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—— Abstract

In recent years there has been a flurry of activity proving lower bounds for homogeneous depth-4
arithmetic circuits [14, 11, 18, 27], which has brought us very close to statements that are known
to imply VP # VNP. It is a big question to go beyond homogeneity, and in this paper we make

progress towards this by considering depth-4 circuits of low algebraic rank, which are a natural

extension of homogeneous depth-4 arithmetic circuits.

A depth-4 circuit is a representation of an N-variate, degree n polynomial P as P = Zle Qi1-
Qi2 - - - Qi where the ();; are given by their monomial expansion. Homogeneity adds the con-
straint that for every i € [T], > ; degree(Q;;) = n. We study an extension where, for every
i € [T], the algebraic rank of the set of polynomials {Q;1, Qi2,...,Qit} is at most some parame-
ter k. We call this the class of SII®)XII circuits. Already for k = n, these circuits are a strong
generalization of the class of homogeneous depth-4 circuits, where in particular ¢ < n (and hence
k <n).

We study lower bounds and polynomial identity tests for such circuits and prove the following
results.

1. Lower bounds: We give an explicit family of polynomials { P, } of degree n in N = n°() vari-
ables in VNP, such that any STI( Y11 circuit computing P, has size at least exp (Q(y/nlog N)).
This strengthens and unifies two lines of work: it generalizes the recent exponential lower
bounds for homogeneous depth-4 circuits [18, 27] as well as the Jacobian based lower bounds
of Agrawal et al. [2] which worked for STI®)X1T circuits in the restricted setting where Tk < n.

2. Hitting sets: Let SIIMSII be the class of SII®II circuits with bottom fan-in at most
d. We show that if d and k are at most poly(log V), then there is an explicit hitting set for
SI®SI circuits of size quasipolynomial in N and the size of the circuit. This strengthens
a result of Forbes [8] which showed such quasipolynomial sized hitting sets in the setting
where d and ¢ are at most poly(log N).

A key technical ingredient of the proofs is a result which states that over any field of charac-

teristic zero (or sufficiently large characteristic), up to a translation, every polynomial in a set

of algebraically dependent polynomials can be written as a function of the polynomials in the
transcendence basis. We believe this may be of independent interest. We combine this with
shifted partial derivative based methods to obtain our final results.
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Arithmetic Circuits with Locally Low Algebraic Rank

1 Introduction

Arithmetic circuits are natural algebraic analogs of boolean circuits, with the logical operations
being replaced by sum and product operations over the underlying field. Valiant [42] developed
the complexity theory for algebraic computation via arithmetic circuits and defined the
complexity classes VP and VNP as the algebraic analogs of complexity classes P and NP
respectively. We refer the interested reader to the survey by Shpilka and Yehudayoff [37] for
more on arithmetic circuits.

Two of the most fundamental questions in the study of algebraic computation are the
questions of polynomial identity testing (PIT)! and the question of proving lower bounds for
explicit polynomials. It was shown by structural results known as depth reductions [1, 24, 41]
that strong enough lower bounds or PIT results for just (homogeneous) depth-4 circuits,
would lead to superpolynomial lower bounds and derandomized PIT for general circuits too.
Consequently, depth-4 arithmetic circuits have been the focus of much investigation in the
last few years.

Just in the last few years we have seen rapid progress in proving lower bounds for
homogeneous depth-4 arithmetic circuits, starting with the work of Gupta et al. [14] who
proved exponential lower bounds for homogeneous depth-4 circuits with bounded bottom
fan-in and terminating with the results in [18, 27] which showed exponential lower bounds
for general homogeneous depth-4 circuits. Any asymptotic improvement in the exponent
of these lower bounds would lead to superpolynomial lower bounds for general arithmetic
circuits?. Most of this progress was based on an understanding of the complexity measure
of the family of shifted partial derivatives of a polynomial (this measure was introduced in
[21]), and other closely related measures.

Although we now know how to use these measure to prove such strong lower bounds for
homogeneous depth 4 circuits, the best known lower bounds for non-homogeneous depth
three circuits over fields of characteristic zero are just quadratic [36, 38], and those for
non-homogeneous depth-4 circuits over any field except Fy are just about superlinear [30]. It
remains an extremely interesting question to get improved lower bounds for these circuit
classes.

In sharp contrast to this state of knowledge on lower bounds, the problem of polynomial
identity testing is very poorly understood even for depth three circuits. Till a few years ago,
almost all the PIT algorithms known were for extremely restricted classes of circuits and
were based on diverse proof techniques (for instance, [5, 20, 16, 19, 15, 34, 35, 33, 2, 9, 10, 4]
). The work of [2] gave a unified proof of several of them.

It is a big question to go beyond homogeneity (especially for proving lower bounds) and
in this paper we make progress towards this question by considering depth-4 circuits of low
algebraic rank, which are a natural extension of homogenous depth-4 arithmetic circuits.

A depth-4 circuit is a respresentation of an N-variate, degree n polynomial P as

T
P:ZQil “Qiz - Qit
i=1
where the ();; are given by their monomial expansion. Homogeneity adds the constraint
that for every i € [T, >_, degree(Q;;) = n. We study an extension where, for every i € [T7,

! Given an arithmetic circuit, the problem is to decide if it computes the identically zero polynomial.
In the whitebox set up, we are allowed to look inside the wirings of the circuit, while in the blackbox
setting, we can only query the circuit at some points.

2 We refer the interested reader to the surveys of recent lower bounds results by Saptharishi [32, 31]
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the algebraic rank of the set of polynomials {Q;1, Qi2, ..., Qs } is at most some parameter k.
We call this the class of SII®)SII circuits. Already for k = n, these circuits are a strong
generalization of the class of homogeneous depth-4 circuits, where in particular ¢ < n (and
hence k < n).

We prove exponential lower bounds for SII®)XIT circuits for k& < n and give quasipoly-
nomial time deterministic polynomial identity tests for SII*) XTI circuits when k and the
bottom fan-in are bounded by poly(log N). All our results actually hold for a more general
class of circuits, where the product gates at the second level can be replaced by an arbitrary
circuits whose inputs are polynomials of algebraic rank at most k. In particular, our results
hold for representations of a polyonomial P as

T

P= ZCi (Qi1,Qiz, - Qir)

i=1

where, for every i € [T], C; is an arbitrary polynomial function of ¢ inputs, and the algebraic
rank of the set of polynomials {Q;1, Qi2,...,Q:t} is at most some parameter k.

1.1 Some background and motivation

Before we more formally define the model and state our results, we give some background
and motivation for studying this class of circuits.

Strengthening of the model of homogenous depth-4 circuits

As already mentioned, we know very strong exponential lower bounds for homogenous depth-4
arithmetic circuits. In contrast, for general (non-homogenous) depth-4 circuits, we know only
barely superlinear lower bounds, and it is a challenge to obtain improved bounds. SII%) ¥11
circuits with k as large as n (the degree of the polynomial being computed), which is the class
we study in this paper, is already a significant strengthening of the model of homogenous
depth-4 circuits (since the intermediate degrees could be exponentially large). We provide
exponential lower bounds for this model. Note that when k = N, SII®) 1T circuits would
capture general depth-4 arithmetic circuits.

Low algebraic rank and lower bounds

In a recent work, Agrawal et al. [2] studied the notion of circuits of low algebraic rank and
by using the Jacobian to capture the notion of algebraic independence, they were able to
show exponential lower bounds for a certain class of arithmetic circuits®. They showed that
over fields of characteristic zero, for any set of polynomials {Q1,Qa2, ..., Q:} of sparsity at
most s and algebraic rank k, any arithmetic circuit of the form C(Q1,Q2,...,Q:) which
computes the determinant polynomial for an n x n symbolic matrix must s > exp (n/k). In
particular, if K = Q(n), then the lower bound becomes trivial. The lower bounds in this
paper strengthen this work in two ways.

(1) Our lower bounds hold for a much richer class of circuits. In the model considered
by [2], one imposes a global upper bound k on the rank of all the Q;s feeding into some
polynomial C. In our model, we can take exponentially many different sets of @);s each with
bounded rank, and apply some polynomial function to each of them and then take a sum.

3 Even more significantly they also give efficient PIT algorithms for the same class of circuits.
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(2) Our lower bounds are stronger - we obtain exponential lower bounds even when k is as
large as the degree of the polynomial being computed.

Algebraic rank and going beyond homogeneity

Even though we know exponential lower bounds for homogeneous* depth-4 circuits, the best
known lower bounds for non-homogeneous depth-4 circuits are barely superlinear [30].

In [13, 12, 36], Grigoriev-Karpinski, Grigoriev-Razborov and Shpilka-Wigderson outlined
a program based on “rank"' to prove lower bounds for arithmetic circuits. They used the
notion of “linear rank" and used it to prove lower bounds for depth-3 arithmetic circuits
in the following way: Let C' = ZZ;I H;:l L;; be a depth three (possibly nonhomogeneous)
circuit computing a polynomial P of degree n. Now, partition the inputs to the top sum
gate to two halves, C1 and C based on the rank of the inputs feeding into it in the following
way. For each i € [T, if the linear rank of the set of polynomials {L;; : j € [t]} is at most
k (for some threshold k), then include the gate i into the sum Cj, else include it into Cs.
Therefore,

C=Ci+0C.

Their program had two steps. (1) Show that the subcircuit C is weak with respect to some
complexity measure, and thus show a lower bound for C; (and hence C') when Cj is trivial.
(2) Also since Cs is“high rank', show that there are many inputs for which Cs is identically
zero. Then try to look at restrictions over which Cj is identically zero, and show that the
lower bounds for C; continue to hold.

The following is the natural generalization of this approach to proving lower bounds for
depth-4 circuits. Let C' = ZiT:1 H;zl Qi; be a depth-4 circuit computing a polynomial P of
degree n. Note that in general, the formal degree of C' could be much larger than n. Now,
we partition the inputs to the top sum gate to two halves, C; and Cs based on the algebraic
rank of the inputs feeding into it in the following way. For each i € [T, if the algebraic rank
of the set of polynomials {Q;; : j € [t]} is at most k (for some threshold k), then we include
the gate 7 into the sum C; else we include it into Cs. Therefore,

C=0C+Ch.

To implement the G-K, G-R and S-W program, as a first step one would show that the
subcircuit C; is weak with respect to some complexity measure, and thus show a lower
bound for € (and hence C) when Cs is trivial. The second step would be to try to look at
restrictions over which C5 is identically zero, and show that the lower bounds for C; continue
to hold.

For the case of depth-4 circuits, even the first step of showing lower bounds when Cs is
trivial was not known prior to this work (even for k£ = 2). Our results in this paper are an
implementation of this first step, as we show exponential lower bounds when the algebraic
rank of inputs into each of the product gates is at most n (the degree of the polynomial
being computed).

Connections to divisibility testing

Recently, Forbes [8] showed that given two sparse multivariate polynomials P and @, the
question of deciding if P divides @) can be reduced to the question of polynomial identity

4 These results, infact hold for depth-4 circuits with not-too-large formal degree.
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testing for LI XII circuits. This question was one of the original motivations for this paper.
Although we are unable to answer this question in general, we make some progress towards it
by giving a quasipolynomial identity tests for SII*) 1T circuits when the various Q;j feeding
into the circuit have degree bounded by poly(log N) (and we are also able to handle k as
large as poly(log N).)

Low algebraic rank and PIT

Two very interesting PIT results which are also very relevant to the results in this paper are
those of Beecken et al. [3] and those of Agrawal et al. [2]. The key idea explored in both
these papers is that of algebraic independence. Together, they imply efficient deterministic
PIT for polynomials which can be expressed in the form C(Q1,Q2,...,Q:), where C is a
circuit of polynomial degree and Qs are either sparse polynomials or product of linear forms,
such that the algebraic rank of {Q1, Q2,...,Q;}" is bounded. This approach was extremely
powerful as Agrawal et al. [2] show that they can use this approach to recover many of the
known PIT results, which otherwise had very different proofs techniques. The PIT results of
this paper hold for a variation of the model just described and we describe it in more detail
in Section 1.3.2.

Polynomials with low algebraic rank

In addition to potential applications to arithmetic circuit complexity, it seems an interesting
mathematical question to understand the structure of a set of algebraically dependent
polynomials. In general, our understanding of algebraic dependence is not as clear as our
understanding of linear dependence. For instance, we know that if a set of polynomials is
linearly dependent, then every polynomial in the set can be written as a linear combination
of the polynomials in the basis. However, for higher degree dependencies (linear dependence
is dependency of degree 1), we do not know any such clean statement. As a significant core
of our proofs, we prove a statement of this flavor in Lemma, 1.6.

We now formally define the model of computation studied in this paper, and then state
and discuss our results.

1.2 Model of computation

We start with the definition of algebraic dependence. See Section 2 for more details.
» Definition 1.1 (Algebraic independence and algebraic rank). Let F be any field. A set of poly-
nomials @ = {Q1,Q2,...,Q:} CF[Xy, Xo,..., Xy] is said to be algebraically independent
over I if there is no nonzero polynomial R € F[Y1,Y3,...,Y;] such that R(Q1,Q2,...,Q4) is
identically zero.

A maximal subset of @ which is algebraically independent is said to be a transcendence
basis of @ and the size of such a set is said to be the algebraic rank of Q.

We are now ready to define the model of computation.

» Definition 1.2. Let F be any field. A SII®)XII circuit C' in N variables over F is a
representation of an N variate polynomial as

T
C=> Qi Qi ,Qu

i=1

5 See Section 2 for definitions.
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such that for each ¢ € [T], the algebraic rank of the set of polynomials {Q;; : j € [t]} is at
most k. Additionally, if for every i € [T] and j € [t], the degree of Q;; is at most d, we say
that C is a SH® XTI circuit.

We will state all our results for SII®)XIT and SIIF X119 circuits. However, the results
in this paper hold for a more general class of circuits where the product gates at the second
level can be replaced by a arbitrary polynomials. This larger class of circuits will be crucially
used in our proofs and we define it below. Formally,

» Definition 1.3. Let F be any field. A LT XII circuit C' in N variables over F is a
representation of an /N variate polynomial as

T
C=> TiQi, Qi -, Qit)
i=1
such that T'; is an arbitrary polynomial in ¢ variables, and for each ¢ € [T], the algebraic rank
of the set of polynomials {Q;; : j € [t]} is at most k. Additionally, if for every ¢ € [T] and
j € [t], the degree of Q;; is at most d, we say that C is a ST® X circuit.

The size of a SIIFIXIT or a ST XM circuit C is defined as the maximum of 7' and the
number of monomials in the set of polynomials {Q;; : i € [T1],j € [t]}.

A XTI XTI circuit C for which the polynomials {Q;; : i € [T],5 € [t]} are homogeneous
polynomials such that for every i € [T1,

Z Degree(Q;;) = Degree(P)
Jjeli]

(where P is the polynomial being computed) and k = Degree(P) is precisely the class of
homogeneous depth-4 circuits. If we drop the condition of homogeneity, then in general
the value of ¢ could be much larger than Degree(P) as well as the degrees of the @;; could
also be arbitrarily large. Thus the class of SII®)SII circuits with k equalling the degree of
the polynomial being computed is potentially a much larger class than that of homogenous
depth-4 circuits.

Also note that in the definition of SII*)XII circuits, the bound on the algebraic rank is
local for each ¢ € [T7], and in general, the algebraic rank of the entire set {Q;; : ¢ € [T],j € [t]}
can be as large as N.

1.3 Our results

We now state our results and disucss how they relate to other known results.

1.3.1 Lower bounds

As our first result, we show exponential lower bounds on the size of SII*)XII circuits
computing an explicit polynomial when the algebraic rank (k) is at most the degree (n) of
the polynomial being computed.

» Theorem 1.4. Let F be any field of characteristic zero®. There exists a family {P,} of
polynomials in VNP, such that P, is a polynomial of degree n in N = n®®) variables with
0,1 coefficients, and for any SIS circuit C, if k < n and if C computes P, over F, then

Size(C) > NV

6 Sufficiently large characteristic suffices.
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» Remark. From our proofs it follows that our lower bounds hold for the more general class
of XTI circuits, but for the sake of simplicity, we state our results in terms of STI(%) XIT
circuits. We believe it is likely that the lower bounds also hold for a polynomial in VP and it
would be interesting to know if this is indeed true.

» Remark. Even though we state Theorem 1.4 for k < n, the proof goes through as long as
k is any polynomial in n and N is chosen to be an appropriately large polynomial in n.

Comparison to known results

As we alluded to in the introduction, YII®)YII circuits for k > n subsume the class of
homogeneous depth-4 circuits. Therefore, Theorem 1.4 subsumes the lower bounds of [18, 27]
for homogeneous depth-4 circuits. Moreover, it also subsumes and generalizes the lower
bounds of Agrawal et al. [2] since the [2] lower bounds hold only if the algebraic rank of the
entire set of polynomials {Q;; : i € [T],j € [t]} is bounded, while for Theorem 1.4, we only
need upper bounds on the algebraic rank separately for every i € [T].

1.3.2 Polynomial identity tests

We show that there is a quasipolynomial size hitting set for all polynomials P € XI1() $119)
for bounded d and k. More formally, we prove the following theorem.

» Theorem 1.5. Let F be any field of characteristic zero”. Then, for every N, there exists a
set H CFN such that

1] < exp(O(log?) )

and for every nonzero N -variate polynomial P over F which is computable by a Y11 11!
cireuit with d,k < log N and size poly(N), there exists an h € H such that P(h) # 0.
Moreover, the set H can be explicitly constructed in time

exp(O(log®d N)).

We now mention some remarks about Theorem 1.5.

» Remark. It follows from our proof that the hitting set works for the more general class of
SIS circuits with d, k < log N, size poly(N) and formal degree at most poly(INV).

Comparison to known results

The two known results closest to our PIT result are the results of Forbes [8] and the results
of Agrawal et al. [2]. Forbes [8] studies PIT for the case where the number of distinct
inputs to the second level product gates in a depth-4 circuit with bounded bottom fan-in
is also bounded (which naturally also bounds the algebraic rank of the inputs), and shows
quasipolynomial sized hitting sets for this case. On the other hand, we handle the case where
there is no restriction on the number of distinct inputs feeding into the second level product
gates, but we need to bound the bottom fan-in as well as the algebraic rank. In this sense,
the results in this paper are a generalization of the results in [8].

Agrawal et al. [2] give a construction of polynomial sized hitting sets in the case when
the total algebraic rank of the set {Q;; : ¢ € [T],j € [t]} is bounded, but they can work with

7 Sufficiently large characteristic suffices.
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unbounded d. On the other hand, the size of our hitting set depends exponentially on d,
but requires only local algebraic dependencies for every i € [T]. So, these two results are
not comparable, although there are similarities in the sense that both of them aim to use
the algebraic dependencies in the circuit. In general, summation is a tricky operation with
respect to designing PIT algorithms (as opposed to multiplication), so it is not clear if the
ideas in [2] can be somehow adapted to prove Theorem 1.5.

1.3.3 From algebraic dependence to functional dependence

Our lower bounds and PIT results crucially use the following lemma, which (informally)
shows that over fields of characteristic zero, upto a translation, every polynomial in a set
of algebraically dependent polynomials can be written as a function of the polynomials in
transcendence basis®. We now state the lemma precisely®.

» Lemma 1.6 (Algebraic dependence to functional dependence). Let F be any field of char-
acteristic zero or sufficiently large characteristic. Let Q = {Q1,Q2,...,Qr, Qr+1} be a set
of polynomials in N variables such that the for every i € [t], the degree of Q; is equal to d;
and the algebraic rank of Q equals k. Let B ={Q1,Q2,...,Qr} be a mazimal algebraically
independent subset of Q. Then, there exists an @ = (a1, asz,...,ay) in FN and a polynomial
Fy11 in k variables such that

Qi1 (X +a@) = Hom="+1 [Fj.41(Q1(X + @), Q2(X +a),...,Qr(X +a))] .

Even though the lemma seems a very basic statement about the structure of algebraically
dependent polynomials, to the best of our knowledge this was not known before. The
proof builds upon a result on the structure of roots of multivariate polynomials by Dvir et
al. [7]. Observe that for linear dependence, the statement analogous to that of Lemma 1.6 is
trivially true. We believe that this lemma might be of independent interest (in addition to
its applications in this paper).

1.4 Proof overview

Even though the results in this paper seem related to the results in [2] (both exploiting some
notion of low algebraic rank), the proof strategy and the way algebraic rank is used are quite
different. We now briefly outline our proof strategy.

We first discuss the overview of proof for our lower bound.

Let P, be the degree n polynomial we want to compute, and let C' be a SII®)SII circuit
computing it, with £ = n. Then C' can be represented as

From definitions, we know that for every i € [T, the algebraic rank of the set of polynomials
{Qi1, Qiz, ..., Qir} is at most k(= n). We want to show a lower bound on the size of C.

8 A transcendence basis of a set of polynomials is a maximal subset of the polynomials with the property
that its elements are algebraically independent. For more on this see Section 2.

9 For any polynomial P, we use Homfi[P] to refer to homogeneous components of P of degree less than
or equal to i.
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Instead of proving our result directly for XTI XTI circuits, it will be very useful for us to
go to the significantly strengthened class of ST'®)XIT circuits and prove our result for that
class. Thus we think of our circuit C' as being expressed as

T
C= ZCZ-(QH,Qiz, s Qit)

=1

where the C; can be arbitrary polynomial functions of the inputs feeding into them. Note
that we define the size of a XI'(*)XII circuit to be the maximum of the top fan-in 7', and the

maximum of the number of monomials in any of the polynomials );; feeding into the circuit.

Thus we completely disregard the complexities of the various polynomial function gates at
the second level. If we are able to prove a lower bound for this notion of size, then if the
original circuit is actually a SII(*) ST circuit then it will also be as good a lower bound for
the usual notion of size.

Our lower bound has two key steps. In the first step we prove the result in the special

case where t < n2. In the second step we show how to “almost" reduce to the case of t < n2.

Step 1: t < n?

In the representation of C' as a XI'*)XII circuit, the value of ¢ is at most n?. Lower bounds
for this case turn out to be similar to lower bounds for homogeneous depth-4 circuits. In this
case we borrow ideas from prior works [14, 18, 27] and show that the dimension of projected
shifted partial derivatives of C' is not too large. Most importantly, we can use the chain rule
for partial derivatives to obtain good bounds for this complexity measure, independent of
the complexity of the various C;.

Recall however that in our final result, ¢ can be actually much larger than n?. Indeed the
circuit C' can be very far from being homogeneous, and for general depth-4 circuits, we do
not know good upper bounds on the complexity of shifted partial derivatives or projected
shifted partial derivatives. Also, in general, it is not clear if these measures are really small
for general depth-4 circuits!®. It is here that the low algebraic rank of {Q;1, Qi2, - .-, Qit}
proves to be useful, and that brings us to the crux of our argument.

Step 2 : Reducing to the case where t < n?

A key component of our proof, which is formalized in Lemma 3.5 shows that over any field of
characteristic zero (or sufficiently large characteristic), upto a translation, every polynomial in
a set of algebraically dependent polynomials can be written as a function of the homogeneous
components of the polynomials in the transcendence basis.

More formally, there exists an @ € FY such that C'(X + @) can be expressed as

T
C(X+a) =) Cj(Hom[Qi (X +a)], Hom[Qi2(X +@)], ..., Hom[Q:in(X +@)]) (1)
i=1
where for a degree d polynomial F', Hom[F] denotes the d+1-tuple of homogeneous components
of F.
The crucial gain in the above transformation is that the arity of each of the polynomials
C!is (d+ 1) x k and not ¢ (where d is an upper bound on the degrees of the Q;;). Now

01ndeed, as [26] shows, even homogeneous depth-4 circuits can have very large shifted partial derivative
complexity.

349
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by assumption k£ < n, and moreover WLOG we can assume d < n since homogeneous
components of Q);; of degree larger than n can be dropped since they do not contribute to
the computation of a degree n polynomial. Thus we have essentially reduced to the case
where t < n2.

One loss by this transformation is that the polynomials {C?} might be much more complex
and with much higher degrees than the original polynomials {C;}. However this will not
affect the computation of our complexity measure. Another loss is that we have to deal with
the translated polynomial C(X + @). This introduces some subtleties into our computation
as it could be that Q;;(X) is a sparse polynomial but Q;;(X + @) is far from being sparse.
Neither of these issues is very difficult to deal with, and we are able to get strong bounds
for the projected shifted partial derivative based measure for such circuits. The proof of
Lemma 3.5 essentially follows from Lemma 1.6, and seems critical for the proof.

The proof of Lemma 1.6 crucially uses a result of Dvir, Shpilka and Yehudayoff [7]
which shows that upto some minor technical conditions (which are not very hard to satisfy),
factors of a polynomial f € F[X1, Xs,..., Xy, Y] of the form Y — p(X;, Xo,..., Xy) where
p € F[X1, Xs,...,Xn] can be expressed as polynomials in the coefficients when viewing
f as an element of F[ X7, Xo,..., Xy][Y]. This is relevant since a set ¢ of polynomials are
algebraically dependent implies that there is a non-zero t-variate polynomial which vanishes
when composed with this tuple. We use this vanishing to prove the lemma.

The PIT results follows a similar initial setup and use of Lemma 1.6. We then use a
result of [8] to show that the polynomial computed by C has a monomial of small support,
which is then detected using the standard idea of using Shpilka-Volkovich generators [40].

1.5 Organization of the paper

The rest of the paper is organized as follows: In Section 2, we state some preliminary
definitions and results that are used elsewhere in the paper. In Section 3, we describe our
use of low algebraic rank and prove Lemma 3.5. We prove Theorem 1.4 in Section 4 and
Theorem 1.5 in Section 5.

2 Preliminaries

In this section we set up some notations and definitions for the rest of the paper.

Notations

1. For an integer i, we denote the set {1,2,...,i} by [i].

2. By X, we mean the set of variables {X1, Xa,..., Xx}.

3. For a polynomial P and a positive integer i, we represent by Homi[P], the homoge-
neous component of P of degree equal to . By Hom=‘[P] and Hom=[P], we rep-
resent the component of P of degree at most 7 and at least i respectively. We de-
fine Hom[P] as the ordered tuple of homogeneous components of P, i.e Hom[P] =

(Homd[P], Hom?~!([P],.. ., HomO[P]>, where d is the degree of P. If for some i, there are

no non-zero monomials of degree equal to ¢ in P, then Homi[P} = 0.

4. The support of a monomial « is the set of variables which appear with a non-zero exponent
in a. We denote the size of the support of @ by Supp(a).

5. We say that a function f(N) is quasipolynomial in N if there exists a positive absolute
constant ¢, such that for all N sufficiently large, f(N) < exp(log® N).

6. In this paper, unless otherwise stated, I is a field of characteristic zero.
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7. Given a polynomial P and a valid monomial ordering II, the leading monomial of P is
the monomial with a nonzero coefficient in P which is maximal according to II. Similarly,
the trailing monomial in P is the monomial which is minimal among all monomials in P
according to II.

Algebraic independence

We now formally define the notions of algebraic independence, algebraic rank and transcen-
dence basis which would be widely used in this paper.

» Definition 2.1 (Algebraic independence and algebraic rank). Let F be any field. A set of poly-
nomials @ = {Q1,Qs,...,Q:} CF[Xy, Xo,..., Xy] is said to be algebraically independent
over I if there is no nonzero polynomial R € F[Y7,Y3,...,Y;] such that R(Q1,Q2,...,Q4) is
identically zero.

A maximal subset of @ which is algebraically independent is said to be a transcendence
basis of @ and the size of such a set is said to be the algebraic rank of Q.

Apriori, it is not even clear that algebraic rank of a set of polynomials is well defined.
But it is known that algebraic independence satisfies the matroid property [29], and therefore
is well defined.

For a tuple Q = (Q1,Qa, ..., Q:) of algebraically dependent polynomials, we know that
there is a nonzero t variate polynomial R (called a Q-annihilating polynomial) such that
R(Q1,Q2,...,Q:) is identically zero. A natural question is to ask, what kind of bounds
on the degree of R can we show, in terms of the degrees of ();. The following lemma of
Kayal [17] shows an upper bound on the degree of annihilating polynomials of a set of degree
d polynomials. The bound is useful to us in our proof.

» Lemma 2.2 (Kayal [17]). Let F be a field and let Q = (Q1,Q2,...,Q:) be a set of
polynomials of degree d in N wvariables over the field F having algebraic rank k. Then there
exists a Q-annihilating polynomial of degree at most (k + 1) - d*.

Complexity of homogeneous components

We will use the following simple lemma (whose proof is fairly standard using interpolation),
and can be found in [28] for instance. We sketch the proof here for completeness.

» Lemma 2.3. Let F be a field of characteristic zero, and let P € F[ Xy, Xa,...,Xn] be a
polynomial of degree at most d, in N variables, such that P can be represented as

P = C(QlaQ?»“'aQt)

where for every j € [t], Q; is a polynomial in N variables, and C is an arbitrary polynomial
in t variables. Then, there exist polynomials {Q;; : i € [d+ 1,7 € [t]}, and for every { such
that 0 < € < d, there exist polynomials Cj 1,C} o, ...,Cy 4, satisfying

(d+1)
Home[P] = Z Cé,z‘(@gh Qigs -+ Qi) -
1=1
Moreover,

if each of the polynomials in the set {Q; : j € [t]} is of degree at most A, then every
polynomial in the set {Q;; : i € [d+1],j € [t]} is also of degree at most A.
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if the algebraic rank of the set of polynomials {Q; : j € [t]} is at most k, then for every
i € [d+ 1], the algebraic rank of polynomials in the set {Q}; : j € [t]} is also at most k.

Proof. The key idea is to start from P € F[X] and obtain a new polynomial P’ € F[X][Z]
such that for every £ such that 0 < ¢ < d, the coefficient of Z¢ in P’ equals HomZ[P]. Here,
Z is a new variable. Such a P’ is obtained by replacing every occurence of the variable X;
(for each j € [N]) in P by Z - X;. It is not hard to verify that such a P’ has the stated
property. We now view P’ as a univariate polynomial in Z with the coeflicients coming from
F(X). Notice that the degree of P’ in Z is at most d. So, to recover the coefficients of a
univariate polynomial of degree at most d, we can evaluate P’ at d + 1 distinct values of Z
over F(X) and take an F(X) linear combination. In fact, if the field F is large enough, we
can assume that all these distinct values of Z lie in the base field F and we only take an F
linear combination. The properties in the ‘moreover’ part of the lemma immediately follow

from this construction, and we skip the details. |

Roots of polynomials

We will crucially use the following result of Dvir, Shpilka, Yehudayoff [7].

» Lemma 2.4 (Dvir, Shpilka, Yehudayoff [7]). For a field F, let P € F[ X1, Xa,..., XN, Y] be
a non-zero polynomial of degree at most k in'Y. Let f € F[X1, Xa,..., Xn]| be a polynomial
such that P(X1,Xs,..., XN, f) =0 and 2—3}3(0,07 ...,0,£(0,0,...,0)) #0. Let
k
P=> Ci(X1,Xs,...,Xn) Y".

i=0
Then, for every t > 0, there exists a polynomial Ry € F[Zy, Za, ..., Zky1] of degree at most t
such that

Hom='[f(X1, Xa, ..., Xn)] = Hom='[R,(Cy, C1, ..., Cy)] -
We also use the following standard result about zeroes of polynomials.

» Lemma 2.5 (Schwartz, Zippel, DeMillo, Lipton). Let P be a non-zero polynomial of degree
d in N wvariables over a field F. Let S be an arbitrary subset of F, and let x1,xs,...,xN be
random elements from S chosen independently and uniformly at random. Then

d
PT[P(IDZ'Q’"'?SCN):O] < E

The following corollary easily follows from the lemma above.

» Corollary 2.6. Let Py, Ps, ..., P, be non-zero polynomials of degree d in N variables over
a field F. Let S be an arbitrary subset of F of size at least 2td, and let x1,x2,...,xN be
random elements from S chosen independently and uniformly at random. Then

1

Prvi € [t], P,(xz1,x2,...,zN) # 0] > 3

Approximations

We will use the following lemma of Saptharishi [32] for numerical approximations in our
calculations.

» Lemma 2.7 (Saptharishi [32]). Let n and ¢ be parameters such that £ = 4 (1 — €) for some
e =o0(1). For any a,b such that a,b = O(y/n),

21~ ) 7+ s s
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3 Utilizing low algebraic rank

Let Q@ = {Q1,Q2,...,Q+} be a set of polynomials in N variables and degree at most d
such that the algebraic rank of Q equals k. Without loss of generality, let us assume that
B={Q1,Qx2,...,Qk} are an algebraically independent subset of C of maximal size. We now
show that, in some sense, this implies that all the polynomials in Q can be represented as
functions of polynomials in the set B. We make this notion formal in the following lemma.

» Lemma 3.1 (Algebraic dependence to functional dependence). Let F be any field of char-
acteristic zero or sufficiently large. Let Q = {Q1,Q2,...,Q+} be a set of polynomials in N
variables such that the for every i € [t], the degree of Q; is equal to d; and the algebraic rank
of Q equals k. Let B={Q1,Q2,...,Qr} be a mazimal algebraically independent subset of
Q. Then, there exists an @ = (ay,as,...,ay) in FN and polynomials Fyy1, Fyio,...,Fy in
k variables such that Vi € {k+ 1,k+2,...,t}

Qi(X + @) = Hom=% [F;(Q1(X +a), Q2(X +a),...,Qi(X +2))] .

Proof. Let d be defined as max;{d;}. Let us consider any i such that i € {k+1,k+2,...,t}.
From the statement of the lemma, it follows that the set of polynomials in the set BU {Q;}
are algebraically dependent. Therefore, there exists a nonzero polynomial A; in k + 1
variables such that 4;(Q1,Qa2,...,Qk, @) = 0. Without loss of generality, we choose such
a polynomial with the smallest total degree. From the upper bound on the degree of the
annihilating polynomial from Lemma 2.2, we can assume that the degree of A; is at most
(k +1)d*. Consider the polynomial A}(X,Y) defined by

A;(Ya Y) = Az(Ql(y)v Q2(y)v sy Qk(y)a Y) .
We have the following observation about properties of A7.

» Observation 3.2. A! satisfies the following properties:
Al is not identically zero
The Y degree of A} is at least one.
Qi(X) is a root of the polynomial A}, when viewing it as a polynomial in the Y wvariable

with coefficients coming from F(X).

Proof. We prove the items in sequence:
If A} is identically zero, then it follows that Q1, Q2,..., Q) are algebraically dependent,
which is a contradiction.
If AL(X,Y) does not depend on the variable Y, then by definition, it follows that
Ai(@Q1,Q2,...,Qk,Y) does not depend on Y. Hence, A;(Q1,Q2,...,Qk, Q;) does not
depend on ; but is identically zero. This contradicts the algebraic independence of

leQQa . '7Qk~
This item follows from the fact that the polynomial obtained by substituting Y by @Q; in
Al equals A;(Q1, Q2. .., Qr, Q;), which is identically zero. <

Our aim now is to invoke Lemma 2.4 for the polynomial A}, but first, we need to verify
that the conditions in the hypothesis of Lemma 2.4 are satisfied. Let the polynomial A be
defined as the first order derivative of A} with respect to Y. Formally,

0A!

" _ 7 "
A =22

We proceed with the following claim, the proof of which we defer to the end.
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» Claim 3.3. The polynomial A} is not an identically zero polynomial and Aj|y_g. is not
identically zero.

For the ease of notation, we define

Li(X) = A;/‘Y:Qi :

Observe that L; is a polynomial in the variables X which is not identically zero and is
of degree at most (k + 1)d*T!. Let H be a subset of F of size 2t(k + 1)d**!. Then, for a
uniformly random point @; picked from HY, the probability that L; vanishes at @; is at
most 1/2t. We call the set of all points @; € H N where L; vanishes as bad. Then, with a
probability at least 1 — 1/2¢, a uniformly random element of H" is not bad. Let @; € FV be
a ‘not bad’ element . We can replace X; by X; + @;; and then for the resulting polynomial
L;(X +a;), the point (0,0,...,0) is not bad.

We are now ready to apply Lemma 2.4. Let

B (k+1)d* B }
AXY)= Y Ci(X)-Y7,
j=0

Here, for every j, C;(X) = C; (Ql(Y)’QQ(Y), . .,Qk(Y)) is a polynomial in the X
variables and is the coefficient of Y7 in A;(X,Y) when viewed as an element of F[X][Y].
From the discussion above, we know that the following are true.

1. The polynomial AL(X + @;,Q;(X +@;)) is identically zero.
2. The first derivative of A%(X + @;,Y) with respect to Y does not vanish at (0,0,...,0,

Q:(0,0,...,0)).

Therefore, by Lemma 2.4, it follows that there is a polynomial G; such that

QZ(Y—I— a;) = Hom<% I:GZ(CO(Y -‘rai), Cl(Y+Ei), ceey C(k+1)d’“ (Y—f— Ei))] .

We also know that for every j € {0,1,...,(k + 1)d*}, C;(X +@;) is a polynomial in the
polynomials Q1 (X +@;), Q2(X +@;),...,Qr(X +a;). In other words,

Qi(X + @) = Hom=% [Fi(Q1(X + @), Q2(X +@,),...,Qu(X +@))]

for a polynomial F;.

In order to prove the lemma for all values of i € {k + 1,k +2,...,t}, we observe that we
can pick a single value of the translation @, which works for every i € {k+ 1,k +2,...,t}.
Such an @ exists because the probability that a uniformly random p € HY is bad for some i is
at most ¢ - 1/2t = 1/2 and the translation corresponding to any such element @ in H” which
is not bad for every ¢ will work. The statement of the lemma then immediately follows. <«

We now prove Claim 3.3.

Proof of Claim 3.3. We observed from the second item in Observation 3.2 that the degree
of Y in A] is at least 1. Hence, AY is not identically zero. If AY|y—q, is identically zero,
then it follows that {Q1, @2, ..., Qk, Q;} have an annihilating polynomial of degree smaller
than the degree of A;, which is a contradiction to the choice of A;, as a minimum degree
annihilating polynomial. |

Lemma 3.1 lets us express all polynomials in a set of polynomials as a function of the
polynomials in the transcendence basis. However, the functional form obtained is slightly
cumbersome for us to use in our applications. We now derive the following corollary, which
is easier to use in our applications.
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» Corollary 3.4. Let F be any field of characteristic zero or sufficiently large. Let Q =
{Q1,Q2,...,Q+} be a set of polynomials in N wvariables such that the for every i € [t], the
degree of Q; is equal to d; < d and the algebraic rank of Q equals k. Let B ={Q1,Qa,...,Qk}
be a mazimal algebraically independent subset of Q. Then, there exists ana = (a1, az,...,aN)
in TN and polynomials Fyy1, Fiyo,...,Fy in at most k(d + 1) variables such that Vi €
{k+1,k+2,...,t}

Qi(X +a) = [Fi(Hom[Ql(YJrﬁ)}, Hom[Q2(X +@)], ..., Hom[Qx(X + 6)])] .

Proof. Let i be such that i € {k+1,k+2,...,t}. From Lemma 3.1, we know that there
exists an @ € FV and a polynomial W; such that

Qi(X +a@) = Hom=% [W;(Q1(X + @), Q2(X +a),...,Qr(X +a))]

We will now show that Hom =% [Wi(Ql(Y +a),Q2(X +a),...,Qu(X + 6))] is actually
a polynomial in the homogeneous components of the various Q;(X + @) by the following
procedure, which is essentially univariate polynomial interpolation.
Let R(X) = Wi(Q1(X +@),Q2(X +a),...,Qx(X +a)). We replace every variable X; in
R by Z - X; for a new variable Z. We view the resulting polynomial R’ as an element
of F(X)[Z], i.e a univariate polynomial in Z with coefficients coming from the field of
rational functions in the X variables.
Now, observe that for any ¢, the homogeneous component of degree ¢ of R is precisely the
coefficient of Z¢ in R’. Hence, we can evaluate R’ for sufficiently many distinct values of
Z in F(X), and then take an F(X) linear combination of these evaluations to express the
homogeneous components. Moreover, since F is an infinite field, without loss of generality,
we can pick the values of Z to be scalars in [F, and in this case, we will just be taking an
F linear combination.
The catch here is that after replacing X; by Z - X; and substituting different values of Z € F,
the polynomials Q; (X + @) could possibly lead to distinct polynomials. In general, this
is bad, since our goal is to show that every polynomial in a set of algebraically dependent
polynomials in a function of few polynomials. However, the following observation comes
to our rescue. Let P be any polynomial in F[X] of degree A and let P’ be the polynomial
obtained from P by replacing X; by Z - X;. Then,

A
P'(X +a) =) Z"Hom'[P(X)]
=0

In particular, the set of polynomials obtained from P’ for different values of Z are all in the
linear span of homogeneous components of P.

Therefore, any homogeneous component of R can be expressed as a function of the set of
polynomials U¥_;Hom [QZ(Y + E)]. This completes the proof of the corollary. <

We now prove the following lemma, which will be directly useful in the our applications
to polynomial identity testing and lower bounds in the following sections.

» Lemma 3.5. Let F be any field of characteristic zero or sufficiently large. Let P € F[X]
be a polynomial in N wvariables, of degree equal to n, such that P can be represented as

T
P= ZFi(Qivai% oo Qit)

i=1

and such that the following are true
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For each i € [T, F; is a polynomial in t variables.

For each i € [T] and j € [t], Qi; is a polynomial in N variables of degree at most d.
For each i € [T, the algebraic rank of the set of polynomials {Qi; : j € [t]} is at
most k and B; = {Qi1,Qi2,...,Qir} is a mazimal algebraically independent subset of
{Qij -5 € [t]}-

Then, there exists an a € FY and polynomials F! in at most k(d + 1) variables such that

T
P(X +a) =Y F/(Hom[Qi1 (X + @)}, Hom[Qi2(X +@)], ..., Hom[Qin(X +a)]). (2)
i=1
Proof. The proof would essentially follow from the application of Corollary 3.4 to each of
the summands on the right hand side. The only catch is that the transalations @ could
be different for each one of them. Since we are working over infinite fields, without loss
of generality, we can assume that there is a good translation @ which works for all the
summands. <

4 Application to lower bounds

In this section , we prove Theorem 1.4. But, first we discuss the definitions of the complexity
measure used in the proof, the notion of random restrictions and the family of hard polynomials
that we work with.

4.1 Projected shifted partial derivatives

The complexity measure that we use to prove the lower bounds in this paper is the notion of
projected shifted partial derivatives of a polynomial introduced in [18] and subsequently used
in a number of following papers [27, 22, 28].

For a polynomial P and a monomial ~, %—I; is the partial derivative of P with respect to
~ and for a set of monomials M, dr((P) is the set of partial derivatives of P with respect to
monomials in M. The space of (M, m)-projected shifted partial derivatives of a polynomial

P is defined below.

» Definition 4.1 ((M,m)-projected shifted partial derivatives). For an N variate polynomial
P € F[X1, Xs,...,Xn], set of monomials M and a positive integer m > 0, the space of
(M, m)-projected shifted partial derivatives of P is defined as

(OM(P))m = F-span{Mult

HXi'g]:geaM<P>7Sg[N]?S|:m}' (3>
icS

Here, Mult[P] of a polynomial P is the projection of P on the multilinear monomials in
its support. We use the dimension of projected shifted partial derivative space of P with
respect to some set of monomials M and a parameter m as a measure of the complexity of a
polynomial. Formally,

D, (P) = Dim((Op(P))m) -
From the definitions, it is straight forward to see that the measure is subadditive.

» Lemma 4.2 (Sub-additivity). Let P and Q be any two multivariate polynomials in
F[X1,Xo,...,XnN]. Let M be any set of monomials and m be any positive integer. Then,
for all scalars a and B

(I)M,m(a P+ - Q) < (I)M,m(P) + (I)M,m(Q) .
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In the proof of Theorem 1.4, we need to upper bound the dimension of the span of
projected shifted partial derivatives of the homogeneous component of a fixed degree of
polynomials. The following lemma comes to our rescue there.

» Lemma 4.3. Let P be a polynomial of degree at most d. Then for every 0 < i < d, and for
every choice of parameters m,r and a set M of monomials of degree equal to r, the following
inequality is true

¢M,m(P) > QbM,m(Homi[PD'

Proof. Since M is a subset of monomials of degree equal to r, all the partials derivatives are
shifted by monomials of degree equal to m and the operation Mult[] either sets a monomial
to zero or leaves it unchanged, it follows that the span of projected shifted partial derivatives
of Hom'[P] coincides with the span of the homogeneous components of degree (i — r)m in
the space of span of projected shifted partial derivatives of P itself. The lemma then follows
from the fact that dimension of a linear space of polynomials is at least as large as the
dimension of the space obtained by restricting all polynomials to some fixed homogeneous
component. <

In the next lemma, we prove an upper bound on the polynomials which are obtained by a
composition of low arity polynomials with polynomials of small support. Gupta et al. [14]
first proved such a bound for homogeneous depth-4 circuit with bounded bottom fan-in.

» Lemma 4.4. Let s be a parameter and Q1,Qa, ...,Q: be polynomials in F[X] such that
for every i € [t], the support of every monomial in Q; is of size at most s. Then, for every
polynomial F in t variables, every choice of parameters r,m such that m +rs < N/2, and
every set M of monomials of degree equal to r,

@M,m(F@l,QQ,...,Qt))s(”7“)-( N )

r m-—+rs

Proof. By the chain rule for partial derivatives, every derivative of order r of F/(Q1, Qa, ..., Q4)
can be written as a linear combination of products of the form

OF(Yy,Ya,..., V) I op;

9bo 1<5<r
where
1. By is a monomial in variables Y7, Y5, ..., Y; of degree at most r
2. for every 1 < j <r, the polynomial P; is an element of {Q1,Q2,...,Q:}, and
3. forevery 1 <j <r, B; is a monomial in variables X;, Xo,..., Xy

Since every monomial in each @; is of support at most s, every monomial in each of the
products [ [, <j<r g—gj is of support at most rs. Therefore, for shifts of degree m, the projected
shifted partial derivatives of F(Q1,Qa,...,Q:) (with respect to monomials in M which are
of degree r) are in the linear span of polynomials of the form

OF(Y1,Ya, ..., V)
o [ (200

where « is a multilinear monomial of degree at most m + rs. Therefore, the dimension of

this space is upper bounded by the number of possible choices of 5y and «. Hence

q’M,m(F(Q17Q2,---7Qt))S(H_T)-( N ) <

r m-+rs
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4.2 Target polynomials for the lower bound

In this section, we define the family of polynomials for which we show our lower bounds.
The family is a variant of the Nisan-Wigderson polynomials which were introduced by Kayal
et al. in [23], and subsequently used in many other results [27, 22, 28]. We start with the
following definition.

» Definition 4.5 (Nisan-Wigderson polynomial families). Let n,q, e be arbitrary parameters
with ¢ being a power of a prime, and n,e < g. We identify the set [¢] with the field F, of ¢
elements. Observe that since n < ¢, we have that [n] C F,. The Nisan-Wigderson polynomial
with parameters n, ¢, e, denoted by NW,, , . is defined as

NWoge(X) = D X1y Xnpm) -
P(t)€F, 1]
Deg(p)<e
The number of variables in NW,, ;. as defined above is NV = ¢ -n. The lower bounds in
this paper will be proved for the polynomial NW o Lin which is a variant of the polynomial
NW,, 4. defined as follows.

» Definition 4.6 (Hard polynomials for the lower bound). Let 6 € (0,1) be an arbitrary
constant, and let p = N 9. Let

v=—.
P

The polynomial NW o Ling n e p is defined as

v v v
NW o Lingnep = NWy e (Z X114, Z X1,2,ir-- ) Z Xn,q,i) .
i=1

i=1 i=1

For brevity, we will denote NW o Ling e, by NW o Lin for the rest of the discussion.

The advantage of using this trick!' of composing with linear forms is that it becomes
cleaner to show that the polynomial NW o Lin is robust under random restrictions where
every variable is kept alive with a probability p. Since ¢ is an absolute constant, the number
of variables in NW o Lin is at most N°(). We now formally define our notion of random
restrictions.

Let V be the set of variables in the polynomial NW o Lin. We now define a distribution
D, over the subsets of V.

The distribution D,: Fach variable in V is independently kept alive with a probability
p=N9.

The random restriction procedure samples a V' <— D and then keeps only the variables in
V' alive. The remaining variables are set to 0. We denote the restriction of the polynomial
obtained by such a restriction as NW o Lin|y,. Observe that a random restriction also results
in a distribution over the restrictions of a circuit computing the polynomial NW o Lin. We
denote by C|y the restriction of a circuit C' obtained by setting every input gate in C' which
is labeled by a variable outside V to 0.

We now show that with a high probability over restrictions sampled according to Dy,
the projected shifted partial derivative complexity of NW o Lin remains high. We need the
following lower bound on the dimension of projected shifted partial derivatives of NW,, 4.

1 This idea came up during discussions with Ramprasad Saptharishi.
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» Lemma 4.7 ([27, 25]). For every n and r = O(\/n) there exists parameters ¢, e, € such

that ¢ = Q(n?), N = qn and ¢ = © (1‘:}55”) with

qr > (1+6)2(n—r)

2 n—r
e-r . poly(q).
q (1 +6) poly(q)

For any {n,q,e,r, e} satisfying the above constraints, for m = %(1 —€), over any field F, we
have

O(NW,, c) >
( ’q’)_<m+n—r

) -exp(—O0(log® n)).

We will instantiate the lemma above with the following choice of parameters:

6_4logn
=/

r=+/n

q=n'0

Besides, we will set the parameter s = %

It is straight forward to check that for the above choice of parameters, there is a choice of e
such that

<
2
\

> (1 +6)2(n—r)
. ) n—r
¢ = (1+e) - poly(q).

Therefore, for m = %(1 —€), over any field F, we have

BNW,,,.) > ( ) - exp(—O(log? ).

m-+n-—r
We are now ready to prove our main lemma for this section.

» Lemma 4.8. With a probability at least 1 — o(1) over V < D, there exists a subset of
variables V! CV such that |[V'| = N and

N

®(NW o Lin|y /) >
( (e] m|V)_(m+n7"

) -exp(—O0(log® n)).

Proof. To prove the lemma, we first show that with a high probability over the random
restrictions, the polynomial P|y has the polynomial NW, , . as a 0,1 projection. Combining
this with Lemma 4.7 would complete the proof. We now fill in the details.

Let ¢ € [N]. Then, the probability that all the variables in the set A; ; = {X; j¢: £ € [7]}
are set to zero by the random restrictions is equal to (1 —p)? < exp(—O(NN)). Therefore, the
probability that there exists an ¢ € [n],j € [¢] such that all the variables in the set A; ; are
set to zero by the random restrictions, is at most N - exp(—©(N)) = o(1). We now argue
that if this event does not happen (which is the case with probability at least 1 — o(1)), then
the dimension of the projected shifted partial derivatives is large.

For every i, j, let A} ; be the subset of A;; which has not been set to zero. We know
that for every 4,7, A; ;
zero except one. Observe that the polynomial obtained from NW o Lin after this restriction
is exactly the polynomial NW,, 4. upto a relabeling of variables. Now, from Lemma 4.7, our
claim follows. <

is non-empty. Now, for every i, j, we set all the elements of A;yj to
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4.3 Proof of Theorem 1.4

To show our lower bound, we show that under random restrictions from the distribution
D,, the dimension of the linear span of projected shifted partial derivatives of any SIIMXII
circuit C' is small with a high probability if the size of the C' is not too large. Comparing
this with the lower bound on the dimension of projected shifted partials of the polynomial
NW o Lin under random restrictions from Lemma 4.8, the lower bound follows. We now
proceed along this outline and prove the following lemma.

» Lemma 4.9 (Upper bound on complexity of circuits). Let m,r, s be parameters such that
m+rs < N/2. Let M be any set of multilinear monomials of degree r. Let C' be an arithmetic
circuit computing a homogeneous polynomial of degree n such that

T

C = ZCi(Qn,Qim ooy Qi)

i=1

where

For each i € [T, C; is a polynomial in t variables.

For each i € [T] and j € [t], Qsj is a homogeneous polynomial in N variables.

For each i € [T, the algebraic rank of the set of polynomials {Q;; : j € [t]} is at most k.
For each i € [T] and j € [t], let S;; be the set of monomials with nonzero coefficients in Q;;.

If

U Sij <N%

i€[T],j€[t]

then, with a probability at least 1 — o(1) over V < D,'? for all subsets V' of V of size at
most N

B(Cy) ST(k(n+1)+r)< N >

r m—+rs

Proof. We prove the lemma by first using random restrictions to simplify the circuit into
one with bounded bottom support, and then utilizing the tools tools developed in Section 3
and Section 4.1 to conclude that the dimension of the space of projected shifted partial
derivatives of the resulting circuit is small.

Step 1: Random restrictions

From the definition of random restrictions, every variable is kept alive independently with a
probability p = N=9. So, the probability that a monomial of support at least s survives the
restrictions is at most N 9%, Therefore, by linearity of expectations, the expected number of
monomials of support at least s in Uie[T} 4 Si; which survive the random restrictions is at
most

€[t]

U Sij 'NﬁgSSNi%.
i€[T],j€t]

12 This is the distribution defined in Section 4.2, where every variable is kept alive with a probability N %
for a constant § € (0,1).
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So, by Markov’s inequality, the probability that at least one monomial of support at least
s in Ujerr), jep Sij survives the random restrictions is o(1). Let V' be any subset of the
surviving set of variables of size N. For the rest of the proof, we assume that all the variables
outside the set V' are set to zero. Restrictions which kill all monomials in UiG[T], e Sij are
said to be good.

Step 2: Using low algebraic rank

In this step, we assume that we are given a good restriction C” of the circuit C. Let
T
=Y ClQir, Qlas -, Qly)
i=1

where for every i € [T, j € [t], all monomials of @}, have support at most s. Observe that
random restrictions cannot increase the algebraic rank of a set of polynomials. Therefore,
for every i € [T], the algebraic rank of the set of polynomials {Q;; : j € [t]} is at most k.
For ease of notation, let us assume that the algebraic rank is equal to k. Without loss of
generality, let the set B, = {Q}1,Q}y, ..., Qi } be the set guaranteed by Lemma 3.5. We
know that there exists an @ € F¥ and polynomials {F; : i € [T]} such that

C'(X +a) = ZF’ Hom Qi X+a)] , Hom [Q;Q(YJrE)] ,...,Hom [Q;k(Y+E)]).

Moreover, since C'(X) (and hence C’(X)) is a homogeneous polynomial of degree n, the
following is true:

T
C'(X) = Hom" ZF{(Hom [Q41 (X +a)] ,Hom [Q}y(X +@)],...,Hom [Qi(X +a)])
(4)

An important observation here is that for the rest of the argument, we can assume that
the degree of every polynomial Q’ (X + E) is at most n. If not, we can simply replace
any such high degree Q’ (X +a) by Hom= [Q’ (X + a)]. We claim that the equality 4
continues to hold. This is because the higher degree monomials of @);; do not participate in
the computation of the lower degree monomials. The only monomials which could potentially
change by this substitution are the ones with degree strictly larger than n.

Step 3: Upper bound on ® o ., (C’ (X))
Let R be defined the polynomial

ZF’ Hom [Q}, (X +@)] ,Hom [Q}5(X +@)] ,...,Hom [Q},(X +a)])

From Lemma 4.4 and from Lemma 4.2, it is easy to see that

i () ST(k(n—Fl)—i—r)( N )

r m—+rs

From Lemma 4.3, it follows that

<1>M,m<c’<X>>sqw,m(R)gT(k(”“”’")( N )

T m-+rs
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Observe that steps 2 and 3 of the proof are always successful if the restriction in step 1 is
good, which happens with a probability at least 1 — o(1). So, the lemma follows. |

We now complete the proof of Theorem 1.4.

Proof of Theorem 1.4. If the size of the circuit C' is at least N%‘/ﬁ, then we are done. Else,
the size of C' is at most N2V™. This implies that the total number of monomials in all the
polynomials @);; together is at most NV $V"_ From Lemma 4.9 and Lemma 4.8, it follows that
with a nonzero probability, there exists a subset V' of variables of size N such that both the
following inequalities are true:

Datm(Cly) < T<’“(’” D *)( N ) (5)

r m-—+rs

and

D g, (NW o Lin|y) > ( -exp(—log®n).

m+n — r)
Since C' computes NW o Lin, it must be the case that
N 2
-exp(—log“n
T > (m+n—7') p( g )

N G [

m-+rs

Plugging in the value of the parameters, and approximating using Lemma 2.7, we
immediately get

( N ) _ (N) 1+ 2 - eap(O((n — 1) - €2))

m+mn—r m
and

Moreover, (k("t})‘”) < (nk)" < exp(2y/n - logn). Taking the ratio and substituting the
values of the parameters, we get

T > exp (2(v/nlog N)). <

5 Application to polynomial identity testing

In this section we give an application of the ideas developed in Section 3 to the question of
polynomial identity testing and prove Theorem 1.5. We start by formally defining the notion
of a hitting set.

Hitting set

Let S be a set of polynomials in N variables over a field F. Then, a set H C FV is said to
be a hitting set for the class S, if for every polynomial P € S such that P is not identically
zero, there exists a p € H such that P(p) # 0.

For our PIT result, we show that any nonzero polynomial P in the circuit class we
consider, has a monomial of low support. A hitting set can then be constructed by the
standard techniques using the Shpilka-Volkovich generator [39].
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» Lemma 5.1 (Shpilka-Volkovich generator [40]). Let IF be a field of characteristic zero. For
every £,d, N, there exists a set H C FN of size at most (O(Nd))® such that for every nonzero
polynomial P of degree at most d in N wvariables which contains a monomial of support at
most £, there exists an h € H such that P(h) # 0. Moreover, the set H can be constructed in
time poly(N, d, ) - (O(Nd))*.

The following lemma is our main technical claim.

» Lemma 5.2. Let F be a field of characteristic zero. Let P be a homogeneous polynomial
of degree A in N wvariables such that P can be represented as

T

P= ZQ‘(QH,Q% oo, Qit)

i=1
such that the following are true

For each i € [T], C; is a polynomial in t variables.

For each i € [T] and j € [t], Qsj s a polynomial of degree at most d in N variables.

For each i € [T, the algebraic rank of the set of polynomials {Qi; : j € [t]} is at most k.
Then, the trailing monomial of P has support at most

2¢3d - (In (T(A+1)) + (d+ 1)kIn (2(d + 1)k) +1).
Here, e is the FEuler’s constant.

In order to prove Lemma 5.2, we follow the outline of proving robust lower bounds for
arithmetic circuits, described and used by Forbes [8]. This essentially amounts to showing
that the trailing monomial of P has small support. We use the following result of Forbes [8]
in a blackbox manner which greatly simplifies our proof.

» Lemma 5.3 (Forbes [8]). Let R(X) be a polynomial in F[X] such that

T

R(X) =Y Fi(Qi1,Qiz, ..., Qi)

i=1

and for each i € [T) and j € [j], the degree of Q;; is at most d. Let o be the trailing monomial
of R. Then, the support of o is at most 2e3d(In T +t1n 2t +1), where e is the Euler’s constant.

We now proceed to prove Lemma 5.2.

Proof of Lemma 5.2. Recall that our goal is to show that the polynomial P, which can be
represented as

T

P= ZCi(Qi17Qi27 oo Qit)

i=1

has a trailing monomial of small support.

For every i € [T], let Q; = {Q;1, Qia, - .., Qit} and let Q; be of algebraic rank k;. Without
loss of generality, let us assume the sets B; = {Q1, Qi2, - - ., Qik, } are the sets guaranteed by
Lemma 3.5. This implies that there exist polynomials Fy, Fy, ..., Fr and @ € FY such that

T

P(X +a) = Z F;(Hom[Q:1 (X +@)], Hom[Qi2(X + @)], ..., Hom[Q;, (X +@)])

i=1
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Since each k; < k, for the ease of notation, we assume that each k; = k. Observe that if P is
a homogeneous polynomial of degree Deg(P) < A, then,

HomPe")[P(X +a)] = P(X).

So, from Lemma 2.3, it follows that there exist k(d+1) variate polynomials FY, F}, . .., F’T( At1)
and a set of polynomials {Q;; : i € [T(A +1)],j € [k]} such that

T(A+1)
P(X) = HomP") | %" F/(Hom[Q}, (X + @)}, Hom[Q/(X +@)], . .., Hom[Q}, (X + @)
1=1

Moreover, every polynomial in the set {Q;; : i € [T(A +1)],j € [k]} has degree at most d.

Now, Lemma 5.3 implies that the trailing monomial « of P(X) has support at most
2e3d - (In (T(A 4+ 1)) + (d+ 1)kIn (2(d + 1)k) +1). <
We are now ready to complete the proof of Theorem 1.5.

Proof of Theorem 1.5. From Definition 1.2, it follows there could be non-homogeneous
polynomials P € C. So, we cannot directly use Lemma 5.2 to say something about them,
since the proof relies on homogeneity. But, this is not a problem, since a polynomial is
identically zero if and only if all its homogeneous components are identically zero. Moreover,
by applying Lemma 2.3 to every summand feeding into the top sum gate of the circuit, we
get that every homogeneous component of P'3 can also be computed by a circuit similar in
structure to that of P at the cost of a blow up by a factor A + 1 in the top fan-in. We can
then apply Lemma 5.2 to each of these homogeneous components to conclude that if P is
not identically zero, then it contains a monomial of support at most

2¢°d - (In (T(A+1)*) + (d+1)kIn (2(d + 1)k) + 1).

Theorem 1.5 immediately follows by detecting the low support monomial using Lemma 5.2
and Lemma 5.1. <

6 Open questions

We end with some open questions:

One question is to prove the lower bounds in the paper for a polynomial in VP. We believe
this is true, but it seems that we need a strengthening of the bounds in [27]. In particular,
it needs to be shown that the lower bound for IM M (Iterated matrix multiplication)
continues to hold when a depth-4 circuit is not homogeneous but the formal degree is at
most the square of the degree of the polynomial itself.

An intriguing consequence of the proofs in the paper is that the characteristic of the
underlying field needs to be high or zero. In particular, we do not know if Lemma 3.1 is true
over fields of low characteristic. In general, we seem to have a slightly better understanding
of algebraic dependence over fields of large characteristic or characteristic zero. For
instance, as far as we know the results of Agrawal et al. [2] are not known to extend to
fields of low characteristic since the Jacobian condition for algebraic independence fails
there. We wonder if our proof techniques also suffer from a similar technical obstacle.

13 Only the top fan-in increases by a factor of A + 1, all other parameters in Definition 1.2 remain the
same.
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It would be interesting to see if there are other applications of Lemma 1.6 to questions in
complexity theory. The Jacobian characterization of algebraic independence has several
very interesting applications [2, 6].

Acknowledgements. Many thanks to Ramprasad Saptharishi for answering numerous

questions regarding the results and techniques in [2]. We are also thankful to Michael Forbes
for sharing a draft of his paper [8] with us. We would also like to thank the anonymous
reviewers at CCC-2016 for their comments which helped improve the presentation of the

paper.

—— References

1
2

10

11

12

13

14

M. Agrawal and V. Vinay. Arithmetic circuits: A chasm at depth four. In FOCS, 2008.
Manindra Agrawal, Chandan Saha, Ramprasad Saptharishi, and Nitin Saxena. Jacobian
hits circuits: hitting-sets, lower bounds for depth-d occur-k formulas & depth-3 transcen-
dence degree-k circuits. In Proceedings of the 44th ACM symposium on Theory of computing,
pages 599-614, 2012.

Malte Beecken, Johannes Mittmann, and Nitin Saxena. Algebraic independence and black-
box identity testing. In Automata, Languages and Programming - 38th International Col-
loquium, ICALP 2011, Zurich, Switzerland, July 4-8, 2011, Proceedings, Part II, pages
137-148, 2011.

Rafael Mendes de Oliveira, Amir Shpilka, and Ben Lee Volk. Subexponential size hitting
sets for bounded depth multilinear formulas. FElectronic Colloquium on Computational
Complezxity (ECCC), 21:157, 2014.

Z. Dvir and A. Shpilka. Locally decodable codes with 2 queries and polynomial identity
testing for depth 3 circuits. SIAM Journal on Computing, 36(5):1404-1434, 2006.

Zeev Dvir, Ariel Gabizon, and Avi Wigderson. Extractors and rank extractors for polyno-
mial sources. computational complexity, 18(1):1-58, 2009. URL: http://dx.doi.org/10.
1007/s00037-009-0258-4, doi:10.1007/s00037-009-0258-4.

Zeev Dvir, Amir Shpilka, and Amir Yehudayoff. Hardness-randomness tradeoffs for
bounded depth arithmetic circuits. SIAM J. Comput., 39(4):1279-1293, 2009. URL:
http://dx.doi.org/10.1137/080735850, doi:10.1137/080735850.

Michael Forbes. Deterministic divisibility testing via shifted partial derivatives. In FOCS,
2015.

Michael A. Forbes and Amir Shpilka. Quasipolynomial-time identity testing of non-
commutative and read-once oblivious algebraic branching programs. In 54th Annual IEEE
Symposium on Foundations of Computer Science, FOCS, pages 243-252, 2013.

Michael A. Forbes and Amir Shpilka. Quasipolynomial-time identity testing of non-
commutative and read-once oblivious algebraic branching programs. 2013 IEEE 5/th An-
nual Symposium on Foundations of Computer Science, 0:243-252, 2013.

H. Fournier, N. Limaye, G. Malod, and S. Srinivasan. Lower bounds for depth 4 formulas
computing iterated matrix multiplication. In STOC, 2014.

D. Grigoriev and A. Razborov. Exponential lower bounds for depth 3 arithmetic circuits in
algebras of functions over finite fields. Appl. Algebra Eng. Commun. Comput., 10(6):465—
487, 2000.

Dima Grigoriev and Marek Karpinski. An exponential lower bound for depth 3 arithmetic
circuits. In Proceedings of the Thirtieth Annual ACM Symposium on the Theory of Com-
puting (STOC), pages 577-582, 1998.

A. Gupta, P. Kamath, N. Kayal, and R. Saptharishi. Approaching the chasm at depth four.
In CCC; 2013.

34:25

CCC 2016


http://dx.doi.org/10.1007/s00037-009-0258-4
http://dx.doi.org/10.1007/s00037-009-0258-4
http://dx.doi.org/10.1007/s00037-009-0258-4
http://dx.doi.org/10.1137/080735850
http://dx.doi.org/10.1137/080735850

34:26

Arithmetic Circuits with Locally Low Algebraic Rank

15

16

17

18

19

20

21

22

23

24
25

26

27

28

29

30

31

32

33

34

35

36

Z. Karnin, P. Mukhopadhyay, A. Shpilka, and I. Volkovich. Deterministic identity testing
of depth 4 multilinear circuits with bounded top fan-in. In Proceedings of the 42nd Annual
STOC, pages 649-658, 2010.

Z. Karnin and A. Shpilka. Black box polynomial identity testing of generalized depth-3
arithmetic circuits with bounded top fan-in. In In proceedings of 28rd Annual CCC, pages
280-291, 2008.

N. Kayal. The complexity of the annihilating polynomial. In Computational Complexity,
2009. CCC ’09. 24th Annual IEEE Conference on, pages 184-193, July 2009. doi:10.
1109/CCC.2009.37.

N. Kayal, N. Limaye, C. Saha, and S. Srinivasan. An exponential lower bound for homoge-
neous depth four arithmetic formulas. In FOCS, 2014.

N. Kayal and S. Saraf. Blackbox polynomial identity testing for depth 3 circuits. In
Proceedings of the 50th Annual FOCS, pages 198-207, 2009.

N. Kayal and N. Saxena. Polynomial identity testing for depth 3 circuits. Computational
Complexity, 16(2):115-138, 2007.

Neeraj Kayal. An exponential lower bound for the sum of powers of bounded degree
polynomials. FCCC, 19:81, 2012.

Neeraj Kayal and Chandan Saha. Lower bounds for depth three arithmetic circuits with
small bottom fanin. FElectronic Colloquium on Computational Complexity (ECCC), 21:89,
2014. URL: http://eccc.hpi-web.de/report/2014/089.

Neeraj Kayal, Chandan Saha, and Ramprasad Saptharishi. A super-polynomial lower
bound for regular arithmetic formulas. In STOC, 2014.

P. Koiran. Arithmetic circuits : The chasm at depth four gets wider. T'CS, 2012.

Mrinal Kumar and Ramprasad Saptharishi. An exponential lower bound for homogeneous
depth-5 circuits over finite fields. ECCC, 2015.

Mrinal Kumar and Shubhangi Saraf. The limits of depth reduction for arithmetic formulas:
It’s all about the top fan-in. In STOC, 2014.

Mrinal Kumar and Shubhangi Saraf. On the power of homogeneous depth 4 arithmetic
circuits. FOCS, 2014.

Mrinal Kumar and Shubhangi Saraf. Sums of products of polynomials in few variables :
lower bounds and polynomial identity testing. Electronic Colloguium on Computational
Complezity (ECCC), 2015.

James G. Oxley. Matroid Theory (Ozford Graduate Texts in Mathematics). Oxford Uni-
versity Press, Inc., New York, NY, USA, 2006.

Ran Raz. Elusive functions and lower bounds for arithmetic circuits. Theory of Computing,
6(1):135-177, 2010.

R. Saptharishi. Recent progress on arithmetic circuit lower bounds. Bulletin of the EATCS,
2014.

R. Saptharishi. A survey of lower bounds in arithmetic circuit complexity. Manuscript,
2014.

S. Saraf and I. Volkovich. Black-box identity testing of depth-4 multilinear circuits. In
Proceedings of the 43rd Annual STOC, pages 421-430, 2011.

N. Saxena and C. Seshadhri. From sylvester-gallai configurations to rank bounds: Improved
black-box identity test for deph-3 circuits. In Proceedings of the 51st Annual FOCS, pages
21-30, 2010.

N. Saxena and C. Seshadhri. Blackbox identity testing for bounded top-fanin depth-3
circuits: The field doesn’t matter. SIAM Journal on Computing, 41(5):1285-1298, 2012.
A. Shpilka and A. Wigderson. Depth-3 arithmetic circuits over fields of characteristic zero.
Computational Complexity, 10(1):1-27, 2001.


http://dx.doi.org/10.1109/CCC.2009.37
http://dx.doi.org/10.1109/CCC.2009.37
http://eccc.hpi-web.de/report/2014/089

M

37

38

39

40

41

42

. Kumar and S. Saraf

A. Shpilka and A. Yehudayoff. Arithmetic circuits: A survey of recent results and open
questions. Foundations and Trends in Theoretical Computer Science, 5(3-4):207-388, March
2010. doi:10.1561/0400000039.

Amir Shpilka. Affine projections of symmetric polynomials. In Proceedings of the 16th
Annual Conference on Computational Complezity, CCC 01, pages 160—, Washington, DC,
USA, 2001. IEEE Computer Society.

Amir Shpilka and Ilya Volkovich. Improved polynomial identity testing for read-once formu-
las. In Approximation, Randomization, and Combinatorial Optimization. Algorithms and
Techniques, 12th International Workshop, APPROX 2009, and 13th International Work-
shop, RANDOM 2009, Berkeley, CA, USA, August 21-23, 2009. Proceedings, pages 700~
713, 2009.

Amir Shpilka and Ilya Volkovich. Improved polynomial identity testing of read-once for-
mulas. In Approzimation, Randomization and Combinatorial Optimization. Algorithms and
Techniques, volume 5687 of LNCS, pages 700-713, 2009. URL: http://www.cs.technion.
ac.il/~shpilka/publications/PROF.pdf.

Sébastien Tavenas. Improved bounds for reduction to depth 4 and depth 3. In MFCS,
pages 813-824, 2013.

L. G. Valiant. Completeness classes in algebra. In STOC, 1979.

34:27

CCC 2016


http://dx.doi.org/10.1561/0400000039
http://www.cs.technion.ac.il/~shpilka/publications/PROF.pdf
http://www.cs.technion.ac.il/~shpilka/publications/PROF.pdf

	Introduction
	Some background and motivation
	Model of computation
	Our results
	Lower bounds
	Polynomial identity tests
	From algebraic dependence to functional dependence

	Proof overview
	Organization of the paper 

	Preliminaries
	Utilizing low algebraic rank
	Application to lower bounds
	Projected shifted partial derivatives
	Target polynomials for the lower bound
	Proof of Theorem 1.4

	Application to polynomial identity testing
	Open questions

