/(x]", 25?). This can be done by observing
that a product of linear functions is zero modulo (x7*, z5?) iff the product of all the factors that only
involve z1, x5 is zero in this ring, which can be verified in time poly(n, e - €2).

To extend the proof to higher values of k, one has to make sure that the Chinese Remainder
Theorem also holds for rings of the form Flzq,...,z,]/(z7",...,2¢), which is what Kayal and Sax-
ena | | did. This enables an inductive argument since the same argument as above can be used
to reduce PIT of XII¥ (k) circuits to at most  + 1 instances of PIT of XII¥X(k — 1) circuits over rings
“similar” to F[wz1,...,2,]/(z{"). This description also shows that the running time is poly(n, r¥).
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4.6.2 Black-Box Algorithms

We now explain the main ideas behind | , , , , ]. All these works are based
on the following structural theorem from | |. The improvements of | , , | are
based on improving the parameters in the theorem. Before stating the theorem we define the notions
of simple and minimal circuits.

Definition 4.1. A XIIX(k) circuit ® = 3,y Vi, where each V; is a 11 circuit, s minimal if there
is no nonempty set I C [k] such that ), ;V; = 0. The circuit is simple if no linear function is a
factor of all the multiplication gates, that is, if gcd(¥q,..., V) = 1.

Clearly, one can create an identically zero XIIX (k) circuit by adding together several smaller
depth-3 circuits that are identically zero, or by multiplying a zero XIIX(k) circuit by some linear
function. The following theorem of Dvir and Shpilka | | shows that if an identically zero circuit
was not constructed in this way, i.e., the circuit is simple and minimal, then it depends on a few
linear functions. To state the theorem we need the following definitions.

Definition 4.2. Let ® = } .y Vi be a XIIX(k) circuit. Denote W; = [];¢p,,liy, where each
Cij is a linear function. The degree of ® is deg(®) = max;cri. The rank of @ is rank(®) =
dim (span{¢; ; : i € [k] , j € [r]}).

The theorem below is the structural theorem of Dvir and Shpilka [ ] with the improved
bounds of Saxena and Seshadhri [ ].

Theorem 4.17 ([ , , , ). For every field F, there exists a function R(k,r) =
Ry (k,7) such that if ® is a simple and minimal 11X (k) circuit of degree v over F that computes the
zero polynomial, then rank(®) < R(k,r). If F is a finite field then R(k,r) = O(k*logr). IfF =R
or Q then R(k,r) = k2.

The interesting point about the theorem is that the upper bound on the rank does not depend
on n. Roughly, when a XII circuit is simple, minimal and computes the zero polynomial, it cannot
involve too many linearly independent linear functions. This property will play a major role in all
the black-box PIT algorithms as well as in the reconstruction algorithms given in Section 5.4. We
now sketch the proof of the theorem. The actual proof is quite long and is different for finite fields
and for R, Q. We only explain the case kK = 3 over finite fields and over the reals.

Sketch for k =3. Let ® = ¥y + Wy + U3 be a circuit computing the zero polynomial with mul-
tiplication gates Wy, Wy and W3. Assume without loss of generality that deg(V¥;) = deg(¥2) =
deg(¥3) = r and that all the linear forms in ® are homogeneous. Indeed, we can replace
Ui = [Tiep(@i0 + Yrep) @gkor) by U = 47 [1icp (@509 + Y pepn Gijk®r) where y is a new
variables and 7 is such that deg(¥}) = r. Denote R = rank(®). Then, there exist R linearly in-
dependent linear functions /1, ...,¢r in ®. By applying an invertible linear transformation, we can
assume without loss of generality that ¢; = x; for every i € [R]. Consider the circuit ®|;,—o for some
i € [R]. Clearly ®|;,—0 = 0. As ¢; = z; appears in ®, some product gate becomes zero in ®|,,—o.
Observe that neither of the other two product gates will become zero after setting x; = 0. Indeed,
if x; divides both ¥; and Wy then, as W3 = —¥; — Uy, we get that x; divides U3 as well. But,
since ® is simple this is a contradiction. We thus have that ®|;,—o is a zero XII¥(2) circuit. This
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is possible only if the two product gates multiply the same linear functions, up to multiplication by
constants. The variable x; thus induces a partial matching of the linear functions in the circuit. This
matching contains r pairs of linear functions such that for every pair (¢,¢') in the matching, the two
linear functions ¢ and ¢ belong to two different multiplication gates and £|,,—g = « - ¢'|,—o for some
nonzero constant a € F. Denote with M; the matching induced by x;. The next claim gives more
information about these pairs.

Claim 4.2. For every (¢,0') in M; it holds that z; € span{l,¢'}.

Proof. Denote £ = Zje[n] ajr; and ¢/ = Zje[n]
for every j # i in [n]. Since the two linear forms /¢, ¢’ are linearly independent, as ® is simple, it must

hold that a; # a - b;. Hence, z; = ({ —a - 0')/(a; — a - b;). O

bjz;. Since £|y,—o = a-{'|3,—0, it holds that a; = c-b;

Claim 4.2 tells us that every pair (£,¢') in M; spans x;. We also have that all the matchings
{M;}ic|p) are contained in a set of at most 3r linear functions, and that each matching contains r
pairs. Standard arguments from information theory (e.g., Theorem 1.2 of Dvir and Shpilka [ ]
concerning locally decodable codes) now show that, regardless of the field, 3r > exp(R). In other
words, R = O(logr). This proved the claimed result for finite fields.

The argument above works for any field, but when F = R, Q one can get a better bound. To
obtain the improved bound we use a slightly different point of view, as conjectured in Ref. [ ]
and first proved in Ref. | ]. Given a linear function {(z) = } ;cp, @i - @i We map it to the
line ¢(¢) in R™ passing through a = (ay,...,a,) and the origin. Given a simple XII¥(3) circuit
computing the zero polynomial, consider the three multi-sets of lines corresponding to each of the
three multiplication gates. Let H C R™ be a hyperplane such that each of the lines defined above
intersects H in exactly one point (a random H has this property). For a linear function ¢ from the
circuit, denote this intersection point by h(f) = ¢(¢) N H. This gives a multi-set of points in H.
Color all these points by three colors, according to the different multiplication gate that they came
from (every point receives exactly one color, as ® is simple). As the circuit is zero, similarly to the
proof of Claim 4.2, for every £ and ¢’ that belong to two different multiplication gates, there is some
¢ in the third gate such that ¢” € span(¢,¢'). This implies that the point h(¢”) belongs to the line
passing through h(¢) and h(¢"). The three colored sets thus have the property that every line that
contains points from two sets must also contain a point from the third set. By | | this implies
that the points belong to a three-dimensional subspace of R™. It follows that, originally, the linear
function in the circuit span a vector space of dimension at most four. ]

We note that the result of Edelstein and Kelly | ] is a colored version of the famous Sylvester-
Gallai theorem, that shows that if we have a collection of points in the plane such that any line passing
through two points contains a third point then the points must be collinear.

The proof above only holds for the case k = 3. The extension to larger values of k is by induction
[ , , , |. We do not give further details of the proofs, which are based on the
arguments sketched above.

Theorem 4.17 enables us to explain the black-box algorithm of Karnin and Shpilka [ ]

Theorem 4.18 (] 1). There is a deterministic n° ) time black-box PIT algorithm for
YIIX(k) circuits of degree r.
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Before giving the proof we need the following definition. Let ® = Zie[k] U; be a XIIX (k) circuit.
Let g = ged(¥y, ..., ¥) be the greatest common divisor of all the multiplication gates. Clearly, g is
a product of linear functions. The simplification of ® is

sim(®) = ®/g.

In words, it is the circuit obtained by deleting g from each W;. Specifically, sim(®) is a simple
YII¥(k) circuit.

Sketch. Denote R = R(k,r). The first step is to construct a set of m = poly(n) linear transformations
T ={T; : F?F — " }ieim) such that for every vector space V, of linear functions from F” to F, it
holds that all but a polynomially small fraction of the transformations T" in 7 satisfy that

dim(V o T') = min(dim(V), 2R),

where V oT =span{foT : ¢ € V} and o is composition. Intuitively, for any such V', for most of the
transformations T in T, the linear functions in V' remain as linearly independent as possible when
composed with 7. Indeed, dim(V oT') is never larger than min(dim(V'), 2R). Gabizon and Raz | ]
constructed a set 7 with the required properties (see Ref. | | for the exact translation of the
construction of Gabizon and Raz | ] to our setting). We omit the details of this construction. For
a X113 (k) circuit ® and T € T, denote by ® oT the XIIX (k) circuit in 2R variables y = (y1,. .., ¥2R)
obtained by substituting xy by (T'y), in ®.

Assume the existence of such a set 7. Let & = Zie[k} U; be a XII¥(k) circuit where ¥; =
Hje[n-} ¢;j. For every nonempty I C [k], let &1 = >, ;¥;. Define Vi as the span of all linear
functions that occur in sim(®;). In addition, for every pair of linear functions ¢,¢ in sim(®),
consider the space Wy = span{¢, {'}. By the union bound, 7 contains a transformation 7" such that
for every Vi and every such Wy ¢, it holds that dim(V;oT) = min(dim(V7),2R) and dim(W; ¢ oT) =
min(dim(Wy ), 2R). We now show that ® = 0 iff o7 = 0. As a first step we prove a claim showing
that if the rank of sim(®; o T") is small then so is the rank of sim(®y).

Claim 4.3. For every nonempty I, we have rank(sim(®; o T')) = min(rank(sim(®;)), 2R).

Proof. We first show that ged(®; o T) = (ged(®r)) o T. Namely, that no new linear functions
were added to the greatest common divisor. Assume towards a contradiction that ged(®;oT) #
(ged(®r)) o T'. It must be the case that for some ¢ that occurs in ®; but does not occur in ged(®;),
the linear form £oT belongs to all the product gates in ®; oT'. Therefore, there is some ¢ in ®; such
that ¢ and ¢ are linearly independent but £ o T' and ¢ o T are linearly dependent. This contradicts
the choice of T', as dim(Wy o T) < 2. A similar argument shows that for every ¢ in ged(®;) the
linear form ¢ o T is nonzero. We thus get that sim(®; 0 T) = sim(®;) o 7. The result now follows by
the choice of T', when considering V; o T. O

The following lemma is the final step before describing the algorithm.

Lemma 4.5. ?=0iff PoT =0.

Proof. Assume that ® o7 = 0. Our goal is to show that in this case ® = 0 (the other direction is
trivial). Let [k] = [ UlaU...U . be the unique partition satisfying that each of the circuits ®;, o T
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is minimal and zero. Consider sim(®;;, o T). It is a simple, minimal and zero depth-3 circuit, and
so by Theorem 4.17 it holds that rank(sim(®;;, o T')) < R. Claim 4.3 implies that rank(sim(®y;)) =
rank(sim(®y;) o T'). In other words, the rank of sim(®;;) does not change after composition with
T'. Therefore, we also have that sim(®;;) = 0, because T" is “an invertible transformation” between
sim(®y;) and sim(®y; o T'). Specifically, ® = >2%_, @7, = 0. O

To obtain a PIT algorithm, using such a “good” T, all that we have to do is to check whether
® o T is identically zero. As ® o T is a degree r polynomial in 2R variables, by evaluating it on all
points in S?f, where S C F is a set of size r + 1, we can test whether it is zero or not. The PIT
algorithm, therefore, simply checks whether for all T' € 7 it holds that (® o T)(S%%) = {0}, and
decides accordingly. O

When the underlying XIT3(k) circuit is multilinear, namely, every product gate in the circuit
computes a multilinear polynomial, a stronger result can be proved. Indeed, notice that the rank
of a simple multilinear XII3(k) circuit of degree r is at least r. This follows since all the linear
functions in any one of its multiplication gates have disjoint support and are therefore linearly
independent. Combining this with the bound R(k,7) < O(k®logr), we get that r < O(k3logr)
and hence r < O(k3logk) and R(k,r) = O(k®logk). There is no clear way, however, to use this
improved rank bound for multilinear circuits, as in the proof of Theorem 4.18, since after composing
a multilinear circuit with a linear transformation we do not necessarily get a multilinear circuit.
In Ref. | | a set of transformations 7 that has the required properties and that also keeps the
circuit multilinear, was constructed. Using this set T, | | obtained an nP(*)_time black-box
PIT algorithm for multilinear XII3(k) circuits. This result was later improved in Ref. [ ] that
gave an n?®)_time algorithm. Interestingly, the result of Ref. [ | does not rely on the rank
bound, but rather uses their PIT algorithm for sums of read-once formulas. We discuss this result
in Section 4.8 (Theorem 4.27). In spite of all the work the following question is still open.

Open Problem 26. Give a deterministic sub-exponential time PIT algorithm for multilinear 3113
circuits.

In Section 4.5 we saw a white-box PIT algorithm for noncommutative formulas. A special type
of formulas that can be thought of as a model of noncommutative formulas, is the model of set-
multilinear depth-3 circuits | ]. Recall that a set-multilinear depth-3 circuit has the following
structure. The variables X are given as the union of r disjoint sets X = X;UXsU...UX,. The circuit
is a depth-3 circuit in the variables X with the additional property that every product gate has the
form ¥ = [[;_, £:(X;), each ¢; is a linear form in X;. In words, each product gate multiplies a linear
function in X; with a linear function in Xy with a linear function in X3 and so forth. Clearly, every
monomial that appears in the polynomial computed by such a circuit contains exactly one variable
from each of the sets Xi,...,X,. It is not difficult to see that such circuits compute the same
polynomial also in a noncommutative world. Namely, they do not “use” commutativity during the
computation (as we always multiply a linear function in X; with a linear function in X3 etc.). Stated
differently, depth-3 set-multilinear circuits form a restricted sub-model both of multilinear depth-3
circuits and of noncommutative formulas. As a first step towards understanding Open problem 26
one can try to solve the following problem, for which we already saw a white-box algorithm.
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Open Problem 27. Give a deterministic sub-exponential time black-box PIT algorithm for set-
multilinear XIIX circuits.

Another sub-model of depth-3 circuits that was considered is the so-called model of diagonal
circuits, defined by Saxena [ |. A diagonal depth-3 circuit is a depth-3 circuit in which the
number of different linear functions in each multiplication gate is bounded by some number k, and
the degree is polynomial. As a comparison, in XIIX(k) circuits we bound the top fan-in by k and here
we do not restrict the top fan-in but rather restrict the number of “different” children of each product
gate. Saxena showed how to adapt the noncommutative PIT algorithm of Raz and Shpilka | ]
to this scenario as well, thus obtaining a polynomial time white-box algorithm when k£ = O(1).
We explain his approach in Section 4.7.1 where we discuss a generalization of this model, namely,
diagonal depth-4 circuits.

4.7 Depth-4 Circuits

Theorem 4.9 tells us that derandomization of PIT of depth-4 circuits implies a quasi-polynomial time
derandomization of PIT of general arithmetic circuits. It is, therefore, not surprising that very little
is known even for restricted sub-models of depth-4 circuits. We briefly describe the sub-models for
which such algorithms are known and then present the algorithms. In what follows we say that a
polynomial is s-sparse if it has at most s monomials. Recall that a XIIXII circuit of size s has the
form

k i
o = Z U;, where ¥; = H P, j(x1,...,zy), and each P, ; is an s-sparse polynomial.  (4.3)
i=1 j=1

We consider two different restrictions of this model. The first, defined by Saxena, is that of diagonal
depth-4 circuits | ]. In a nutshell, these are circuits in which the number of different P; ;’s in W, is
small (constant, mostly), and each P; ; is a sum of univariate polynomials, P; j(z) = Y7 1 Gijm(Tm)-
Saxena showed how to reduce the PIT problem of diagonal circuits to that of (a generalized version of)
noncommutative formulas, thus obtaining a polynomial time white-box PIT algorithm for a certain
range of parameters. We discuss this result in Section 4.7.1. Another model that was recently
considered is multilinear XIIXII(k) circuits. In this model each of the k product gates ¥; computes a
multilinear polynomial. In other words, the F; ;’s are multilinear polynomials, and all the factors of
U, are variable disjoint. For this model, Karnin et al. | | gave a quasi-polynomial time black-
box PIT algorithm (for k& = polylog(n)). We describe this result in Section 4.7.2. In Ref. | ] a
white-box PIT algorithm for another restricted version of XIIX1I circuits was given. The circuits have
to be restricted in the following way. The top fan-in is constant, i.e. k = O(1), each P; ; depends only
on ¢ = O(1) variables, and each x,, appears in at most ck different P; ;’s. Under these assumptions
(in fact, some more assumptions are needed), Arvind and Mukhopadhyay | | gave a polynomial
time algorithm. However, we shall later see that the black-box algorithm of Karnin et al. | ]
can be adapted to work in this case as well. Very recently, Saraf and Volkovich | | were able
to obtain a polynomial time black-box algorithm for multilinear 3IIXII(k) circuits, for a constant k,
thus improving the result of | |. We shortly discuss this result in Section 4.7.2.
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4.7.1 Diagonal Circuits

A diagonal depth-4 circuit has the following form: & = Zle W, each product gate V; is of the form
U, = H;Z:l PS;” , and each P, ; is a sum of univariate polynomials, P; j = Y " | gijm(Zm). Saxena
[ | gave a white-box algorithm for such circuits using the approach described in Section 4.5.
Theorem 4.19 (| ). There is a deterministic algorithm that, given as input a diagonal depth-
4 circuit ® as above, Tuns in time poly(nk, max;e) (1+e;1) - (1+ei2)--- (1 +eiy,)) and decides
correctly whether ® = 0.

Sketch. While the theorem holds over any field, we shall sketch the argument only for fields of
characteristic zero. The idea behind Saxena’s algorithm is to consider a “dual form” for each product
gate. This dual form will enable us to view the computation as done in a noncommutative world. For

a power series f(z1,...,%n,2,21,...,2m), denote by [262{" ---25m|f the coefficient of 2¢2{* .- z&m
in f, which is a polynomial in x1,...,x,. Consider a product gate ¥ = H;Zl P;j with P; =

>om—19im(xm). Let e = €1 + ... + e,. By considering the Taylor expansion of the exponential
function, exp(€&) = .70, &¢/¢!, and its truncated Taylor expansion, F,(£) = 1+£+£2/21+...+£¢/e!,
we observe that

(erlegl e, )7L U =[928 2] exp(Pr212) - - - exp(Prz,2)

n T
= [ 2] [ exp | D gjom(am)ziz
m=1 j=1

r

= [2%0 - 2] H E, Zgj,m(:z:m)zjz : (4.4)

m=1 7j=1

Equation (4.4) is of polynomials of degree ne in z. We can therefore interpolate and obtain the

coefficient of z¢. In other words, there exist ag, ..., an. and By, ..., Bne in F such that
n T ne n T
(222 [T Be | D giml@m)ziz | =D Be- 12502 [] Be | D g (@m)zjc
m=1 j=1 £=0 m=1 j=1
Let 7 = <z‘fl+1, ..., 2¢F1) be the ideal generated by zflﬂ, ..., 2¢ 1 in the ring of polynomials. Set,

R =TFl[z1,...,2]/Z. It follows that for some field elements {/3;} we have that

ne n T
Uitz = Zﬁé H E. Zgjm(xm)zjag over R . (4.5)
=0 m=1 7=1

Indeed, the coefficient of any monomial other than z7'---z¢" in the RHS of Equation (4.5) must
involve some zfiH and is thus zero in R. Equation (4.5) is called the dual form of a product gate
in diagonal circuits. Observe that it expresses the multiplication gate as a sum of ne multiplication
gates, where each is a product of univariate polynomials. This structure explains why the algorithm

for noncommutative formulas can be applied to this setting.
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. . . . i, 1
Now, given our circuit ¢ = Zle ¥; with ¥; = [7 L P77 denote Z; = ( illﬁlv et ) and

%] 7 >,y

Ri =Flzi1,...,2i]/Zi. The dual form of the product gates W, is

ne;

611 Ci,r;
v; - Zi1 T Z»,‘lz = § 5z€ H Eel E gz,jm xm 2i,500 over R; .

We would like to work over a single ring R, and so we define the ideal Z to be generated by the
following relations:

1. For every i € [k] and j € [r;], the relation zfijfﬁl =0.

2. For every i # ¢’ in [k], j € [r;] and j' € [ry], the relation z; j - zy j» = 0.

i i €41 .y
3. For every i,i’ € [k], the relation z; kN zfln” = ;11’1 ez U
Let R = Flz11,...,2krJ)/Z. A standard calculation reveals that R is an algebra of dimension

Zle(l +ei1) - (1+eir)—2(k—1). By the discussion above, we get that over R

elrl 611 ezrl
<I>'le" 1, E:\Ij R

k  ne;

— ZZ/BM H E.. ngm Tm)zijoy | over R . (4.6)

=1 £=0 m=1

As Equation (4.6) can be represented as Zle Soven fien(@1) -+ fign(xn), we can view it as a non-
commutative polynomial in x1,...,2,. In Section 4.5 we described the PIT algorithm of Raz and
Shpilka | | for noncommutative formulas, that basically runs in time polynomial in the size of
the formula, which in our case can be thought of as nk - max;e;. It turns out that this algorithm
can be extended to work over the algebra R at the cost multiplying the running time by a poly-
nomial in dim(R). This gives a PIT algorithm for diagonal depth-4 circuits with running time
poly(nk, max;(1 + €;1)--- (1 + €;r,)). In particular, if r; = O(1) then the algorithm runs in time
polynomial in the size of the circuit. O

Theorem 4.19 tells us that there is a model of XIIXII circuits with unbounded top fan-in for
which a polynomial time white-box PIT algorithm is known. This comes at the cost of bounding
the number of different factors that each multiplication gate has and the requirement that each
P; ; is the sum of univariate polynomials. Besides diagonal depth-4 circuits, only noncommutative
depth-4 formulas give a sub-model of depth-4 circuits with unbounded top fan-in, for which efficient
(white-box) PIT algorithms are known.

4.7.2 Multilinear XII¥II(k) Circuits

We now describe the idea and proof of the PIT algorithm of Karnin et al. | | for multilinear
YIIXTI(k) circuits.
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O(KS log(k) log? s)

Theorem 4.20 (] ). There is an algorithm that in time n constructs a hitting

]
set for multilinear XIIXII(k) circuits of size s in n variables.

To explain the proof we first recall that a multilinear XIIX1I circuit ® has the following structure.
Each product gate is of the form ¥; = H;;l P; j and for every j # j’ in [r;], the polynomials P; j, P; s
are defined on disjoint sets of variables. The PIT algorithm of Karnin et al. | | builds on a
reduction from identity testing of multilinear XIIXII(k) circuits to identity testing of a special type
of such circuits, circuits for which for every ¢, j it holds that |var(P; ;)| < |var(®)|/c, where var(P)
is the set of variables that appear in P and c is some parameter. We call such circuits c-compressed
circuits. The main ingredient in the proof is the following lemma on the structure of multilinear
YIIXII(k) circuits. For a set of (indices of) variables I C [n], let m(I) = [];c; #; be the product of
the variables in I.

Theorem 4.21. Let P be a nonzero n-variate polynomial computable by a multilinear SIIXII(k)
circuit of size s. Let ¢ > 0 be a parameter. Then there exists I C [n] of size |I| < 2logn-logs-kc for
which the following holds: Let P =, m(T)Pr be the expansion of P with respect to the variables
in I. In particular, each Pr is a polynomial in the variables (whose indices are) in [n]\ I. There
exists a set T C I such that: (1) Pr is a nonzero polynomial, and (2) Pp = @ - H, where Q) is a
product of s-sparse polynomials and H is computable by a simple’, c-compressed SIIXTL(k) circuit of
size s.

We first give the proof of the theorem and then explain how it can be used to derive a PIT
algorithm.

Proof. Given a product gate ¥;, write ¥; = A; - B; where A; is the product of all the F; ;’s such that
|var(P; ;)| > var(P)/2c and B is the product of the other factors. As W¥; is multilinear, the number
of factors in A; is at most 2c. Therefore, since P; ; is s-sparse, we get that A; is s?¢-sparse. We would
like to somehow “remove” the A; part, as the next lemma hints at.

Lemma 4.6. Let f € Flzy,...,x,] be a multilinear s-sparse polynomial. Then, there ezists a set of
variables I C var(f) of size |I| < logs such that when writing f = 3 pc;m(T)fr, it holds that for
some T C I, the polynomial fr is a monomial.

Proof. We prove the lemma by induction on the size of var(f). Consider a variable z € var(f) that
does not divide f (if all variables divide f then f is a monomial and we are done). Write f = xg+ h.
There is a polynomial f’ € {g,h} that is s/2-sparse. Induction, therefore, implies that a set of size
at most log(s/2) = logs — 1 with the required property, with respect to f’, exists. Add z to this set
and observe that it satisfies the claim. O

The lemma tells us that there is some set of variables I and 7' C I such that after taking a partial
derivative with respect to the variables in 7" and setting the variables in I \ T" to zero, f becomes
a (nonzero) monomial. With this in mind, let us continue the proof. Pick a set I; for each A;,
according to Lemma 4.6, and let I’ = Ule I;. Specifically, |I'| < k -log s = 2cklog s. In addition,
there is some T C I’ such that after taking a partial derivative with respect to the variables in T’
and setting the variables in I’ \ 7" to zero, all the ¥;’s become products of s-sparse polynomials,

"The definition of simple here is the same: a STIXTI(k) circuit ® = Z?:l U; is simple if ged(¥1, ¥a, ..., Uy) = 1.
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each of which depends on at most |var(P)|/2c variables, and the resulting polynomial is still nonzero
(this can be seen, e.g., by considering the expansion of P w.r.t. I’). It seems that we are done,
but this is not quite the case. Denote by P; the polynomial 8T/(P)\wl,\T,:0, where O7r/(P) is the
partial derivative of P with respect to all variables in 7" and |$1/\Tf=0 means substituting x; = 0 for

all i € I'\ T'. The circuit computing P, is not necessarily simple and so we let Q1 be the greatest
common divisor of all the product gates of O7/(P)|z,,, ;=0 and set P; = P1/Q,. Clearly the circuit
for Pj is simple. Now, it may be the case that |var(P;)| < |var(P)|/2 and so P; is not c-compressed.
If this is indeed the case then we simply repeat the process for P;. This can happen at most logn
times as the number of variables shrinks by a factor of at least two after each “unsuccessful” round.
Now, we are basically done. We obtained a set I of size at most 2logn -log s - k¢ (which is the union
of all sets I’ constructed in the different stages) and a set T C I so that the following holds. Let @ be
the greatest common divisor of all the product gates of Or(P)|s;,,=0. Denote H = 0r(P)ls, 7=0/Q-
Then H is both c-compressed and simple as claimed. O

Theorem 4.21 suggests the following algorithmic approach. Start by constructing a hitting set for
c-compressed circuits. Then, “guess” the set I guaranteed by the lemma (going over all possibilities
requires quasi-polynomial time). Assume that we have the “correct” I. Theorem 4.21 guarantees
that for some T C I, the coefficient® of m(T') is a (nonzero) simple, c-compressed circuit. Therefore,
by trying each of the possible substitutions to the variables in [n] \ I, from the hitting set for c-
compressed circuits, we are guaranteed that for some substitution the resulting polynomial (in the I
variables) will be nonzero. Now, all that we have to do is to verify in a black-box manner whether a
multilinear polynomial in the |I| variables is nonzero and this can be done in time exp(|I|), which is
quasi-polynomial in n.

To conclude, our goal is to come up with a hitting set for c-compressed circuits. As we shall
soon see the hitting set for c-compressed XIIXTI(k) circuits is based on a generator for multilinear
YIIXTI(k — 1) circuits. Thus, our construction is recursive in nature.

The idea behind the PIT algorithm for c-compressed circuits is that such circuits “contain” a
nonzero multilinear depth-3 circuit. In fact, we prove that there is a small, but not too small, set
J of variables and an assignment, coming from a hitting set for sparse polynomials, to the variables
not in J so that after we make this assignment, we are left with a nonzero multilinear depth-3
circuit. To identify this “good” set of variables we use the following simple lemma (the proof is by
a straightforward greedy argument).

Lemma 4.7. Let P € Flz1,...,z,] be computed by a XIIXII(k) multilinear c-compressed circuit
o = Zle [[;L1 Pij- Then there exists a set J C var(P) of size |J| > ¢/k such that for every i, j we
have |J Nvar(P; ;)| < 1.

Let J be the set guaranteed by the lemma. Think of ¢ as small so we can actually “guess” J (we
can always make J smaller if it is too large). We shall try to fix the variables in [n] \ J so that the
resulting polynomial is computed by a nonzero multilinear XIIX(k) circuit. For this end we shall use
generators (see Section 4.1 for the definition) for sparse polynomials. We construct a generator for
c-compressed circuits by induction on the top fan-in, k. As mentioned above, the inductive argument

8The coefficient is in fact a product of sparse polynomials and a c-compressed circuit, but this does not change the
picture much.
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will in fact assume that we already have a generator for multilinear XIIXII(k — 1) circuits.

The base case of the induction is k£ = 1. It is easy to see that a generator for s-sparse polynomials
is also a generator for this case. Indeed, such a circuit is a product of s-sparse polynomials, and
Observation 4.1 guarantees that a generator for s-sparse polynomials is also a generator for a product
of s-sparse polynomials. By Theorem 4.12 and Lemma 4.1 we get that there exists a generator
Sys2 : FY — F™ for the class of (2s?)-sparse polynomials with ¢ = O(log s + logn). We now assume
that, for some parameter t;_1, we have a mapping Gy_1 : F'*~1 — F” that is a generator for sparse
polynomials as well as for LIIXII(k — 1) circuits of size s (recall Observation 4.3), and show how
to construct a generator for c-compressed YIIXII(k) circuits of size s. Denote by R(k) a number
larger than the rank of every minimal and simple multilinear XII¥ (k) circuit that computes the zero
polynomial. The discussion following the proof of Theorem 4.18 tells us that R(k) = O(k3logk). In
the following lemma we show that if ¢ = kR(k) then when we restrict the variables in [n]\ J to Gx_1,
we obtain a nonzero polynomial.

Lemma 4.8. Let k > 2 and 0 # P € Flxy,...,x,] be computed by a simple multilinear (k - R(k))-
compressed LIIXTI(k) circuit of size s. In addition, let Gx_1 be a generator for multilinear SITXNTT(k—
1) circuits of size s as well as for (2s)-sparse polynomials. Then, there is a set J C var(P) of size
R(k) so that (recall the notations in Section 4.1)

Pog™ PV 20

In words, after substituting the generator for the variables in [n] \ J, the resulting circuit remains
nonzero.

Proof. Let ® = Zle [[;, P be a simple multilinear (k - R(k))-compressed XIIXII(k) circuit of
size s computing P. If ® is not minimal, then P can be computed by a XIIXII(k — 1) circuit of size
s and we are done. So we can assume without loss of generality that ® is minimal. Let J be a set
promised by Lemma 4.7 and let J = [n] \ J. We can further assume without loss of generality that
|J| = k-R(k)/k = R(k), by removing arbitrary indices from J if required. Via a reduction to depth-3
circuits, we describe how to find an assignment for x ;7 = (z;),c 7 such that the restriction of P to that
assignment in nonzero. For every F; ; in @, there is at most one variable x, so that z, € JNF; ;. Let

fij»gi; be such that P, ; = f; jz¢ + ¢ ; (if no such z, exists then P, ; is a constant). Note that two

. . def o
such polynomials P;, j,, FP;, j, have a common factor iff Q;, j, in.jo = [fi1 j1 *Gio,jo = finjo - Gir,jn = 0. Let

Q be the set of all such nonzero @), j, i,.5,’s. The following lemma gives a sufficient condition that a
given assignment to x y results in a simple, minimal and nonzero depth-3 circuit. Let ®1,..., ®or_,
be the proper sub-circuits of ®, excluding the empty circuit. They are all XIIXII(k — 1) circuits of
size at most s.

Lemma 4.9. Let
2k —2
o=J] - ] @
=1 Q0
Let a € F" be such that <:D|xj:aj # 0. Then ®|y,—q; is a simple and minimal multilinear X115 (k)

circuit.

We will show that ®|, is nonzero after the proof of the lemma.

j=ay
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Proof. The circuit ®|, ;=a; 1 minimal, since all of the sub-circuits of ® are factors of ® and so if
one of them is zero then so is ‘i)’szaj- Due to the same reason, no P;; is reduced to zero. By
the choice of .J, the size of var(P; ;) is at most one, which implies that ®|, -, is a XIIX(k) circuit
and it is clearly multilinear. We now show that ®|,;—,; is simple. For two polynomials f,g, write
[ gif f/gis not a field element. Let P, j; = P, j, in ®. If var(P;, j |z ;=a;) 7 Var(Pi, j,le;=a;)
then Pi j|z;=a; % Piyjolz;=a;- If, on the other hand, var(P;, j|z;=a;) = var(P;, j,|z ;=a;) then as
Qiy j1 iz g2 |z y=a; 7 0 it follows that Pi, j, |z ;=a; % Piy jole;=a;- As @ is simple, we can thus conclude
that ®|; ;= is simple. O

We return to the proof of Lemma 4.8. The polynomial d is a product of (25?)-sparse polynomials
and XIIXII(k — 1) circuits of size s each. Therefore, @‘Ijigj # 0. Lemma 4.9 thus implies that
k-1

there exists a € Im (Gy_1) for which ®|; .—,; is a simple, minimal, and multilinear XIIX(k) circuit.
The circuit ®[;;=,; contains R(k) variables (the previous proof shows that all the variables in J
“survived”) and any linear function appearing in it contains only one variable. The rank of ®[;,—.;

is hence R(k). By the definition of R(k), this implies that P o g,{fl Z 0. O

We now show how to construct G, : Fi* — F™ using Gr_1. The construction uses the following
two statements that were proved above. First, Theorem 4.21 implies that it suffices for Gi to satisfy
the following property: for every subset I of the variables of size |I| < 2logn-logs-k-(kR(k)), we can
leave the variables in I “alive” while applying a generator for both (kR(k))-compressed circuits and
for sparse polynomials to the rest of the variables. Indeed, the polynomial Pr given by Theorem 4.21
is a product of a (kR(k))-compressed circuit with sparse polynomials. Second, Lemma 4.8 applied

to Pr tells us that there is a set J C var(P) of size R(k) so that Pro Qza_rl(P)\J Z 0.

Concluding, the only property that we need Gj to have is that it can keep “alive” any subset
of the variables of size at most “|I| + |J|” < 2logn -logs - k?R(k) + R(k) < 3logn - logs - k*R(k)
while applying Gi_1 to the rest of the variables. A generator that keeps variables “alive” was
constructed in Ref. | | in the context of PIT of sums of read-once formulas. Specifically, Shpilka
and Volkovich [ ] construct a map Gy from F2?! to F” so that its image contains all points a € F"
with at most ¢ nonzero entries. In the next section we describe this construction. Joining all the
different ingredients of this section together we get Theorem 4.20.

Theorem 4.22. Let P € Flxy,...,xz,] be a nonzero polynomial computed by a multilinear SIIXTI(k)
circuit of size s. Let Gy is the generator that keeps variables “alive,” constructed in Section /.7.2
below. Then for everyt > 3k>R(k)log(s)log(n) it holds that P (Gy(y, z) + Sas2 (w)) # 0, where y, z,w
are vectors of mew variables.

Proof. The proof is by induction on k. For k = 1, the polynomial P is a product of (2s?)-sparse
polynomials. By definition of Sy, and Observations 4.1 and 4.4, we get that P(Gy + Sps2) # 0,
as claimed. Assume that k& > 2. Let I,J C [n] be the subsets guaranteed by Theorem 4.21 and
Lemma 4.8, respectively, and set U = I U J. By the induction hypothesis, the mapping G, (y, z) +
Sp2(w) with m = [3(k — 1)3R(k — 1) log(s)log(n)] is a generator for both SIILII(k — 1) circuits and
for (2s2)-sparse polynomials. From Theorem 4.21 and Lemma 4.8 (see the discussion above) it follows
that there is a point a € Im (G[mn}\U + S[n]\U> so that P(a) # 0. Since |U| < 3k?R(k) log(s) log(n) <

252
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t — m, Observation 4.4 below implies
Im (G%\U + SQZL\U) C Im (GL@\U + 5252) C Im (Gt + Sye2)
and thus a € Im (G} + Sy42), as claimed. O

Theorem 4.22 shows the existence of a generator for XIIXII(k) circuits. To conclude the proof of
Theorem 4.20 we observe the following facts: First, the degree of every coordinate of G; and of Sy,2
is n — 1. Furthermore, the generator Gy(y, z) + Sas2 (w) has “seed-length” O(k3R(k) log(s) log(n) +
log(s)+log(n)). Therefore, Lemma 4.1 implies that there is a hitting set of size n@*"E(k)log(s)log(n)) —

6 2 .
nO(k>logklog™(s)) 49 claimed.

Very recently, Saraf and Volkovich improved the result of Theorem 4.20 [ ]. In fact, they
gave a black-box algorithm of running time nO**) | The main idea behind their proof is an extension
of Theorem 4.17 to the case of multilinear XIIXII(k) circuits. Specifically, note that if a depth-3
multilinear multiplication gate has rank R, then, because of multilinearity, it computes an n-sparse
polynomial. By replacing “rank” with “sparsity” Saraf and Volkovich | | were able to show
that if a simple and minimal multilinear XIIXII(k) circuit computes the zero polynomial then any of
its multiplication gates computes a sparse polynomial. Using ideas similar to those of Klivans and
Spielman | | (see the proof of Theorem 4.12) they managed to gradually reduce the sparsity of
the output polynomial. Applying their structural theorem they were able to prove that the output
polynomial does not become zero in this process, thus obtaining an efficient way of transforming a
nonzero polynomial computed by a XIIXII(k) circuit to a sparse polynomial. When the polynomial
is sparse enough they simply run the | | PIT test for sparse polynomial.

Theorem 4.23 (] ). There is a deterministic n®**18%) time black-box PIT algorithm for
multilinear SIIXTI(k) circuits.

We mention an obvious next-step question.

Open Problem 28. Give a subexponential time PIT algorithm for LIIXII(k) circuits.

The generator of | ]

In this section we construct a map from F? to F" with the following property: Its image contains
all points a € F" with at most ¢ nonzero entries. Throughout the entire section we fix a set A =
{a1,a9,...,a,} CF of n distinct elements.”

Definition 4.3. For every i € [n] let uj(w) : F — F be the i-th Lagrange Interpolation polynomial
for the set A. That is, each u;(w) is polynomial of degree n — 1 satisfying ui(coyj) =1 if i = j and
zero otherwise. For every i € [n] and t > 1 define Gi(y1,...,yt, 21, -, 2) : F?* - F as

t
; def
Gi(ylu"'7yt7217”'uzt) é Zul(yj) T Zj
7=1

9We assume w.l.o.g. that |F| > n as we are allowed to use elements from an appropriate extension field.
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Finally, let Gi(y1, ..., Ye, 21, - -, 2) : F2 — F" be defined as

def
Gi(Yiy o Yty 215+ -5 2t) = (G%,G?,...,G?) =
t t t
Dowayy) -z ) uyy) -z Y un(yy) -
j=1 j=1 j=1

The following is an immediate observation that was used in the proof of Theorem 4.22.

Observation 4.4. The following properties hold:

1. For every t > 1, it holds G¢(%,0) = 0.

2. Denote with €; € {0,1}™ the vector that has 1 in the i-th coordinate and 0 elsewhere. Then

n
G =G+ Zui(yt-i-l) TRyl €
i=1

Hence, for everyt > 1 and o, € A we have that Gitily, 1= an, = Gt + 2t41 - €m -

3. Let t,m € N, I C [n] and |I| <t. Then, it holds that

Im (ng]\l) C Im (Giym) -

Property (2) is the one showing that G can keep any ¢ variables “alive”.

4.8 Read-Once Formulas

As mentioned above, in spite of the known lower bounds for multilinear formulas, there is no PIT
algorithm even for multilinear X113 formulas (Open Problem 26). Due to this lack of progress, the
model of read-once formulas (ROF) — a restricted model of multilinear formulas — was considered.
Roughly, an ROF is an arithmetic formula in which every variable labels at most one leaf. It is clear
that every ROF is also a multilinear formula. We now give the formal definition.

Definition 4.4. A read-once arithmetic formula (ROF) over a field F in the variables {x1,...,x,}
is a binary tree as follows. Like in a formula, the leaves are labeled by variables and the internal
nodes by {+, x}. In addition, every node is labelled by a pair of field elements (a,B) € F2. Each
input variable labels at most one leaf. The computation is performed in the following way. A leaf
labeled by x; and («a, ) computes ax; + . If a node v is labelled by x € {4, x} and (o, 8) and its
children compute the polynomials f1 and fa, then v computes a(f1 * fa) + 5.

We say that f is a read-once polynomial (ROP) if it can be computed by an ROF. An ROF that

does not contain addition gates is called o multiplicative ROF. In a similar way, define multiplicative
ROP.
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Clearly, not every polynomial is an ROP. For example, in [ ] it is shown that x1zo+xox3+2123
is not an ROP.

It is not hard to see that there is a linear time white-box PIT algorithm for ROFs. The best
deterministic black-box PIT algorithm for the problem, however, runs in time n®{°e7) | ]. The
following theorem of Shpilka and Volkovich | | gives such a black-box PIT algorithm for sums of
a small number of ROFs.

Theorem 4.24 (| ). There is a deterministic algorithm for deciding whether a polynomial
f=nfa+-+ fx, where f1,..., fr are ROPs in {x1,...,x,} and k < n/3, is zero or not. The
algorithm runs in time n°®%) in the white-box model and in time nC*FH18m) in the black-box model.

The proof given by Shpilka and Volkovich [ | has three parts. First, they prove the theorem
for K = 1. Second, they prove a hardness of representation result, which is basically a lower bound
for sum of read-once formulas that have a certain property. Third, they show how to combine the
PIT for a single ROP with the hardness of representation result to obtain the PIT for sums of ROPs.

We start with the proof for the case k = 1. Shpilka and Volkovich | | proved that the mapping
Giogn constructed in Section 4.7.2 is a generator for ROFs.

Theorem 4.25 (| ). Let f be an ROP. If f # 0 then f oGy is not constant for t = [logn]| + 1.
Hence, if S C T is a set of size n®> + 1, then f =0 iff f o Gy is zero on S*'. This gives a black-box
PIT algorithm of running time n*1°8"+0W) for ROFs.

Proof. The proof is by induction on the number of variables n. The simple idea behind the induction
is that the two children of the output node compute two variable-disjoint ROPs. Hence, at least one
of them contains at most n/2 variables. We therefore need to find a generator that does not cause
too many cancelations between variable disjoint ROPs. Since G; allows us to keep () variables
“alive,” we can show that it has the required property.

The case n < 2 is easily verified. For n > 2, consider the structure of the ROF computing
fo If f=a(fi x fo) + B then the induction hypothesis immediately implies the claim for f. So
we can assume f = f; + fo and without loss of generality |var(fi)|] < m/2. By the induction
hypothesis fi o Gy—1 is not constant. Since f is an ROF one can prove (by induction on the size
of the ROF) that there exists some variable x,, such that f1(G}_q,...,G7 ! o, GPL 0GP )
depends on z,,.'Y Thus, by Property 2 of Observation 4.4, fi o Gtly;=a,, depends on z,,, where
Yt, zm are variables of Gyy1. As x,, does not belong to var(faz) (since f is an ROF) we get that
foGily,=an, = f1 0 Gtly=am + f2 0 Gr|y,=a,, depends on z,, and therefore f o G is not constant. In
particular, f o G; is a nonzero polynomial of degree at most n? in each variable. Evaluating it on S?
gives zero if and only if f is zero. O

We now proceed to the second step. We first define the notion of a justifying assignment that in
short can be described as an assignment that “preserves dependencies.” This notion was first defined
in Ref. | | for the aim of reconstructing read-once formulas. Justifying assignments turn out
to be a very important tool for dealing with ROF's.

10Surprisingly, this is not true for general polynomials, e.g., consider g(z1, 2, z3) = x1 - T2 + 1 - T3 + T2 - 3 over Fa.
Substituting z1 = x2 = x3 = y gives the polynomial g(y,y,y) = y. However, g(z1,y,y) = y and so it does not depend
on z1 and similarly for any other z;.
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Definition 4.5. We say that an assignment a € F" s a justifying assignment of a polynomial f if
for every subset I C var(f) we have that var(f|y,—q,) = var(f) \ I. We also say that f is a-justified
in this case. We say that an assignment a is a weakly-justifying assignment of f if the condition
above holds when |I| = 1.

The following is a simple observation.

Observation 4.5. A multilinear polynomial f is a-justified iff for every x; € var(f) it holds that'!
z,(f)(a) # 0.

The following useful claim was proved in | |. It basically shows how to use PIT for a given
circuit class in order to construct a common justifying assignment for a set of polynomials constructed
by circuits in this class. Here we prove the claim for the special case of ROF's, taking into account
Theorem 4.25.

Lemma 4.10. Let fi,..., fx be n-variate ROPs. Let T C F be of size |T| = kn® + 1. Then
HE def G(T?), for t = [logn] + 1, contains a common justifying assignment for fi,..., fx. Given
the ROFs computing the f;’s, we can find this common justifying assignment in time poly(n, k).

j def

Proof. For i € [n],j € [k], set g/ = Oy,(f;) o G¢. As a partial derivative of an ROP is also an ROP,

Theorem 4.25 implies that if ,,(f;) # 0 then g/ # 0. Consider the polynomial

9= II 4

1,919} Z0

It is a nonzero (2t)-variate polynomial of degree at most kn? in each variable. As T is large enough,
g|r2r # 0. Equivalently, there exists a € T so that if gg # 0 then gz(a) #0. Let i € [n],j € [k] be
such that z; € var(f;). Then 0,,(f;) # 0 and hence g{ # 0, which implies 0,,(f;)(Gi(a)) = gf (a) #0.
By Observation 4.5 it follows that G¢(a) is a justifying assignment for every f;.

In the white-box case we can actually use the O(n) time white-box PIT algorithm for ROFs in
order to obtain a common justifying assignment. The idea is to find the entries of the point a one
by one, using the PIT algorithm for the g]’s. For more details, see Ref. | ]. O

Lemma 4.10 tells us that there is a subset HX C F™ of size |H%| = poly(k'°8™, n!°8™) that contains
a common justifying assignment for every set of kK ROPs. Assume that a = (ay,...,a,) € F" is such
an assignment for fi,..., fr. By shifting the variables x; + x; + a; we can assume that the zero
vector, 0 € F™, is justifying for all the f;’s. The following theorem of Shpilka and Volkovich | ]
shows a lower bound for a sum of 0-justified read-once formulas.

Theorem 4.26. The monomial P, = x1 - x2--- - &, cannot be computed as a sum of k < n/3
read-once formulas that are weakly-0-justified.

Hn | ] the notion of discrete partial derivative was used. The discrete partial derivative of f with respect to z;
is defined as f|z;=1 — f|;=0. Notice that for multilinear polynomials this is the same as 9;, (f) and so we will use our
notations instead.
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The polynomial z; - z2--- - x5, is an ROP that is not weakly-0-justified. It is not difficult to see
that using a simple interpolation (for the polynomial f(y) = [[;";(y + x;)), one can represent P, as

a sum of n read-once formulas that are weakly-0-justified. Thus, the theorem above is almost tight.

Proof. The proof is by induction on k. The cases k € {0,1} follow by definition. We now assume
that £ > 2 and that n > 3k. Let f1,..., fx be weakly-O-justified ROPs over F[x1,...,z,]. Assume
towards a contradiction that Zie[k] fi = Pn. The idea of the proof is to eliminate a “large” number
of ROPs at the cost of a “small” number of variables. Specifically, we find a small set of (indices of)
input variables J C [n — 1] and a nonzero constant a € F so that if we take a partial derivative with
respect to all of the variables in J and substitute z,, = a then we eliminate many f;’s in a way that
the rest of the ROPs remain weakly-0-justified. We thus get a representation of 95 (Py)|z,—=a = @ Py,
with a relatively large n’, as a sum of a small number of weakly-O-justified ROPs. We then use the
induction hypothesis to reach a contradiction. We now proceed with the proof. There are two cases
to consider.

Case 1: There exist i # j in [n] and m in [k] such that 0;,0:;(fm) = 0, namely, f,, does not
contain x;x; in any of its monomials. Assume without loss of generality that ¢ =n — 1,5 = n and
m = k. It thus holds that Zie[k:—l] Oz, 0z, 1 (fi) = Pn—2. It may be the case that more than one f,,
vanishes when we take a partial derivative with respect to x,, z,—1, however they cannot all vanish
as P, contains x,x,—1. Lemma 4.11 below (whose simple proof is omitted) guarantees that the
polynomials 0;,, 0., _,(f1), "+ ,0x,0x,_,(fx) are also weakly-0-justified ROPs.

Lemma 4.11. A partial derivative of a weakly-0-justified ROP is a weakly-0-justified ROP.

We thus obtain a representation of P,_s as a sum of 0 < k' < k — 1 weakly-0-justified ROPs such
that 0 < 3k’ < 3k — 3 < n — 2, a contradiction.

Case 2: For every i # j in [n] and m in [k] we have that 0,,0x,(fn) # 0. In this case the ROF's for
f1,---, fr do not contain any + gate, that is, they are multiplicative ROPs. The following lemma of
Shpilka and Volkovich [ | is intuitive when thinking about the tree structure of a multiplicative
ROF, yet the proof is rather technical and so we omit it.

Lemma 4.12. Let g be a multiplicative ROP with |var(g)| > 2. Then, for every x; € var(g)
there exists x; € var(g) such that 0;,(9) = (z; — a)h for some o € F and an ROP h such that
var(h) = var(g) \ {zi, z;} If, in addition, g is weakly-0-justified then so is h. Moreover, in this case
a # 0 and there is at most one element 3 # a € F such that g|,,—a is not weakly-0-justified.

Lemma 4.12 implies that for every m € [k] there exist j,, € [n], a nonzero «,, € F and an ROP
by, such that 0, (fm) = (Tn — am)hm. Let A = {ay | m € [k]}. Clearly 0 ¢ A. For every a € A,
let Eo = {m € [k] | am =a} and By = {m € [k] | o # @ and fin |z, —a is not weakly-0-justified }.
Intuitively, E, is set of the ROPs that can be eliminated by substituting =, = a and B, is set
of (“bad”) ROPs that will become non weakly-0-justified upon the substitution and thus require
a special treatment. From the definition of A we have that |Eo| > 1 and ) .4 |Es| = k. In
fact, the E,’s form a partition of [k]. Lemma 4.12 implies that for each @ # o in A the sets
B, and B, are disjoint (since for every ROP there exists at most one “bad” value of z,) and
therefore ) 4 [Ba| < k. Hence, there exists ag € A such that |Ba,| < [Eqay| and 0 < [Eqg|. Let
I =FEy UBqy, Clkland J = {j,, | m €I} C[n]. By choice, 1 <|J| < |I| < |Eqy| + |Bao| < 2|Eaqy|
and n ¢ J. For every m € [k], define f], = 0;(fm), where 0;(+) is the partial derivative with respect
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to {z; : j € J}. We note the following properties: By Lemma 4.11, every f/, is a weakly-O-justified
ROP. Secondly, for every m € I we have that f], = (z,, — aum)hl, for some ROP k] (Z). Indeed, as
Jm € J we have that

fon = 05(fm) = O (1 Ot (fm)) = O i} (@ — ) Bim) = (Zn — i) - O\ (5} orm-

In addition, for every m € I we have that h/, is a weakly-0-justified ROP. This follows from the
fact that a partial derivative of a weakly-0-justified ROP is also a weakly-0-justified ROP and the
previous two properties.

For m € [k| consider the ROP f/! = f! |.., —a,- Based on the above we can conclude the following:
(1) For every m € Eq,, since o, = ay, it holds that f/! = (g — aum)hl, = 0. (2) For every m € By,
we have that f/! = (ap— au,)h!, is a nonzero weakly-0-justified ROP. In contrast to f,, the structure
of f} guarantees that it remains weakly-0-justified when substituting z,, = ag. (3) For m € [k] \ I
the definitions of E,, and B,, guarantee that fp,|z,=q, IS & weakly-0-justified ROP. Lemma 4.11
implies that the same holds for f//. In this case it is also possible that f/! = 0.

Concluding, we get that f/! = 0 for m € E,, and f/ is a weakly-0-justified ROP for m € [k]\ Eq,.
Without loss of generality, assume that J = {n’ + 1,n' +2,...,n —2,n — 1} for some n’. Thus
> metk] fm = 01(Pnlz,=ao) = ao - Pp. That is, we found a representation of ag - P,y as a sum of
weakly-0-justified ROPs, where at least |E,,| of the ROPs are zeros. As 2|Ey,| > |J|=(n—1)—n’
and |E,| > 1, we found a representation of ag - P, as a sum of 0 < k' < k weakly-0-justified ROPs
such that

0<3K <3(k—|Es|) =3k —3|Es| <n—3|Es <n'+1—|Es <7,

By induction we get that cg = 0, which is a contradiction as ayp € A and 0 ¢ A. O
Using this hardness of representation result we get the claimed PIT for sum of ROFs.

Proof of Theorem 4.2/. Let Ak = {w € {0,1}" : # of ones in w is at most k}. Let HF be the set
constructed in Lemma 4.10. Define J% = AX + 1k = {v 4w : v € AF and u € HF}. We now show
that if f = Zie[k] fi Z 0 then f|~77’f # 0. Indeed, let p € HE be a common justifying assignment to
the fi’s. We will show that p 4+ AF contains a nonzero assignment for f. By shifting the variables
(z;  x; + p;) it is enough to prove the following claim.

Claim 4.4. Let f = Zz‘e[k] fi £ 0 be a sum of 0-justified ROPs. Then f|A;ﬁ £ 0.

Proof. The proof is by induction on the number of variables in f. If |var(f)| < k then, since f is
a multilinear polynomial, evaluating it on all zero-one assignments tells us whether it is identically
zero or not. If |var(f)| > k, on the other hand, consider g; = f|;,—0 for each variable z;. Each g;
is a O-justified ROP. By the induction hypothesis, evaluating ¢g; on Af;_l C Afl tells us whether g;
is identically zero or not. If one of the g;’s is not zero then so is f and we are done. If all the g;’s
are zero then either f = 0 or the polynomial P,, divides f. Indeed, if f Z 0 but g; = 0 then z; is a
factor of f. But now Theorem 4.26 tells us that if f = Zie[k] fi = ¢ Py, for some constant ¢ € F,
then k£ > n/3, which is a contradiction. O

The black-box identity testing algorithm now follows immediately: simply evaluate f on all points
in JF. The running time is | 7*| = n@*+1°6m) The algorithm in the white-box case is based on the
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same approach but is faster, due to the white-box part of Lemma 4.10 saying that we can find a
common justifying assignment in time poly(n, k); having a common justifying assignment a at hand,
we simply evaluate f on AF 4 a. O

An interesting aspect of the proof of Theorem 4.24 is that it uses a lower bound for a very weak
model (sum of weakly-0-justified ROFSs) in order to obtain a PIT algorithm. In addition, the lower
bound is proved for a very easy polynomial, P,, which is difficult only when we consider weakly-0-
justified ROFs. Furthermore, the way that the lower bound is used is very different from the way
suggested in Theorem 4.7. Specifically, the hitting set is constructed by considering the zero set of
the “hard” polynomial P,. This zero set is very simple and very structured (it is the union of the
halfspaces x; = 0), and it can be shown that if f vanishes on all points in the hitting set then P,
is a factor of f. The lower bound is then invoked to imply that f = 0. It is an intriguing question
whether this approach can be adapted to other scenarios to yield a new way of transforming a lower
bound to a PIT algorithm.

Theorem 4.24 gives a quasi-polynomial time black-box algorithm for sum of k¥ ROFs. No poly-
nomial time black-box algorithm is known when k& = O(1). In particular the following question is
still open.

Open Problem 29. Give a polynomial time black-box PIT algorithm for read-once formulas.

In Ref. | | it was shown that (a slightly modified version of) Theorem 4.24 actually holds for
the more general case of preprocessed read-once formulas. In this model we can replace x; with a
univariate polynomial p;(z;). When we consider a sum of k£ ROFs, we can have a different polynomial
pl(x;) for each f;. If deg(p!) < r for all i, then two modifications are required in order to get the
PIT algorithm. The first is to slightly change the size of T in Lemma 4.10 to O(kn3r). The second
is to replace AX by the set of all vectors having at most k nonzero coordinates and taking values in
S, where S C I can be taken to be any set of size r + 1. These changes give a PIT algorithm for
preprocessed ROFs of running time (nr)o(k+1°g n) (some more work is required to prove that these

changes indeed give the required result).

Another model that was considered in Ref. | | is that of small depth read-once formulas.
An interesting point in the definition is that such formulas have alternating levels of + gates and
MUL gates, where a MUL gate can compute any multiplicative ROF in its inputs. This generalizes
the usual notion of bounded depth formulas in which we have alternating levels of + and x. The
authors of Ref. [ ] give an n©(@k)_time black-box PIT algorithm for the sum of k depth-d ROFs.
Since multilinear XTI (k) circuits are actually a sum of k¥ ROFs, this gives the currently best PIT
algorithm for them'?.

Theorem 4.27 (] 1). There is a n®®) -time black-box PIT algorithm for multilinear YIS (k)
circuits.
Jansen et al. [ | showed how to generalize Theorem 4.24 to get a PIT algorithm for a sum of

k read-once arithmetic branching programs of roughly the same running time. The proof is similar
to the proof of Theorem 4.24. In particular it is based on first solving the case k = 1 and then

12The theorem also holds if we consider preprocessed multilinear XIIX(k) circuits, which form a sub-model of depth-4
circuits.
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proving a hardness of representation theorem using essentially the same ideas. The interested reader
is referred to [ ] for details.

Very recently, Anderson et al. | | obtained a deterministic PIT algorithm for read-k
formulas. Observe that this model contains as sub-models multilinear depth-3 and depth-4 formulas
as well as sum of ROFs. The PIT algorithm of Anderson et al. | | runs in time n** in the
white-box model and in time n*”*’ 198 in the black-box model. While for the sub-models mentioned
above the running time is worse than those given in Theorems 4.27, 4.20 and 4.24, the algorithm of
Anderson et al. [ | works for a more general model. Interestingly, the approach of Anderson
et al. combines the technique developed in the proofs of Theorems 4.20 and 4.24. The basic idea is
to apply partial derivatives (using the technique of Theorem 4.24) to the formula and show that if we
take the “correct” set of partial derivatives then the formula becomes a sum of c-compressed formulas.
Le. formulas that each of their factors depends on a relatively small number of variables. At this
point, the algorithm reduces each factor to a linear form by fixing the values of most variables, using
ideas similar to the proof of Theorem 4.20. Finally, using the rank bound for multilinear XIIX(k)
circuits (Theorem 4.17) the authors prove that the resulting depth-3 formula is nonzero. We stress
that while this is the basic scheme, the proof is of course more complicated and does not use previous
techniques in a straightforward manner.

Theorem 4.28 (] ). There is a deterministic PIT algorithm for read-k multilinear formulas.

KkO(k)

The algorithm runs in time n in the white-box model and in time n*°" 198" in the black-box

model.

4.9 Relation to Other Problems

In this section we discuss the relation between PIT and other problems. We start by showing the
relation to the problem of polynomial factorization. We then discuss the problem of read-once testing
which is a generalization of the PIT problem.

4.9.1 Polynomial Factorization

Consider the following approach for PIT of multilinear formulas. Start by making the formula into a
read-once formula, that is, a formula in which each variable labels at most one leaf. This can be done
by replacing the j’th occurrence of x; with a new variable x; ;. then, check whether this formula is
zero or not. If it is zero then the original formulas was also zero and we are done. Otherwise start
replacing each x; ; with z;. After each replacement we would like to verify that the resulting formula
is still not zero. When replacing x; ; with x;, we get zero iff the linear function x; — x; ; is a factor of
the formula that we have at hand. Thus, we somehow have to find a way of verifying whether a linear
function is a factor of a multilinear formula. Furthermore, as we start with a read-once formula for
which PIT is known (Section 4.8), we can assume that we know many inputs on which the formula
is not zero. One may hope that before replacing x; ; with z; we somehow managed to obtain inputs
that will enable us to verify whether x; — x;; is a factor of the formula or not. This, of course, is
not formal, but it does show the importance of understanding how to factor a multilinear formula
given a PIT algorithm, or even just some (structured) set of nonzero inputs. As the different factors
of a multilinear formula are variable disjoint this motivates the study of factorization of polynomials
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to variable-disjoint factors. Henceforth, following Shpilka and Volkovich | |, we refer to this
problem as the decomposition problem.

Let X = {x1,...,2,} be the set of variables. For a set I C [n], denote by X the set of variables
whose indices belong to I. A polynomial f(X) is said to be decomposable if it can be written as
f(X) = g(Xy1) - M(Xpp\g) for some I C [n] of size 0 < |I| < n. The indecomposable factors of a
polynomial f(X) are polynomials g1(Xr,),...,gx(Xrz,) such that the I;’s are disjoint sets of indices,
f(X) = g1(X1) - 92(X1,) - 9x(X1,) and the g;’s are indecomposable. It is not difficult to see
that every polynomial has a unique factorization to indecomposable factors, up to multiplication by
field elements. The problem of polynomial decomposition is defined in the following way: Given
an arithmetic circuit from some circuit class M computing a polynomial f, we have to output
circuits for each of the indecomposable factors of f. If we only have a black-box access to f then
we have to output a black-box for each of the indecomposable factors of f. We refer to this as
black-box polynomial decomposition. Clearly, finding the indecomposable factors of a polynomial f
is an easier task than finding all of the irreducible factors of f. However, for the natural class of
multilinear polynomials these two problems are in fact the same.

The problem can be considered in its decision version as well. That is, given an arithmetic circuit
computing a multivariate polynomial decide whether the polynomial is decomposable or not. In
the decision version the algorithm just has to answer “yes” or “no” and is not required to find the
decomposition.

Many randomized algorithms are known for factoring multivariate polynomials in the black-box
and white-box settings (see, e.g., Refs. [ , ) ]). These algorithms clearly imply
randomized algorithms for the decomposition problem. Similarly to the case of PIT, it is a long-
standing open question whether there is an efficient deterministic algorithm for factoring multivariate

polynomials (see Refs. | , ]). Moreover, there is no known deterministic algorithm for
the decision version of the problem and not even for the simpler case of multilinear polynomials.
The authors of Ref. | | showed that this is not a coincidence. Namely, they show that PIT

and decomposing are closely related tasks. One direction is quite easy - showing that deterministic
decomposing (even in its decision version) implies deterministic PIT. In what follows M is some
fixed model of arithmetic circuits, for example, M can be the class of multilinear formulas, depth-4
circuits and so forth.

Observation 4.6. Assume that there is a deterministic algorithm for the decision version of the
polynomial decomposition problem, that is, an algorithm that when given access (explicit or via a
black-boz) to a size s degree r circuit C € M runs in time T(s,r) and outputs “yes” iff the polynomial
computed by C' is decomposable. Then there is a deterministic algorithm that runs in time O(T(s +
2,1)) and solves the PIT problem for size s degree r circuits from M.

Proof. Let C be an arithmetic circuit. Consider C’ f o + y - z where y, z are new variables. Note
that C’ is decomposable iff C' # 0 (in addition, C’ is multilinear iff C is). O

The other direction is more involved and in fact we may need a PIT algorithm for a slightly larger
class of circuits than the circuit that we wish to decompose. Given a circuit class M, the circuit
class My is defined as follows. The class My contains all circuits of the form C7 + Cy x C3 where
C1,Cy,C3 € M and Cy, (5 are variable disjoint.
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Theorem 4.29 (] ). Assume that there is a deterministic algorithm that when given access
(explicit or via a black-boz) to a circuit C € My, of size 3s and degree r, runs in time T(s,r) and
decides whether C = 0. Then, there is a deterministic algorithm that when given access (explicit or
via a black-box) to a size s degree v circuit C' from M, runs in time O(n®-r-T(s,r)) and decomposes
C’'. Moreover, each decomposable factor belongs to M and is of size at most s.

The theorem says that in order to find the decomposable factors of circuits from M it suffices
to have a PIT algorithm for a slightly larger family of circuits My . In fact, for most natural circuit
classes, My is the same class as M, e.g., when M is the class of multilinear formulas. On the other
hand, when M is the class of ROFs then the theorem requires a PIT algorithm for the sum of two
ROFs. It is an interesting question to prove a similar result using a PIT for M itself and not for a
larger class.

Proof. Let f be a polynomial that is computed by a size s degree r circuit C € M. The proof
actually gives an algorithm that returns a partition of [n] to Iy, ..., Ix such that the decomposition
of fis f = h(Xp) - hi(Xy,) for some indecomposable polynomials hy,...,h;. We call the
partition Z = {I,..., I} the variable-partition of f. The algorithm has the following four steps.

1. Find a justifying assignment a to f.
2. Recursively, find the variable-partition Z’ of f|;, —a, -

3. For every set I € 7', use the PIT to check whether C(a) - C = Cly,=q, - C‘m[n]\I:a[n]\I' If this
is the case then add I to Z. If it is not the case, then move to the next I. At the end, add the
remaining elements to Z. Namely, Z <— Z U {[n] \ Urezl}.

and o = f(a)'"l. Output f = o [] hy.

4. For every I € Z, let hy = f|x[n]
IeT

N\ =[]\ I

We now explain why the algorithm works. Assume that the first step works, that is, that we
found a justifying assignment a for f (this is given to us by assumption). The proof is by induction
on n. The case n = 1 is trivial as a univariate polynomial is indecomposable. Now assume that
n>1. Let f =hi(Xp,)-...-he—1(X1,_,) - hi(X1,) be the decomposition of f, where Z = {1, ..., I}}
is its variable-partition. Assume without loss of generality that n € Iy. Consider f' = f|,, =4, . It
holds that f' = hy-...-hg_1-g1-g2--..-g¢ where the g;’s are the indecomposable factors of hg|z, —q, -
Denote by Zy, = {I;1,. .., Ir s} the variable-partition of hj|s,—q,. As a is a justifying assignment of
f, we obtain that var(f’) = {z; : i € [n—1]}. {From the uniqueness of the decomposition and by the
induction hypothesis, the recursive application of the algorithm on f’ returns the variable-partition
of f/, that is, Z = {I3, ... A1, Ik 1, ., I]@g}.

Lemma 4.13. Let F € Flx1,...,x,] be a polynomial and let a € F™ be a justifying assignment for
it. Then for every I C [n] of size 0 < |I| < n, we have F(a) - F = Fly;=a; - Flay, j=ap, 4 1 is a
disjoint union of sets from the variable-partition of F.

\I

Proof. Assume that equality holds. Since F' is a-justified, both F|;,—,, and F |:r[n]\1=a[n]\1 are
nonzero, and hence F(a) # 0. Consequently, if we define g(Xp\;) = Flu;=q, and h(X;) =
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(F'lep r=app )/ F(a), we obtain that F' = g(X[upr) - h(X). The uniqueness of the decomposition of
F thus implies that [ is a disjoint union of sets from the variable-partition of F.

To prove the other direction notice that we can write F' = g( X\ 1) - h(X7) for two polynomials
g and h. This implies Fl;;=o, = g(X) - h(a) and similarly Flg =, = 9(a) - h(X). Hence,
F(a)-F =g(a) - h(a) - g(X) - h(z) = Fla;=a, ‘F|ﬂc[n]\1:a[n]\1' =

The lemma tells us that the third and forth steps of the algorithm indeed find the decomposition
of f. To finish the proof, we now analyze the running time of the algorithm. An analog of Lemma 4.10
shows that, given a PIT algorithm for circuits of the form Cy,—; — Cy,—o, that runs in time T'(s,r),
when C' € M is of size s and degree r, we can find a justifying assignment for C in time O(n3 - r -

T'(s,r)). We omit the proof of this extension and the interested reader can find it in Ref. | ]. Once
we have a justifying assignment it is not difficult to see that the recursion runs in time O(n?-T (s, r)).
Thus, the total running time can be bounded from above by O(n? - r - (T(s,7))). O

We note two interesting aspects of Theorem 4.29. The first is that the complexity of a decom-
posable factor of ® is the same as the complexity of ®. I.e., even when ® comes from a restricted
family of circuits we are guaranteed that its decomposable factors belong to the same restricted
family. This is not known for the case of general factors, see e.g. Open Problem 19. The second
interesting aspect is that the theorem transforms a PIT algorithm for a weak class to decomposition
of a slightly weaker class. In general, similarly to Theorem 4.7, one can expect that a strong lower
bound for arithmetic circuits will lead to strong derandomization results. However, it is not clear
that a lower bound for a weak circuit class (like the one that follows from assuming the existence
of a polynomial time black-box PIT algorithm, see Theorem 4.6) can help in derandomization, even
for weaker classes.

4.9.2 Read-Once Testing

Consider the following generalization of the PIT problem. Given a polynomial, either explicitly
by a circuit or as a black-box, decide whether it computes an ROP. Namely, decide whether there
is a read-once formula computing it. Following [ | we refer to this problem as the read-once
testing problem (ROT for short). Surprisingly enough, Shpilka and Volkovich [ | proved that
this problem is (roughly) equivalent to PIT. That is, there is a deterministic algorithm for PIT iff
there is a deterministic algorithm for ROT.

As in Theorem 4.29 we need a PIT algorithm for a slightly larger circuit class than the one we
wish to do ROT for. In what follows we assume that M is some circuit class such that there is a
deterministic PIT algorithm for the circuit class My (defined as before).

Theorem 4.30. There is a deterministic algorithm that, given a n-variate size s degree r circuit
C € M, runs in time poly(n,r,s,T(s,r)), where T'(s,r) is the cost of a single PIT algorithm for size
s degree r circuits from My, and outputs “yes” iff C' is an ROP.

Sketch. The algorithm consists of the following steps.

1. Find a justifying assignment a for the polynomial computed by C. This can be done in time
O(n?-r-T(s,r)) by a generalized version of Lemma 4.10.
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2. Reconstruct an ROF from the justifying assignment a. In Ref. | | it was shown that given
a black-box access and a justifying assignment for a polynomial f, one can construct, in time
poly(n), a read-once formula ® such that if f is an ROP then ® computes f. At this stage we
have ® and all we have to do is verify whether C' and ® compute the same polynomial.

3. Verify that C' = ®. The idea is to recursively ensure that every gate v of ® computes the same
polynomial as a “corresponding” restriction of C'. To give a rough sketch, consider v, the root
of ®. Denote ® = - (®,, * Dy,) + B, where vy, vy are the two children of v and x € {+, x}.
Assume that the variables of v; are I;. The two sets I; and I are disjoint. Consider the circuit
C,=Cl L=ar,- Similarly define Cs, and the ROFs ®; and ®5. Recursively verify that C; = ®;.
The only thing left is to verify that indeed C' = « - (C; x C2) + 5. This can be done as we
have a PIT algorithm for circuits in My which is exactly what we need. This step requires
O(n-T(s,r)) time.

4.10 Concluding remarks

In this Section we surveyed most of the known deterministic identity testing algorithms. We saw
that the main question is to find black-box algorithms for depth 4 circuits. We also saw that no
algorithm is known even for XIIY circuits and that current techniques can deal with circuits with a
bound on either (1) the top fan-in or (2) the number of times a variable is read or (3) the number
of different functions appearing in a multiplication gate. The only exception to this is the white-box
algorithm of Raz and Shpilka | ] that handles the case of set-multilinear XII¥ circuits. We think
that the first step towards a better understanding of XIIY circuits (and hopefully XIIXII circuits)
is answering Open Problem 27. Namely, giving an efficient deterministic black-box identity testing
algorithm for set-multilinear >II3: circuits. Another possible approach to XIIY circuits is obtaining
PIT algorithms for the symmetric model discussed at the end of Section 3.5: Decide whether a
given polynomial f of the form f = o, (1,...,0y) is equivalently zero, where o, is the degree r
elementary symmetric polynomial in m variables and the ¢;’s are linear functions in x1,...,z,. This
question is open even in the white-box model.

Open Problem 30. Give a deterministic PIT algorithm for polynomials of the form f =
Uij(fl,...,Km).

At the end of the Section we saw a connection between PIT and polynomial decomposition. It is
interesting to understand the relation between problems in RP. In particular it may be the case that
derandomizing PIT implies derandomization of the general polynomial factorization problem. Note,
however, that a decomposable factor of a circuit ® has essentially the same complexity as ®, even
when @ is, say, a sum of read-once formulas or a bounded depth circuit, etc. In the case of general
factorization no such result is known, see Open Problem 19.
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Chapter 5

Reconstruction of Arithmetic Circuits

The reconstruction problem for arithmetic circuits is defined as follows. We are given a black box
“holding” an arithmetic circuit, that belongs to a predetermined family of circuits, e.g., bounded
depth circuits, multilinear circuits, read-once formulas etc., and that computes some multivariate
polynomial f. We are allowed to ask for the value of f on inputs of our choice. We then have to
come up with an arithmetic circuit computing the same polynomial of roughly the same complexity
as the black-box circuit. The goal is to minimize the number of queries and running time required
for constructing the circuit.

A reconstruction algorithm is efficient if its running time is polynomial in the circuit complexity of
the black-box polynomial. This problem is the algebraic analog of the learning with membership and
equivalence queries problem from computational learning theory of Boolean functions'. In the model
of membership and equivalence queries, the learner can query the function on inputs of her choice
(membership queries). In addition whenever the learner constructs a hypothesis she can ask for a
counterexample, if one exists (an equivalence query). Namely, an input x such that the hypothesis
and the underlying function disagree on. Eventually the learner has to come up with a hypothesis
that computes the function exactly. In the arithmetic setting equivalence queries can be replaced by
membership queries, as by picking an input at random we can tell any two difference polynomials
apart.

A closely related notion is that of interpolation of a polynomial. In the interpolation problem
the goal of the learner is to find a the coefficients of the underlying polynomial using membership
queries. While this problem is closely related to the reconstruction problem it is not exactly the
same. Note, however, that for sparse polynomials (XII circuits) interpolation and reconstruction are
the same problem.

In the Boolean world, the PAC learning model is more often considered than the model of
learning with membership and equivalence queries. In the PAC model the learner gets examples of
the form (z, f(z)) where the input z is drawn from some unknown distribution D on inputs. She
then has to come up with a hypothesis that agrees with f on most inputs, according to D. In the
arithmetic world, however, we believe that the reconstruction problem is more natural to study than
the PAC learning one. One reason is that it seems natural to think of the input for a polynomial as

'For a good background on computational learning theory, see Ref. [ ]
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coming from the uniform distribution and not from some “strange” distribution that PAC learning
algorithms have to deal with. Another reason is that any two polynomials are far from each other,
so any “reasonable” learning algorithm should compute the polynomial exactly.

It is clear that PIT algorithms are strongly related to reconstruction algorithms. E.g., a black-
box algorithm provides a test set for the underlying class of circuits, that is, a set of points that
distinguishes any two different circuits from the class. In other words, black-box PIT algorithms
provide a set of points with the property that evaluating a circuit from the underlying class on all
the points in the set, completely determines the circuit. The problem remains: “how to reconstruct
the circuit from the values that it obtains on a test set?”

Currently, reconstruction algorithms are known for depth-2 circuits, see Refs. | , ,
, | and references within, for depth-3 circuits with bounded top fan-in | , ] and
for set-multilinear noncommutative formulas | , |. It is an interesting question whether
there is a generic way of transforming a black-box PIT algorithm to a reconstruction algorithm. On
the face of it the answer should be negative as a random set should be a good test set and there is no
clear way of using a random set of points to generate circuits. However, by considering PIT algorithms
of a certain type, like the ones suggested by Agrawal | ] and Shpilka and Volkovich | ], it
seems possible that one would be able to transform a successful PIT algorithm to a reconstruction
algorithm. Consider, for example, the case of read-once formulas (ROFs). Although a weak model,
it received a lot of attention in the learning community and several randomized learning algorithms
were devised for it | , , , ]. In Shpilka and Volkovich | , | a PIT
algorithms for sums of read-once formulas was given. Consequently, [ | obtained a deterministic
quasi-polynomial time learning algorithms for read-once formulas. However, the problem of learning
a sum of read-once formulas, even the sum of two read-once formulas, is still open.

Open Problem 31. Give sub-exponential reconstruction algorithm for the sum of a small number
of read-once arithmetic formulas.

Although there is a clear relation between PIT and reconstruction, it may be the case that we will
have randomized reconstruction algorithms without a corresponding deterministic PIT algorithm.
For example, in | , , | randomized polynomial time reconstruction algorithms
for ROFs were given, much before the designed of PIT algorithms for it. In addition, the PIT
algorithm of Shpilka and Volkovich | |, that was discovered later, only implies a quasi-polynomial
time reconstruction algorithm due to the size of the hitting set. We note however that the algorithm
of [ | has the advantage of being deterministic whereas the previous algorithms | , ,

, | are all randomized.

We now explain the main ideas behind some of the known reconstruction algorithms and discuss
some known hardness results.

5.1 Hardness of Reconstruction

By experience, reconstruction algorithms exist only for classes for which strong lower bounds are
known. It is thus natural to ask whether efficient reconstruction algorithms imply strong lower
bounds for the underlying circuit class. If we could show such a result then we will immediately get
that for classes for which lower bounds are hard to prove (like depth-4 circuits), one cannot expect
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to obtain an efficient reconstruction algorithm. In the Boolean world such results were first proved
by Valiant | | (for more on hardness of learning see Ref. | | and references within). In
the arithmetic world much less is known. This is mostly due to the fact that most cryptographic
assumptions that were used to prove hardness of learning do not have counterparts in the arithmetic
world (recall the discussion in Section 3.9). Nevertheless, recently some hardness of reconstruction
results were proved for arithmetic circuits as well.

In Ref. | ], Klivans and Sherstov proved that assuming the hardness of the shortest vector
problem (SVP) for quantum algorithms, no PAC learning algorithm exists for XIIY circuits. The
f(n)-SVP question is the problem of computing an f(n) multiplicative approximation to the length
of the shortest vector in a given lattice in R™. Regev constructed a new public-key cryptosystem
based on the assumption that O(n')-SVP is hard for quantum computers | |. Klivans and
Sherstov observed that the decrypting function for Regev’s public-key encryption scheme can be
computed by small XII¥ circuits. Using a lemma of Kearns and Valiant | |, that basically says
that if a decryption function of a secure public key cryptosystem can be computed by a circuit class
C then C does not have efficient learning algorithms, Klivans and Sherstov [ | concluded that
no efficient PAC learning algorithms exist for 3IIX circuits (assuming the security of Regev’s public
key cryptosystem).

Theorem 5.1 (] 1). Assume that polynomial-size 11X arithmetic circuits are PAC-learnable
in polynomial time. Then there is a polynomial-time quantum solution to O(n'-5)-SVP.

While this Theorem provides a hardness of PAC learning result for XIIX circuits, it does not
say much about the general reconstruction problem. The main difference between these problems
is that in the case of reconstruction we are allowed to ask for the value of the circuits on inputs
of our choice. Furthermore, in the reconstruction problem we usually consider inputs coming from
the uniform distribution. On the other hand, in the PAC model the goal is to learn the circuit
using random examples that come from some unknown distribution. Sp