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On the power of homogeneous depth 4 arithmetic circuits
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Abstract

We prove exponential lower bounds on the size of homogeneous depth 4 arithmetic circuits
computing an explicit polynomial in VP. Our results hold for the Iterated Matrixz Multiplication
polynomial - in particular we show that any homogeneous depth 4 circuit computing the (1,1)
entry in the product of n generic matrices of dimension n®*) must have size n2 (V7).

Our results strengthen previous works in two significant ways.

1. Our lower bounds hold for a polynomial in VP. Prior to our work, Kayal et al [KLSS14]
proved an exponential lower bound for homogeneous depth 4 circuits (over fields of char-
acteristic zero) computing a poly in VNP. The best known lower bounds for a depth 4
homogeneous circuit computing a poly in VP was the bound of n*?(°2") by [LSS, [KL.SS14].
Our exponential lower bounds also give the first exponential separation between general
arithmetic circuits and homogeneous depth 4 arithmetic circuits. In particular they imply
that the depth reduction results of Koiran [Koil2] and Tavenas [Tav13] are tight even for
reductions to general homogeneous depth 4 circuits (without the restriction of bounded
bottom fanin).

2. Our lower bound holds over all fields. The lower bound of [KLSS14] worked only over fields
of characteristic zero. Prior to our work, the best lower bound for homogeneous depth 4
circuits over fields of positive characteristic was n?(°8™) [LSS| [KLSS14].
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1 Introduction

In a seminal work [Val79], Valiant defined the classes VP and VNP as the algebraic analogs of
the classes P and NP. The problem of separating VNP from VP has since been one of the most
important open problems in algebraic complexity theory. Although the problem has received a
great deal of attention in the following years, the best lower bounds known for general arithmetic
circuits are barely super linear [Str73,[BS83]. The absence of progress on the general problem has
led to much attention being devoted to proving lower bounds for restricted classes of arithmetic
circuits. Arithmetic circuits of small depth are one such class that has been intensively studied.

Depth Reduction: In a very interesting direction of research, Valiant et al [VSBRS3]
showed that every polynomial of degree n in poly(n) variables, which can be computed by a
poly(n) sized arithmetic circuit, can also be computed by a poly(n) sized arithmetic circuit of
depth O(log2 n). In other words, arbitrary depth circuits in VP can be reduced to circuits of
depth O(log2 n) with only a polynomial blowup in size. Thus, in order to separate VNP from
VP, it would suffice to show a super-polynomial lower bound for just circuits of depth O(log2 n).
In an intriguing line of recent works in this direction, Agrawal-Vinay [AV0§|, Koiran [Koil2]
and Tavenas [Tav1l3] built upon the results of Valiant et al [VSBRS3] and showed that much
stronger depth reductions are possible. In order to separate VNP form VP, it would suffice to
prove strong enough (n“’(\/ﬁ)) lower bounds for just homogeneous depth 4 circuits.

Lower bounds for homogeneous bounded depth circuits: In an extremely in-
fluential work, Nisan and Wigderson [NW95| proved the first super-polynomial (and in fact
exponential) lower bound for the class of homogeneous depth 3 circuits. This work used the
dimension of the space of partial derivatives as a measure of complexity of a polyomial, and
used this measure to prove the lower bounds. For several years thereafter, there were no im-
proved lower bounds - even for the case of depth 4 homogeneous circuits, the best lower bounds
were just mildly super-linear [RazI0]. This is contrary to what is known for Boolean circuits,
where we know exponential lower bounds for bounded depth circuits. This seemed surprising
until the depth reduction results of Agrawal-Vinay [AV08| and later Koiran [Koil2] and Tave-
nas [Tav13], which demontrated that in some sense, homogeneous depth 4 circuits capture the
inherent complexity of general arithmetic circuits.

In a breakthrough result in 2012, Gupta, Kamath, Kayal and Saptharishi [GKKS13a], made
the first major progress on the problem of obtaining lower bounds for bounded depth circuits, by
proving 22(V™ Jower bounds for an explicit polynomial of degree n in n®) variables computed
by a homogeneous depth 4 circuit, where the fan-in of the product gates at the bottom level of
the depth 4 circuits is bounded by /n. For ease of exposition, let us denote the class of depth 4
circuits with bottom fanin /n by SIIXIIIV™ circuits. The lower bounds of [GKKS13a] were later
improved to 2%(vV71ogn) i g follow up work of Kayal, Saha, Saptharishi [KSS13]. These results
were all the more remarkable in the light of the results of Koiran [Koil2| and Tavenas [Tav13]
who had in fact showed that 2¢(V7196™) Jower bounds even for homogeneous SIIEIIV™ circuits
would suffice to separate VP from VNP. Thus, any asymptotic improvement in the exponent, in
either the upper bound on depth reduction or the lower bound of [KSS13] would separate VNP
from VP. Both papers [GKKS13al [KSST3] used the notion of the dimension of shifted partial
derivatives as a complexity measure, a refinement of the Nisan-Wigderson complexity measure
of dimension of partial derivatives.

The most tantalizing questions left open by these works was to improve either the depth
reduction or the lower bounds. In [FLMSI13], the lower bounds of [KSS13] were strengthened by
showing that they also held for a polynomial in VP. These were further extended in [KS|, where
the same exponential (nﬂ(\/ﬁ)) lower bounds were also shown to hold for very simple polynomial
sized formulas of just depth 4 (if one requires them to be computed by homogeneous LIIXIIV™



circuits). On one hand, these results give us extremely strong lower bounds for an interesting
class of depth 4 homogeneous circuits. On the other hand, since these lower bounds also hold
for polynomials in VP and for homogeneous formulas [FLMS13| [KS], it follows that the depth
reduction results of Koiran [Koil2] and Tavenas [Tavi3] to the class of homogeneous SITETIV]
circuits are tight and cannot be improved even for homoegeneous formulas.

Although these results represent a lot of exciting progress on the problem of proving lower
bounds for homogeneous SNV circuits, and these results seemed possibly to be on the
brink of proving lower bounds for general arithmetic circuits, they still seemed to give almost
no nontrivial results for general homogeneous depth 4 circuits with no bound on bottom fanin
(homogeneous YIIXII circuits). Moreover, it was shown in [KS|] that general homogeneous
LIIXI circuits are exponentially more powerful than homogeneous SIIXIIV? circuits!| Till
very recently, the only lower bounds we knew for general homogeneous depth 4 circuits were the
slightly super-linear lower bounds by Raz using the notion of elusive functions [Raz10] (these
worked even for non-homogeneous circuits).

Lower bounds for general homogeneous depth 4 circuits: Recently, the first
super-polynomial lower bounds for general homogeneous depth 4 (XIIXII) circuits were proved
independently by the authors of this paper [KS13] who showed a lower bound of pftloglogn)
for a polynomial in VNP and Limaye, Saha and Srinivasan [LSS|], who showed a lower bound
of nf21°8™) for a polynomial in VP. Subsequently, Kayal, Limaye, Saha and Srinivasan greatly
improved these lower bounds to obtain exponential (2°%(V"1°27)) Jower bounds for a polynomial
in VNP (over fields of characteristic zero). Notice that this result also extends the results
of [GKKS13a] and [KSS13] who proved similar exponential lower bounds for the more restricted
class of homogeneous SLIIXTIV? circuits. The result by [KLSS14] shows the same lower bound
without the restriction of bottom fanin. Again, any asymptotic improvement of this lower bound
in the exponent would separate VP from VNP.

This class of results represents an important step forward, since homogeneous depth 4 circuits
seem a much more natural class of circuits than homogeneous depth 4 circuits with bounded
bottom fanin. The results of the current paper build upon and strengthen the results of Kayal
et al [KLSS14]. Before we describe our results we first highlight some important questions left
open by [KLSS14] and place them in the context of several of the other recent results in this
area.

e Dependence on the field: Several of the major results on depth reduction and lower
bounds have heavily depended on the underlying field one is working over. In a beautiful
result [GKKS13b], it was shown that if one is working over the field of real numbers, one
can get surprising depth reduction of general circuits to just depth 3 circuitﬂ Indeed
it was shown that any arithmetic circuit over the reals (in particular one computing the
determinant) can be reduced to a depth 3 circuit of size n®V™). Thus proving n*v™) lower
bounds for depth 3 non-homogeneous circuits over the reals would imply super-polynomial
lower bounds for general arithmetic circuits. We know that such a depth reduction is not
possible over small finite fields. Lower bounds of the form 22(") were shown for depth 3
(non-homogeneous) circuits over small finite fields (even for the determinant) by Grigoriev
and Karpinksi [GK98] and Grigoriev and Razborov [GR98] f] Thus at least for depth
3 circuits, we know that there is a vast difference between the computational power of
circuits for different fields.

Tt was demonstrated that even very simple homogeneous LIIXII circuits of polynomial size might need V)
sized homogeneous SISV circuits to compute the same polynomial.

2albeit with loss of homogeneity.

3Recently, Chillara and Mukhopadhyay [CM14] showed 2(nlogn) 1ower bounds for depth 3 circuits over small
finite fields for a polynomial in VP.



The lower bounds of [KLSS14] work only over fields of characteristic zero. This is because
in order to bound the complexity of the polynomial being computed, the proof reduces the
question to lower bounding the rank of a certain matrix. This computation ends up being
highly nontrivial and is done by using bounds on eigenvalues. However a similar analysis
does not go through for other fields. In particular it was an open question if working over
characteristic zero was necessary in order to prove the lower bounds.

e Explicitness of the hard polynomial: The result of [KLSS14] only proved a lower
bound for a polynomial in VNP. It is conceivable/likely that much more should be true,
that even polynomials in VP should not be computable by depth 4 homogeneous circuits.
The best lower bound known for homogeneous depth 4 circuits computing a poly in VP
is the lower bound of n?(°8™) by [[SS| [KL.SS14]. Recall that when one introduces the
restriction on bounded bottom fanin, then stronger exponential lower bounds are indeed
known [FLMS13| [KS]. This fact is also related to the next bullet point below.

e Tightness of depth reduction: The result of [FLMSI3] (which showed an explicit

polynomial of degree n in n°®) variables in VP requiring an n*(v" sized homogeneous
YOOV to compute it), in particular showed the the depth reduction results of Koiran [Koil2]
and Tavenas [Tav13] (showing that every polynomial of degree n in n®™) variables in VP
can be computed by an n®V™ sized homogeneous LIIXIIV™! circuit) are tight. In [KSS13)
it was shown that the depth reduction results can in fact be improved for the class of reg-
ular arithmetic formulas, thus suggesting that it might be improvable for general formulas
or at least homogeneous formulas. This was shown to be false in [KS], where it was shown
that the depth reduction results of Koiran and Tavenas are tight even for homogeneous
formulas. In all these cases, when it was shown that depth reduction is tight, it was shown
that if one wants to reduce to the class of homogeneous SISV circuits, then one can-
not do better. The significance of studying depth reduction to homogeneous SIIXIIV"]
circuits stemmed from the matching strong lower bounds for that class.
Given the new lower bounds for the more natural class of depth 4 homogeneous cir-
cuits (with no restriction on bottom fanin), and especially the exponential lower bounds
of [KLSS14], the most obvious question that arises is the following: If one relaxes away
the requirement of bounded bottom fanin, i.e. all one requires is to reduce to the class of
general depth 4 homogeneous circuits, can one improve upon the upper bounds obtained
by Koiran and Tavenas? If we could do this over the reals/complex numbers, then given
the [KLSS14] result, this would also suffice in separating VP from VNP!

e Shifted partial derivatives and variants: The results of [KS13] [LSS, [KL.SS14] all use
variants of the method of shifted partial derivates to obtain the lower bounds. All 3 works
use different variants and they are all able to give nontrivial results. This suggests that
we do not really fully understand the potential of these methods, and perhaps they can
be used to give even much stronger lower bounds for richer classes of circuits. Thus it
seems extremely worthwhile to develop and understand these methods - to understand
how general a class of lower bounds they can prove as well as to understand if there any
any limitations to these methods.

1.1 Our results

In this paper, we show a lower bound of 2%(vV71°67) on the size of homogeneous depth 4 circuits
computing a polynomial in VP. Moreover, this result holds over all fields. We use the notion of
the dimension of projected shifted partial derivatives as a measure of complexity of a polynomial.
This measure was first used in [KLSSI4]. Our results extend those of [KLSSI4] in two ways -
they hold over all fields, and they also hold for a much simpler polynomial that is in VP.



We first give a new, more combinatorial proof of the 2%(v71°87) Jower bound for a polynomial
in VNP, which holds over all fields. This result is much simpler to prove than our result for a
polynomial in VP and thus we prove it first. This will also enable us to develop methods and
tools for the more intricate analysis of the lower bounds for VP.

Theorem 1.1. Let F be any field. There exists an explicit family of polynomials (over F)
of degree n and in N = n°M) variables in VNP, such that any homogeneous SIIXI circuit
computing it has size at least n* (V1)

The lower bound in Theorem is shown for a family of polynomials (denoted by NW,, p)
whose construction is based on the idea of Nisan-Wigderson designs . These are the same poly-
nomials for which [KLSS14] show their lower bounds. We give a formal definition in Section
The main difference in our proof of the above result from the proof in [KLSS14] is that our proof
of the lower bound on the complexity of the polynomial is completely combinatorial, while the
proof in [KLSS14], used matrix analysis that works only over fields of characteristic zero. The
combinatorial nature of our proof allows us to prove our results over all fields. The combinatorial
nature of the proof also gives us much more flexibility and this is what enables the proof of our
lower bounds for a polynomial in VP. Though our lower bound for the polynomial in VP is at
a high level similar to the VNP lower bound, the analysis is much more delicate and the choice
of parameters ends up being quite subtle. We will elaborate more on this in the proof outline
given in Section [2]

Theorem 1.2 (Main Theorem). Let F be any field. There exists an explicit family of poly-
nomials (over F) of degree n and in N = nPW wariables in VP, such that any homogeneous
YIS circuit computing it has size at least n* (V™)

As an immediate corollary of the result above, we conclude that the depth reduction results
of Koiran [Koil2] and Tavenas [Tav1l3] are tight even when one wants to depth reduce to the
class of general homogeneous depth 4 circuits.

Corollary 1.3 (Depth reduction is tight). There exists a polynomial in VP of degree n in
N = n°M wariables such that any homogeneous SIIXII circuit computing it has size at least
n2 V) In other words, the upper bound in the depth reduction of Tavenas [Tav13] is tight, even
when the bottom fan-in is unbounded.

The polynomial in Theorem is the Iterated Matriz Multiplication (IM Mj, ) polynomial.
From the fact that the determinant polynomial is complete for the class VQP [Val79], we obtain
the first exponential lower bounds for the polynomial Det,, (which is the determinant of an n xn
generic matrix) computed by a homogeneous XIIXII circuit.

Corollary 1.4. There exists a constant € > 0 such that any homogeneous LIIXIL circuit com-
puting the polynomial Det,, has size at least 22"

We have not optimized the value of € in the statement above, but our proof gives a value of
e>1/22.

1.2 Organisation of the paper

In Section [2| we provide a broad overview of the proofs of Theorem [I.I] and Theorem [I.2] In
Section [3, we define some preliminary notions and set up some notations used in the rest of the
paper. We prove an upper bound on the dimension of the projected shifted partial derivatives
of a homogeneous depth 4 circuit of bounded bottom support in Section ] We lay down
our strategy for obtaining a lower bound on the complexity of the polynomials of interest in
Section [f] Finally in Sections[6] and [7} we prove Theorem [I:1] and in Sections [§] and [9] we prove
Theorem We conclude with some open problems in Section



2

Proof Overview

Let C be a homogeneous XIIXII circuit computing the polynomial P (either NW,, p or IM M, ).
The broad outline of the proof of lower bound on the size of C' is as follows.

1.

If Cis large (> nV™) to start with, we have nothing to prove. Else, the size of C' is small
(< nevm).

. We choose a random subset V' of the variables from some carefully defined distribution

D, and then restrict P and C' to be the resulting polynomial and circuit after setting the
variables not in V' to zero. We will let C'|y and P|y be the resulting circuit and polynomial.
Since C' computed P, thus C|y still computes P|y. This choice of distribution D has to
be very carefully designed in order to enable the rest of the proof to go through. When
P = NW, p, V will be a random subset of variables which is chosen by picking each
variable independently with a certain probability. In the case that P = IMM; 5, our
distribution is much more carefully designed.

We show that with a very high probability over the choice of V' < D, no product gate in
the bottom level of C|y has large support. Thus C|y is a homogeneous SIIXIIV™ circuit
(this is the class of XIIXII circuits where every product gate at the bottom layer has only
v/n distinet variables feeding into it, and we formally define this class in Section .

For any homogeneous SIILIT{V™} circuit, we obtain a good estimate on the upper bound
on its complexity ®aq,m, (C|y) (this is the complexity measure of projected shifted partial
derivatives that we use, and we define it formally in Section [3|) in terms of its size. This
step is very similar to that in [KLSST4], and is fairly straightforward.

We show that with a reasonably high probability over V <+ D, the complexity of P|y re-
mains large. This step is the most technical and novel part of the proof. Unlike the proof
of the earlier exponential bound by [KLSST4], our proof is completely combinatorial. We
lower bound the complexity measure ® a4, (P|v) by counting the number of distinct lead-
ing monomials that can arise after differentiating, shifting and projecting. This calculation
turns out to be quite challenging. We first define three related quantities 77, 15 and T3
and show that Ty — Ty — T5 is a lower bound on ® o ., (P|y). We elaborate on what these
quantities are in Section [5| These quantities are easier to compute when P = NW,, p, and
we are able to show that Ey . p[Ty — Ty — T3] is large. Using variance bounds then lets us
conclude that ® g, (P|y) is large with high probability. When P = IMM; ,, however,
all we are able to show is that 75 + T3 is not too much larger than 73 in expected value
(it will still be exponentially larger). We then use some sampling arguments to handle
this and deduce anyway that @ ., (Plyv) is large. We elaborate more on this step in
Section and give formal proofs in Sections[§and 0] In this step of the proof, the choice
of the distribution D turns out to be extremely crucial, and we need to construct it quite
carefully. We describe the distribution in Section [§]

Then, we argue that both the events in the above two items happen simultaneously with
non-zero probability. Now, comparing the complexities P|y and Cly, we deduce that the
size of C|y and hence C' must be large.

At a high level, the proof uses several ingredients from [KS13] and [KLSS14]. We now
highlight the differences between our proof and the proof in each of these.

Comparison to [KS13] The random restriction procedure and the complexity measure
in [KS13| is different from the one we use in this work. However the high level strategy of
lower bounding the complexity of the polynomial by counting the number of distinct leading
monomials that can arise is the same. In this paper these calculations use much more sophisti-
cated arguments.



Comparison to [KLSS14] Although the complexity measure and the random restrictions in
this paper are the same as the one used in [KLSST4], the proofs are different in a key aspect.
Kayal et al prove a lower bound on the complexity of the polynomial by using a lemma in real
matrix analysis to transform the problem into that of bounding traces of some matrices. This
transformation does not work over all fields. In this paper, we lower bound the complexity of the
polynomial using a purely combinatorial argument that counts the number of distinct leading
monomials that can arise. Hence our proof works over all fields. Although it is hard to say that
one of these proofs is simpler than the other (our calculations of the number of distinct leading
monomials is fairly nontrivial), we remark that our proof is based on a set of more elementary
combinatorial ideas, and the techniques seem to be more flexible (and this is what allowed us
to prove the more explicit lower bounds for a polynomial in VP).

3 Preliminaries

Arithmetic Circuits: An arithmetic circuit over a field F and a set of variables x1, 2, ..., zn
is a directed acyclic graph with internal nodes labelled by the field operations and the leaf nodes
labelled by input variables or field elements. By the size of the circuit, we mean the total number
of nodes in the underlying graph and by the depth of the circuit, we mean the length of the
longest path from the output node to a leaf node. A circuit is said to be homogeneous if the
polynomial computed at every node is a homogeneous polynomial. By a XIIXII circuit or a
depth 4 circuit, we mean a circuit of depth 4 with the top layer and the third layer only have
sum gates and the second and the bottom layer have only product gates. A homogeneous
polynomial P of degree n in N variables, which is computed by a homogeneous XIIXII circuit
can be written as

P(‘lex%-”ny):ZHQi,j(IlazQa-”ny) (1)
=1 j5=1

Here, T is the top fan-in of the circuit. Since the circuit is homogeneous, therefore, for every
ie€{1,2,3,...,T},

d;
> deg(Qij) =n
j=i

Support of a polynomial: By the support of a polynomial P, denoted by Supp(P), we mean
the set of monomials which have a non zero coefficient in P. When we consider this set, we will
ignore the information in the coefficients of the monomials and just treat them to be 1. We will
also use the notion of the support of a monomial « defined as the subset of variables which have
degree at least 1 in a. We will follow the notation that when we invoke the function Supp for
a monomial, we mean the support in the latter sense. When we invoke it for a polynomial, we
mean it in the former sense.

For any monomial o and a set of polynomials S, we define the set a-S = {af : g € {S}}.
For two monomials « and 3, we say that « is disjoint from [ if the supports of o and (3 are
disjoint.

Multilinear projections of a polynomial: For any monomial «, we define o(«a) to be « if
« is multilinear and define it to be 0 otherwise. The map can be then extended by linearity to
all polynomials and sets of polynomials.

Homogeneous LIIXII*} Circuits: A homogeneous LIIXII circuit as in Equation [1} is said
to be a SIIXII} circuit if every product gate at the bottom level has support at most s (i.e.



each monomial in each Q);; has at most s distinct variables feeding into it). Observe that there
is no restriction on the bottom fan-in except that implied by the restriction of homogeneity.

Restriction of homogeneous XIIXII circuit C|y: For a homoegeneous SIIXII®} circuit
C' in variables v1,ve, ..., vy, and a subset of variables V' C {v1,vs,...,vn}, we define C|y to
be the new homogeneous XITXII circuit obtained after setting the variables outside V' to zero.
Equivalently we can think of this as the circuit obtained after removing all multiplication gates
at the bottom layer which have a variable not in V' that feeds into it.

The complexity measure:

The notion of shifted partial derivatives was introduced in [Kay12] and was subsequently used
as a complexity measure in proving several recent lower bound results [FLMS13, [GKKS13a),
KSS13| [KS13, [KS]. In this paper, we use a variant of the method which first introduced
in [KLSS14].

For a polynomial P and a monomial v, we denote by 0, (P) the partial derivative of P with
respect to . For every polynomial P and a set of monomials M, we define drq(P) to be the
set of partial derivatives of P with respect to monomials in M. We now define the space of
(M, m)-projected shifted partial derivatives of a polynomial P below.

Definition 3.1 ((M,m)-projected shifted partial derivatives). For an N wvariate polynomial
P € Flzy,22,...,2N], set of monomials M and a positive integer m > 0, the space of (M, m)-
projected shifted partial derivatives of P is defined as

(Opm(P))m = F-span{o([] 2 - 9) - g € 0ma(P), S C [N],|S| = m} (2)
€S

In this paper, we carefully choose a set of monomials M and a parameter m and use the
quantity ®aq ., (P) defined as

@ pt,m(P) = Dim((Om(P))m)

as a measure of complexity of the polynomial P.

We will now elaborate on this definition of the measure in words - we look at the space of
(M, m)-projected shifted partial derivatives as the space of polynomials obtained at the end of
the following steps, starting with the polynomial P.

1. We fix a set of monomials M and a parameter m.
2. We take partial derivatives of P with every monomial in M, to obtain the set O (P).

3. We obtain the set of shifted partial derivatives of P by taking the product of every polyno-
mial in drq(P) with every monomial of degree m. In this paper, we will often be working
with restrictions of polynomial P obtained by setting some of the input variables to zero.
Even for such restrictions, we consider product of the derivatives by all multilinear mono-
mials of degree m over the complete set of input variables {x1,22,...,2Nx}.

4. Then, we consider each polynomial in the set defined in the item above and project it to
the polynomial composed of only the multilinear monomials in its support. The span of
this set over F is defined to be (Oaq(P))m.

5. We define the complexity of the polynomial ® ., (P) to be the dimension of (I (P))m
over [F.

It follows easily from the definitions that the complexity measure is subadditive. We formalize
this in the lemma below.



Lemma 3.2 (Sub-additivity). Let P and Q be any two multivariate polynomials in Flxq, za, ..., ]
any set of monomials. Let M be any set of monomials and m be any positive integer. Then,
for all scalars o and B

Prpgm(a-P+B-Q) < Ppym(P)+ Parm(Q)

Ply and @y, (P|y): For a polynomial P and a subset of its variables V', we define P|y to be
the polynomial obtained after setting variables not in V' to zero (i.e. removing all monomials
containing a variable not in V in its support). When we consider ®aq ., (P|v), we will be
computing the complexity of the new polynomial with respect to the original set of variables,
not just the variables in V. I.e. we set the variables outside V' to zero only in order to compute
PJy. Once we get this new polynomial, we do not think of the variables outside V' to be set to
zero when computing ® aq ., (P|v).

Nisan-Wigderson Polynomials: We will now define the family of polynomials NW, p in
VNP which were used for the first time in the context of lower bounds in [KSSI3]. The key
motivation for this definition is that over any finite field, any two distinct low degree polynomials
do not agree at too many points, and hence we use this property to construct a polynomial with
monomials that have large distance. Let F,, be a finite field of size nﬁ and let F},2 be its quadratic
extension. For the set of N = n? variables {z;; : i € [n],j € [n?]} and D < n, we define the
degree n homogeneous polynomial NW,, p as

NW, p= Z H T f(i)

f(2)€F ,2[2] i€[n]
deg(f)<D-1
From the definition, we can observe the following properties of NW,, p.

1. The number of monomials in NW), p is exactly n?P.

2. Each of the monomials in NW,, p is multilinear.

3. Each monomial corresponds to evaluations of a univariate polynomial of degree at most
D — 1 at all points of F,,. Thus, any two distinct monomials agree in at most D — 1
variables in their support.

Iterated Matrix Multiplication: Let M, My, M3, ..., M, be b generic square matrices,
each of dimension a x a. Then, we define the polynomial ITM M, ; as the (1,1) entry of the
matrix [] j M;. It is easy to see that this polynomial can be computed by a polynomial sized
circuit, and so is in VP. In this paper, we show that any homogeneous depth 4 circuit computing
IM M,y has exponential size.

Monomial Ordering and Distance: We will also use the notion of a monomial being an
extension of another as defined below.

Definition 3.3. A monomial 0 is said to be an extension of a monomial 6, if 0 divides 6.

We will also consider the following total order on the variables. x;, j, > @i, j, if either 41 < iy
or i1 = 12 and j; < jo. This total order induces a lexicographic order on the monomials. For a
polynomial P, we use the notation Lead-Mon(P) to indicate the leading monomial of P under
this monomial ordering.

We will use the following notion of distance between two monomials which was also used
in [CM13].

4We are assuming for simplicity that n is a prime power, but the definitions can be easily adapted for when n is
not.
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Definition 3.4 (Monomial distance). Let m; and mo be two monomials over a set of variables.
Let Sy and Sy be the multiset of variables in my and mso respectively, then the distance A(my,ms)
between my and myo is the min{|S1| — |S1 N Sa|,|S2| — |S1 N Se|} where the cardinalities are the
order of the multisets.

In this paper, we invoke this definition only for multilinear monomials of the same degree.
In this special case, we have the following crucial observation.

Observation 3.5. Let o and 8 be two multilinear monomials of the same degree which are at
a distance A from each other. If Supp(a) and Supp(B) are the supports of a and B respectively,
then

|Supp(a)| — [Supp(e) N Supp(B)| = |Supp(B)| — [Supp(a) N Supp(B)| = A

For any two multilinear monomials « and 3 of equal degree, we say that o and [ have
agreement ¢ if |Supp(a) N Supp(B)| = t. When ¢ = 0, we say that « and g are disjoint.

Approximations: We will repeatedly refer to the following lemma to approximate expressions
during our calculations.

Lemma 3.6 (|[GKKS13a]). Let a(n), f(n),g(n) : Zso — Zsgo be integer valued functions such
that (f + g) = o(a). Then,

(a+ )
(a—g)!

In this paper, we invoke Lemma only in situations where (f + g)? will be O(a). In this
case, the error term will be bounded by an absolute constant. Hence, up to multiplication by
constants, % = a(f+9). We will use the symbol ~ to indicate equality up to multiplication
by constants.

log
a

= (erg)loga:tO(W)

Probability lemmas: We will now state some lemmas using probability which will be useful
to us in the course of the proof.

Lemma 3.7. Let X be a random variable sampled from a distribution R supported on the set
R. Let f and g be functions from R to the set of positive real numbers, such that the following
are true:

o For each xz € R, f(z) < g(z)
o Ex. r[f(X)] >0.5 Exr[g(X)]
o Prycrllg(X) — Excrlg(X)]| > 0.1 (Ex. rlg(X)])] < 0.01

Then,
Prxr[f(X) = 0.01- (Exr[f(X)])] = 0.1

The proof is given in Appendix [A]
We will also need the following lemma, which could be thought of as a strengthened inclusion-
exclusion proved using sampling.

Lemma 3.8 (Strong Inclusion-Exclusion). Let Wy, W, W3, ..., W, be subsets of a finite set
W. For a parameter A > 1, let the following be true.

S Win Wi <A W

IR ISURE] i€l]

Th@n, ’ U’ie [ W»L

2 ﬁ Zie[l] (Wil

The proof appears in Appendix [B]
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4 Upper bound on the complexity of homogeneous SIIXIT{
circuits

In this section, we state and prove the upper bound on the complexity of a SIIXIT! cir-
cuit. A very similar bound was proved by Kayal et al in [KLSS14]. We include a proof for
completeness.

Lemma 4.1. Let C be a depth 4 homogeneous circuit computing a polynomial of degree u in
N wariables such that the support of the bottom product gates in C is at most s. Let M be a set
of monomials of degree equal to r and let m be a positive integer. Then,

‘I)Mnn(c)SSize(C)(P:]+T>< N )

T m—+rs
for any choice of m,r,s, N satisfying m +rs < N/2.

Proof. Let us consider a product gate Q = Hizl P; in C. Without loss of generality, we can

assume that there is at most one ¢ such that degree of P; is less than 5. Otherwise, we could
multiply two such low degree P; and increase the degree polynomials. Observe that if the support
of the bottom product gates in C' was at most s to start with, this operation preserves that
property, since we are only multiplying two polynomials if there degree is at most 5.Therefore,
I< 2]

Now, let a be a monomial of degree r. The derivative of @ with respect to « is a sum, where
each summand is of the form Oo([ ;e Pi) - 1 e\ s 5 where S is a subset of [I] of size at most
T

We will now focus on one such summand. When this derivative is shifted by a multilinear
monomial v of degree m, we get a polynomial of the form v - 0o ([[;cg Pi) - Hje[l]\S P;. Let
us focus our attention on monomials in v - 0o ([[;cg P;). Every monomial here has support at
least m and most m + rs since v has support m, each P; has support at most s and |S| <
r. This implies that the polynomial v - 0a([[;c5 Pi) - Hje[l]\s P; is in the linear span of the
polynomials {3 - Hje[l]\S P; : m < Supp(f) < m + rs}. Moreover, even after taking the
multilinear projections, it is true that the polynomial o(y - 0o ([[;c5 Ps) - 11 jelns P;) is in the
linear span of the polynomials {o (5 - Hje[l]\S P;j) : m < Supp(8) < m + rs}. Note that the
set of polynomials {o(8 - [[;cups Pj) : m < Supp(8) < m + rs} does not depend upon a.
In particular, for all o of degree r, it is true that o(y - 0u(I];,cq Pi) - Hje[l]\s P;) is in the
linear span of the polynomials {o(8 - [T;cyps ) : m < Supp(8) < m + rs}. Observe that
any polynomial of the form g - Hje[l]
B is not multilinear. So, o(y - Ou([[;cq Ps) - Hje[l]\s P;) is in fact in the linear span of the
polynomials {o (8 - [[;cp\s F5) : m < degree(3) = Supp(B8) < m + rs}. The dimension of the
space {o(8 - [L;epps Pj) + m < degree(B) = Supp(B) < m + rs} is at most the number of

\s P will be set to zero under multilinear projections if

multilinear monomials 3 of degree between m and m + rs. This is at most Y .° (mJYH.), which

is at most rs - (mfrs) since m + rs < % and so the terms in the summation increase with an
increase in 3.

From the above discussion, we can conclude that for a fixed subset S of [I] of size at most r,
the multilinear projections of the shifts of Oa([[;cg P2) - [ e s £ lie in a space of dimension

N

at most rs - (mMS

). From this it follows that the set of projected shifted partial derivatives of
order 7 of () lie in a linear space of polynomials of dimension at most rs- (mfm) . ((Luj +T) since

there are at most ((2?) ) subsets of [I] of size at most r.
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The bound on the complexity of the circuit now just follows from sub-additivity of the

complexity measure.
O

5 Strategy for proving a lower bound on the complexity
of NW, p and IMM;,,

To show a lower bound on the complexity of the polynomial P(which will be IM M5, ,, or NW,, p
in this paper), we choose an appropriate set of monomials M and a parameter m and then obtain
a lower bound on the value of ® ., (P). When M and m are clear from the context, we use
D pq.m(P) and ®(P) interchangeably. We will now try to gain a more concrete understanding
of the space of polynomials, whose dimension we want to lower bound. We will need some
notations first.

We denote by M («) the set of monomials Supp(9,(P)). We will use the two interchangeably.
For any monomial « € M and any monomial 8 € Supp(9,(P)), define the set

Sh(a, B) = {7 : deg(v) = Supp(y) = m and Supp(7) N Supp(B) = ¢}

to be the set of all multilinear monomials of degree m which are disjoint from 3. We define
the set SE (a, ) to be the subset of multilinear monomials 7 in S (a, 3) such that 3 - v is the
leading monomial of o (y - 9o (P)). Define

AP (e, B) ={v-B:v e SE(a. B)}

When the polynomial P is clear from the context, we drop the P from A} (a, ), SE(c, 8) and
SP(a, ) and instead denote them by A,,(a, 3), Sm(a, 8) and S, (a, B) respectively.
The following lemma relates the size of the union of the sets A,,(a, ) to @ aqm(P)

Lemma 5.1. Let P be a polynomial in N wvariables and let M be any set of monomials on
these variables. Let m < N be a positive integer and let ® pqm (P) and A (o, B) be as defined.
Then,

éM,m(P) > U Am(avﬁ)
aeM
ﬁESup:D(@a(P))

Proof. To prove the lemma, it suffices to show that for o € M and 5 € Supp(94(P)), Am (e, B)
are a subset of leading monomials of polynomials in F-span {o(y - Oy (P)) : Supp(y) = deg(y) = m}.
This fact just follows from the definition of A,,(«,3). The lemma then follows from the fact
that for any linear space of polynomials, its dimension is at least the number of distinct leading
monomials in the space. O

By the principle of inclusion-exclusion, we get the following corollary.

Corollary 5.2. Let P be a polynomial in N wvariables and let M be any set of monomials on
these variables. Let m < N be a positive integer and let ® pqm (P) and A (o, B) be as defined.
Then,

Dpm(P)> > |An(eB)] - > [Am(ar, B1) N A (@2, B2)]
aeM aj,a0EM
BESupp(da (P)) B1E€Supp(da (P))
B2E€Supp(Day (P))

(av1,B1)#(az2,82)

13



Therefore, to get a lower bound on ®r,m(P), we show that >, v sea, (p) [Am(a, B)| is
large and the second term in the expression above is small. The following lemma relates
Zﬁeaa(lp) | A (e, B)] to the size of the sets S, (a, ), which, in principle are somewhat sim-
pler objects to describe.

Lemma 5.3. Let P be a polynomial in N wvariables and let o € M be a monomial on these
variables such that O, (P) is not identically zero. Let Sy, (a, B) and An(a, B) be sets as defined.
Then,

Yo [An@p)lz U Swl(n)

BESupp(da (P)) BESupp(da(P))

Proof. Consider the sets Z = {(5,7) : 8 € Supp(0a(P)),v € Am(a, 5)} and

W = UﬂESupp(aa(P)) Sm(a, 8). To prove the lemma, we show the existence of a one one map from
W to Z. Consider any v € W. By definition, this means that there exists a 8 € Supp(94(P)),
such that v € Sy, («, 8). This implies that v- 5 € Supp(c(y-94(P))). In particular, o(y-04(P))
is not the identically zero polynomial. So, there exists a 8 € Supp(9.(P)) such that v- 8’ is
the leading monomial of o (-0, (P)). From the definitions, this implies that v- 8" € A, (a, 8').
So, we map v to (5,7 - f'). Clearly, this map is one one, since the pre-image of (p, ) is given
by ¥ /p. Hence, the cardinality of Z is at least the cardinality of W. O

5.1 Obtaining the lower bound on ¢, (P)

For a polynomial P, a set of monomials M and a positive integer m, we now outline the
general sequence of arguments which we use to lower bound ® ., (P). The exact sequence of
arguments used in the proofs vary slightly for NW,, p and IMM; ,. To express this outline
more concretely, we will need some notations. For a polynomial P and a monomials o, o’ € M,
we define

T P)= Y [Su(af)

BeSupp(9a(P))

TQ(avp): Z |Sm<a7ﬂ1)ﬁsm(a752)|

B1,B2€Supp(8a (P))
/Bl 2

and
T3(O¢,Oé/, P) = Z |Am(a761) N Am(a/752)|

B1E€Supp(9a (P))
B2€Supp(d,,/ (P))
(a,81)#(a’,B2)

We also define
Ti(P)= > Ti(a, P)
aeM
Ty(P) = > Ta(a, P)
aeM
and
T3(P) = Z T3(a’a/7p)
a,a’eM
At places where P is clear from the context, we drop the P in T} (o, P), Ta(«, P) and T3(«, o, P)
and denote them by Tj(a), To(a) and T3(a, ') respectively.
From the Corollary[5.2]and Lemmal5.3} it follows that for any polynomial P, set of monomials
M and a parameter m,
D pm(P) 2 Ta(P) = To(P) — T5(P)
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Outline for Nisan-Wigderson polynomials In the proof of the lower bound for the NW,, p
polynomial, we observe that over the random restrictions of NW,, p, the expected value of
Ty — Ty — T3 is almost as large as the expected value of T7. We will then use Lemma to
argue that with a sufficiently high probability, the complexity of a random restriction of NW,, p
is high.

Outline for Iterated Matrix Multiplication For iterated matrix multiplication, it turns
out that the expected value of T, and T3 are in fact larger than the expected value of T7. So,
we first use tail inequalities to argue that for a random restriction P of IM Mj ,,, with a high
probability all of 17,75, T3 take values close to their expected values. We pick such a restriction
P. Since the value of To(P) + T5(P) is larger than T4 (P), T1(P) — To(P) — T5(P) does not give
us a meaningful lower bound on ® aq ., (P).

To get around this problem, we take the help of Lemma[3.8] which can be seen as an strength-
ened form of the principle of Inclusion-Exclusion. We first show that for such a restriction P ,
there is a large subset G C M of monomials such that

1. For each a in G, Tl(a) is large.
2. For each « in G, T5(«) is not too large compared to T («).

3. Yar,aneg I3(a1, a2) is not too large when compared t0 3,5 sesupp(an(p)) [Am e, B)].

We now argue that by multiple invocations of Lemma this suffices to show that the
complexity of P is large.

e For each o € G, since Ty (w) is large, it follows that > 5cq.0000. (py) [Sm(a, B)] is large.

e For each a € G, since T(«) is not much larger than T} (o), Lemma and Lemma
imply that for each o € G, 3~ 5cqupp(a. (p)) [Am (@, B)| is large.
e We also know that ch,oczeg T3(ar, ) = > a1,a2€0 | A (a1, B1) N Ap (a2, B2)] is
B1€Supp(9a, (P))

B2 ESuPP(aag (P))
(a1,B1)#(az,B2)

not much larger than }° g scsupp(a.(py) [Am(e, B)].

e Lemma (3.8 will then imply that ||J acG A (o, B8)| is large. Hence, by Lemma
5€Supp(aa(P))
Og . (P) is large.

6 Lower bound for NW, p

In this section, we prove lower bound on the size of homogeneous XIIXII circuits which compute
the NW,, p polynomial.

6.1 Random restrictions and proof outline

From the definition, it follows that the total number of variables N in NW,, p is N = n3. Let the
set of all these variables be V. We will now define our random restriction procedure by defining
a distribution D over subsets V' C V. The random restriction procedure will sample V' <— D and
then keep only those variables “alive” that come from V and set the rest to zero. The restriction
of the set of variables induces a restriction on any polynomial of these variables. We will use
the notation NW,, p|y for the restriction of NW,, p obtained by setting every variable outside
V to 0. Therefore, any distribution D also induces a distribution on the set of restrictions of
NW, p. Similarly, the distribution D also induces a distribution over the restrictions of any
circuit computing a polynomial over V. We will use the notation C|y for the restriction of a
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circuit C obtained by setting every input gate in C' which is labelled by a variable outside V' to
0.

The distribution: Each variable in V is independently kept alive with a probability p = n™*,
where € is an absolute constant such that 0 < e < 0.01. This gives a distribution over the subsets
of V. We call it D.

Steps in the proof: The proof consists of three main steps.

e We consider a depth 4 homogeneous circuit C' computing the polynomial NW,, p. If C
was large to start with, we have nothing to prove. Else, C was small. We then analyze the
behavior of C' under random restrictions as defined above.

e We show that with high probability, none of the product gates in the bottom level of
C which has support at least s = y/n survives the random restriction procedure if the
original circuit had size 20(V71087) " So we are left with a low support circuit computing
a restriction of NW,, p.

o We then argue that with good probability, a random restriction of NW,, p has high com-
plexity.

e Finally, we show that both the events above together happen with some non zero prob-
ability. Then, comparing the complexity of the restriction of NW,, p and the restricted
circuit, gives us the lower bound.

6.2 Choice of parameters

We enumerate the values of the parameters used in this proof below.

1. m. (This is the degree of the polynomial NW, p)

2. N =n3. (This is the total number of variables)

3. r= 1'15‘/5 . (This is the order of the derivatives involved)

4. s = y/n. (This indicates the support of a product gate in the circuit after random restric-
tions)

5 m=24(1- 5“\1/%) (This is the degree of the multilinear shifts)

6. € is any absolute constant such that 0 < e < 0.01.

7. p=n—°c (This is the probability with which each variable is kept alive independently)

8. k =n —r. (This is the size of the support of the monomials in any r* order derivative of
NW, p)

n )\ 2d 2 (")
9. d=20 (m) is a parameter chosen such thatn** =1/4-n (o

10. D = ¢ +d. (This is the parameter D in NW,, p)

11. D. (This is the distribution on the subsets of V obtained by keeping each variable in V
alive independently with a probability p =n~¢ )

In the rest of this paper, we always invoke the definition of the Nisan-Wigderson polynomials
for D = ¢ +d. So, for the rest of the proof, we use the notation NW for NW,, p.

6.3 Effect of random restrictions on the circuit

The following lemma gives us an upper bound on the complexity of small circuits under the
random restrictions.
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Lemma 6.1. Let s = /n,r = 1'15‘/5 and let m be a parameter such that m +rs < N/2 and
let € > 0 be a constant. Let M be any set of monomials of degree equal to r. Let C be a
homogeneous depth 4 circuit of size at most 22V718™ computing the polynomial NW. Then,

with probability at least 1 — o(1) over V < D

¢M,m(C|V)§Size(C)([2m+7")< N )

T m-+rs

Proof. When the variables are kept alive with probability n~° independently, then the probabil-
ity that a bottom product gate with support at least y/n survives equals n~¢V™_ Therefore, the
probability that some gate with support at least s = y/n survives in C|y is at most Size(C') /n°V™.
Substituting the value of size of C, we see that this is at most n~3V" which is o(1).

Now, by Lemma the complexity of the circuit is at most Size(C') - ((QTWJ +7") . (mfm), with
probability at least T — o(1). O

Observe that we have just argued that if the circuit was of size at most 25Vnlogn then with
probability at least 1 — o(1), at the end of the random restriction process, none of the product
gates with support larger than s = y/n at the bottom level is alive. Otherwise, the size of the
circuit was larger than 23Vnlogn g start with, in which case, we have nothing to prove.

6.4 Effect of random restrictions on NW,, p

In this section, we show that with a reasonably high probability, a random restriction of NW
has a large complexity. We outline the plan and set some notations below.

Plan of the proof: We will show that for V' + D expected value of the expression Ti|y —
Ts|ly — T3]y is large and then use this to obtain a lower bound on the complexity of a random
restriction of NW. We will do this by proving a lower bound on the expected value of Ti|y
and upper bounds on the expected values of T|y and T3|y. At this point, we would like to
argue that the complexity remains close to the expectation with a reasonably high probability.
This observation is proved using Lemma [3.7] and the bound on the variance of the number of
monomials alive at the end of random restrictions obtained in [KLSST4].

Recall that D = %< + d for some constant € and a parameter d = 0(;2 ).
gn

Let Ml = {ILicpyzij 7 € [n?]} be a set of monomials. Observe that for r < D,
every monomial in MU") has an extension in Supp(NW). This implies that for every a &
MU 9, (NW) is non zero. In fact, it consists of exactly n2(P~") monomials. For our partial
derivatives, we consider the set of partial derivatives of NW with respect to monomials from
ML For brevity, we call this set M for the rest of the proof.

We will now prove that with a high probability over V < D, @y ,, (NW]y ) is large. Recall
that from the discussion in Section 5 it will suffice to show that ®rq,m(NW|y) = Ti(NW|y) —
To(NW|y) — T3(NW]y) is large with a good probability. To this end, we first show that
D rq,m (NW) is large in expectation and then argue that with a good probability the complexity
measure is not too much less the mean.

Observe that according to our definitions here, the set of monomials M is fixed and does
not depend upon the random restrictions. Also, the contribution of any monomial @ € M is
a random variable. For example, for any o € M and 8 € M(«), if a and 8 both survive the
random restriction procedure, then the contribution of 8 to A, («, ) is |Sm(a, )| = (N;k)
whereas if either of them is set to zero during the random restrictions, then the contribution is
0. Similarly for 75 and T3. Taking this into account, we state the definitions of 17,75, T3 which
we use in our expectations calculations below. We need a piece of notation first. For monomials
o1, aQa,. .., 05, we define Loy ,as,....a; O be the event that every monomial in {a1,aq,...,q;}
survives the random restriction procedure.
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o TH(NWly) = ZaeM[T] lag- |Sm(a, B)]
BEM (o)

o TIH(NWly) =3 aemlr] lagq - |Sm(c,v) N S, B)]
ByEM(a)
B#Y

b TB(NW|V) = Z ar,aseMlm) 1a1,o¢2,,61,ﬁg : |Am(a17/81) N Am(a2762)|
B1e€M(a1)
B2eM (a2)
(a1,B1)#(2,B2)

For the ease of notations, for the rest of the proof of lower bound for NW, we denote
T (NW|y) by Ti|v. Similarly, we use Ta|y for To(NW|y) and T3]y for T3(NW|y). We know
that for any restriction NW|y,

P (NWv) > Thly — Taly — Tslv (3)

Therefore, by the linearity of expectation is, the expected complexity of a random restriction of
NW,
By p[®rmm(NWv)] > Evep[Tilv] — Evep[Talv] — Evep[Ts|v] (4)
We will now bound the expected values of T} |y, To|y, T5|v under random restrictions. More
precisely, we prove the following.

N —k
Ev p[Tilv] = ( m > -n?d

Lemma 6.2.

Lemma 6.3.

N — 2k
Evep[Thly] < ntd-2rtertl. ( )
m

Lemma 6.4.

N —2k
Ev.p[Tslv] < ntdH2. ( )
m—k
We will now use the bounds given by the lemmas above to complete the proof of the lower

bound. We will prove the above lemmas in Section

6.5 Lower bound on the complexity of NW, p
Lemma 6.5. For any choice of parameters m,r,d,e,n, N,k such that

2d—2 1 ()
o pdTArtertl L /4. Agmas
(ka

m
(N—Qk
m—k

the following is true

° n2d+2 < 1/4

Evep[@smm(NW|y)] > 0.5 Eyp[Ti|v]

Proof. From the choice of parameters and Lemma Lemma [6.3] and Lemma it easily
follows that ]EV<_D[T1|\/] > 4- EV<—D [T2|V} and EV(—D[T1|V] > 4- EV<—D[T3|V]- Thus

Evep[®Pamm(NW]y)] > 0.5 Eyp[T1].
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Thus for the above choice of parameters, we get a lower bound on the expected value of
D g, (NW |y ). We would like to conclude that with a decent (> 0.1) probability, the complexity
is large. Observe that we cannot directly use Markov’s inequality. However we are still able to
prove such a statement (see Lemma . We make the following crucial observation.

Lemma 6.6. For any V CV,

N —k
ErinW) < S win)| (YY)

Proof. To prove the lemma, we prove an upper bound on the size of the set | J,,¢ v Supp(9a(NWlv))
in the following claim.

Claim 6.7. For any V CV, the following is true.

U Supp(0a(NW|y))| < [Supp(NW]y )]
aeMIr]

Proof. To prove this claim, we argue that there is a one-one map from the set

Uae i Supp(0a(NWy)) to the set Supp(NW|y). From the definition of M[, it follows
that all the monomials in MU} are of degree r and contain exactly one variable from the
set {z;; : j € [n?]} for each i € [r]. Also, from the definition of NW, it follows that for
every monomial 8 in Supp(NW |y ), there is exactly one monomial a € Ml such that 3 is an
extension of . Or, in other words, for each 8 € Supp(NW |y ), there is exactly one o € M!"]
such that 0,(8) € Supp(94(NW|y)). Therefore, the function which maps 9,(8) to 8 is a
one-one map. L]

Now, observe that for any monomial v in the support of any polynomial in the set

{o(JTwi 9): 9 € Opm(NWIv), S C [N],|S] = m}
i€S

there exists an o € M["l, a monomial 5 € Supp(NW|y) and a multilinear monomial p of degree
m such that the supports of 0,(8) and p are disjoint and v = 9,(f3) - p. For any such 3, the
number of p, which are multilinear of degree m and disjoint from 0,(8) is equal to (Nn:k),
since J,(f) is a multilinear monomial of degree equal to k. Therefore, the number of distinct
monomials in the union of supports of all polynomials in {o([[;,cszi-g9) : g € Oy (NWy), S C
[N],]S] = m} is at most the product of |{J,c 1 SUpP(9a(NW]v))| and (Nn;k). The lemma

follows from the claim above. O

We will now use Lemma to argue that with a decent probablity, a random restriction
of NW has a complexity very close to its expected value. For a restriction P = NW|y of
NW, define g(P) = |Supp(P)| - (N;k) and define f(P) = ® 1, (P)- Lemma implies that
for every restriction P = NW|y of NW, f(P) < ¢g(P). Lemma implies that Evp[f] >
1/2-Eyplg]. The following lemma of Kayal et al [KLLSST4] tells us that g takes values very
close to its expected value with a high probability.

Lemma 6.8 ([KLSS14]). Prypllg(NW|v) —Ev:eplg]| > 0.1-Ey/plg]] <0.01.

The functions f and g now satisfy the hypothesis of Lemma [3.7] Therefore, we get the
following lemma.

Lemma 6.9. PT‘V<_D[f(NW|V) 2 0.01 - EV’(—D[QH Z 0.1.
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Therefore, the following lemma is true.

Lemma 6.10. For any choice of parameters m,r,d,e,n, N, k such that

("n")

° n2d72r+er+1 S 1/4 . (Nr_n,%)
(n’)
o n2H2 < 1/4. fom
(mfk)

the following is true

N-—k
PWHD[q)M’m(NWV)20.005~n2d( . >]>0.1

6.6 Wrapping up the proof

We now complete the proof of the lower bound for the case of NW polynomial which implies
Theorem [L1

Theorem 6.11. Let C' be any homogeneous SIIXII circuit computing NW,, p. Then, the size
of C is at least n*V™),

Proof. Recall that, from our choice of parameters, we have s = /n, r = 1'15‘/5 , N = n?,

N—k
m=4(1- ér\‘/%) = & (1 —-"22), d such that n?? = 1/4.n=2 ((Ifnizﬁ))’ k=mn—r,and € < 0.01.

Observe that m 4+ rs < % Let C be a circuit computing the polynomial NW.

If the size of the circuit is at least n2V™, then we are done. Else, the size of C' is at most
n3vV". Lemma implies that with probability at least 1 — o(1) the complexity of the circuit

is at most Size(C)([%j ) (mfrs).
We will first show that for the choice of paramters made above, the hypotheses of Lemma[6.5

hold.
Claim 6.12. For m,r,d,e,n, N,k as chosen above,
(@)
° n2d—2r+5r+1 S 1/4 . (NT%)
N—k

o n?2 < /4. (

m—k
Proof. By the choice of d, the second constraint is met.
We now need to verify that for the choice of parameters the first constraint is met, i.e.

n2d—2r+er S 1/4 . n—l (Nn;k)

(Nﬁk) :
In other words, we would like to show that
(N—Qk)
n2d=2rter 4p . 7(Nm_k) <1
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Now,

(N—2k)
n2d—2r+er An - (Nﬂik)
m
1 (N72k>
—p " 2rter | | T substituting value of n*?
" (k)
m—k
:n727“+67‘.l. (N_m_k)! X (m_k)!
n (N—-m-— 2]{:)! m)!
k
1 N —
%n—2r+er L. ( m) By Lemma 3.0
n m
1 1 + Inn k
—p2rer 2 155 substituting choice of m
n \1-— 22
S
<p2rter, l . 62-01k1§T" for large enough n
n
:n_2r+5r . l 'n2.01k/5s
n

Substituting r = 1‘15‘/57 s =+/n,k=n—rand e < 0.01, it can be verified that the expression
above is at most 1. O

Thus by the claim above and Lemma we conclude that with
N -k
Pry.p [@M,m(zvmv) >0 (n2d< >>} >0.1.
m

So, with probability at least 0.1 — o(1), the complexity of C|y is low while at the same time
the complexity of the NW |y, remains high. Comparing the bounds, we have

Size(C) > Q (M)
() )

r m-+rs

N—k
Putting in n?? = 1/4-n=2 (NTZ,) , we have

(57
. P G [y )
i (C’ZQ< ( )

) G O

T

m-+rs m—k
We will first estimate the ratio of binomial coefficients one by one.

N—k s
o Unt) _ -kt | (mars)t  (N-m—rs)t (NTm> % (me)k

(mijrs) o N! m! (N—m—k)! ~ N
° (M2F)  (N—k) o (m=k)  N*
(V28— (N=2k)! ml " mF

° ((Lnr] +T) is 200" for our choice of r and s

Plugging these bounds back, we have

k—rs
Size(C) >n~2- (N—m) x 270(r)



Now, we plug in the value of m, which gives us

k—rs
14 Inn
Size(C) > ( 5 ) x 270

Inn
1- 5s

This gives us

k—rs
Size(C) > <1 + 12") x 2790

S

which implies
Size(C) > n'5" x 270

Substituting the values of k,r, s, we get

Size(C) > n?(V™)

7 Calculations for NW, p

In this sections, we provide the proofs of Lemma [6.2] Lemma [6.3 and Lemma[6.4]

7.1 Expected value of T3 (NW, plv)

This computation is quite straight forward.

Even[Tilv] = > Ellagl:[Sm(a, )]
aemlr]
BeEM ()
N —k
- (%) 2 e
aeMI”
BEM (ar)

Now observe that 1,8 = 1 when all the variables in the support of the monomial a3 stay alive.
This happens with probability exactly p™ since « - § is a multilinear monomial of degree equal
to n. The number of pairs «, 3 such that o € M["l and 8 € M(«) is exactly equal to n?”, since
M| = n27 and for each such «, the number of 3 € M(a) equals n?(P~"). Plugging this back,

we obtain
N —k
EV<—’D[T1|V] = ( . > 'n2Dp"

m

7.2 Expected value of To(NW, plv)

By linearity of expectation,

Evep[Tolvl= Y Evepllagy - |Sm(a,y) N Smla,p)l]
aeml’]
B,yEM ()
B#y
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For any fixed «, 3, we partition the set of all v € M («) based upon the size of the intersection
of the supports of 8 and ~

Ey. p[Thlv] = Z Z Evepllagy - [Sm(a, ) N Sm(a, B)]
0<w<D—r aemlr]
BEM ()
YEM ()

¥
[Supp(v)NSupp(B)|=w

Observe that we only need to sum upto w = D — r since for any 8 # v € M («), the maximum
size of the intersection of Supp(3) and Supp(y) can be D — r. This is due to the observation
that for 8 # v € M(«), there exist distinct univariate polynomials fg and f, of degree at most
D — 1 in F,2[Z] such that o - v = Hie[n] Ty ) and a - f = Hie[n] T p,(:)- Rearranging the
order of summation, we obtain

Ey. p[Talv] = Z Eyp[la,s] Z Z Evep[ly5:19m(c, Y)NSm (e, B)]]
aemlr] 0<w<D-r YEM ()
BEM (o)

5
[Supp(y)NSupp(B)|=w

where 1,4 is the event 1,/ where 7/ = HXGSupp('y)\Supp(ﬁ) X. Since the support of « is disjoint
from the support of 8 and ~, so the dependence is only between v and 5. In the claim below,
we derive an upper bound on the expression

EV<—'D[17|6 . |Sm(04,’}/) N Sm(o‘7ﬂ)|]

for fixed values of o € MU'l 3 € M(a)and 0 <w < D —r.

Claim 7.1. Let a,f be monomials such that o € MU and B € M(a) and w be an integer
such that 0 < w < D —r. Then

Z EV«D[lwﬂ 1S (@, Y) NS (e, B)]] < (Z) . p2(D=r—w) ,pk—w_ (N — 2k + w)

m
YEM (o)

v#B
| Supp(v)NSupp(B)|=w

Proof. From the definition of NW, for any a € MU'l and 3 € M(a), af is a monomial in
Supp(NW). Moreover, there is a unique univariate polynomial f3(Z) € F,2[Z] of degree at
most D — 1 such that o+ 5 = H n] Ti,fs(s)- The summation above is over all f, € Fy: [Z] of
degree at most D — 1 satisfying

i Hze i, MO =

o [{ie\[r]: /() = fo(D)} = w
The first condition above can also be written as fg(j) = f,(j) for every j € [r]. Thus, fg
agrees with f, over all the elements in set [r] and over w elements of the set [n] \ [r]. Since any
univariate polynomial of degree at most D — 1 can be uniquely determined by its evaluations
on any D points, there is a one-one map from the set of f, satisfying the constraints above to
tuples (Uy,Us) where

o U; C [n]\ [r] is the set of w elements in [n] \ [r] where fz and f, agree

e U is a set of input, value pairs for some D —r — w points in [n] \ ([r] U Uy)
Therefore, the number of such f, is at most (Z) -n2(P=r=w) We will now get an upper bound

on the value of Ey p[ly3 - [Sm(a,v) N Sy (a, B)|] for each such «. Observe that 1,5 is 1 when
all the variables in the set Supp(y) \ Supp(53) are alive. This happens with probability equal
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to plSuPPON\SuPP(B)] — pk—w  The quantity |S,,(a, ) N Sm(a, B)| is the number of multilinear
monomials of degree m which are disjoint from both 3 and v ( where |Supp(y) \ Supp(8)| = w ),
and hence | Sy, (a, V)NS (e, B)] = (N7%+w) (Recall that we shift with all multilinear monomials
of degree m regardless of V). So,

Evenllyg - [Sm(@,7) N Sm(a, B)]] = p*~* - (N o w)

m

Multiplying this by the bound on the number of terms in the summation completes the proof
of the claim. O

We will now upper bound the sum

Z Z Evenllapy - [Sm(a, ) N Sm(a, B)]
0<w<D-r YEM ()
Y#B

[Supp(v)NSupp(B)|=w

Claim 7.2. Let o, 3 be monomials such that o € MU'} and B € M(a). Then

> > Ev e p[lasy - [Sm(@7) N Smla, B)]] < n2d-2rers1. (

N - Qk)
0<w<D-—r ~YEM ()

m

y
[Supp(v)NSupp(B)|=w

Proof. Claim [7.1]implies that

Z Z EV<—D[1Q,B,7 ’ |Sm(a7 "Y) N Sm(aa 5)“
0<w<D-r YEM ()
V#B

[Supp(v)NSupp(B)|=w

Z <k> . nQ(D—r—w) . pk—w . (N — 2k + U))
w m
[

is at most

0<w<D-r

2k
m

Let us set g(w) = (k) pAPmrow) pkow (Nf%ﬂu) and ¢'(w) = g(w)

w

of parameters, w? = O(n?), k? = O(n?) and N= Q(n?). So by Lemma

(N—i/:-‘rw) N ( N — 2%k >w

). By our choice

(N;sz) N —m — 2k
We also know from our choice of parameters that 2—2%- = 6(1). So, ¢'(w) = (f}) pAP=rmw),
pF=v - 0(1)*. For p=n"°and k = 0(n), ¢'(w) < k¥ -n2P=2r=2w . pk=w . 9(1)* In particular,
g'(w) is upper bounded by a decreasing function of w and takes the maximum value n2P=2"p*
at w=20. So
—or N -2k

> > Evenllags - [Sa(an) N Sula ) < Dot (V)

0<w<D-r YEM ()

V#£B
[Supp(v)NSupp(B)|=w
Now, substituting D = G +d, p=n" and k = n —r, we get

2 > Evenllag, 1Sm(a,7) N Sle B)]) < 22t (

N — 2k)
0<w<D—r YEM ()

m

v#B
[Supp(v)NSupp(B)|=w
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Putting this value back into the equality

Ey.p[Talv] = Z Ey.p[la ﬁ] Z Z EVPD[I’YWWS"L(O"V)QSm(a’ﬂ)”
aemlr 0<w<D-—r YEM ()
BEM (a)

5
[Supp(v)NSupp(B)|=w

we obtain

iersy (N =2k
Eyp[Talv] < Z Evepllag) n?? 2+ H'( m )

aeM!]

peM(a)
Now observe that 1, 3 = 1 when all the variables in the support of the monomial a3 stay alive.
This happens with probability exactly p™ since « - £ is a multilinear monomial of degree equal
to n. The number of pairs a, 3 such that a € MU'l and g € M(a) is exactly equal to n?P, since

M| = n?" and for each such a, the number of 8 € M(a) equals n? . So,

N — 2k
Eyp[Tplv] < p" - n?P . p?d2rerth. ( )
m

Plugging back the values of p and D, we get Lemma [6.3]

7.3 Expected values of T3(NW,, ply)

We will again proceed as in the above case, but we have to be a little more careful.

Ey . p[T3lv] = Z Evep(lay,as.6.8 * [Am(a1, B1) N Am(az, 52)]]

al,age/\/lm

Br1eEM (ay)

B2EM (a2)
(a1,81)#(2,82)

We will again split the sum based upon the number of agreements between ay,as and the
number of agreements between (1, 2. We can rewrite Ey . p[T3]|y] as

Evp[Tslv] = Z Z Evep[lay,as,8.8: - |[Am(a1, B1) N Ap(az, B2)]]
0<w, <7, 0<w2 <k at,aseMI]
w1 +wa <D BrEM (1)
B2EM (a2)

|Supp(a1)NSupp(az)|=w1
[Supp(B1)NSupp(B2)|=w2

Observe that we can drop the constraint (aq, 1) # (ao, B2) since the sum of number of
agreements between «; and s and between 7 and (2 is at most D which is strictly smaller
than n. Rearranging the order of summation, we get

Ev.p T3|V Z EV%D ai BJ

a1 EM 7]
BreM (a)

X > > Even[lasjar * 116+ [Am(ar, B1) N Az, 52)]
0<ws <r,0<ws <k (7]

[Supp(a1)NSupp(az)|=w1
[Supp(B1)NSupp(B2)|=w2

(5)
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where 14,|q, is the event 1, where ' = []xcgupp(as)\Supp(ay) X and similarly for 1g, 5. In
the claim below, we upper bound the expression

> Even[lasjar “ 116, * [Am(ar, B1) N Az, B2)]

Qs emlr]

B2EM (a2)
[Supp (a1 )NSupp(az)|=w1
[Supp(B1)NSupp(82)|=w2

for any fixed oy € MUl 3 € M(aq),wy, wa.

Claim 7.3. Let ai, 81 be monomials such that on € MU and B € M(ay). Let 0 < wy <r
and 0 < wy < k be positive integers such that wy +wg < D. Then

Z Eveplagar 1,08 - [Am(ar, B1) N Am(az, B2)]]

asemlr]
B2EM (a2)
[Supp(a1)NSupp(az)|=w1
[Supp(B1)NSupp(B2)|=w2

< r . k . n2(D7’U}17’LU2) . pkﬁ*walwa . N - 2k + w2
— \w W m—k + ws

Proof. Recall that every monomial in NW corresponds to a univariate polynomial f € F,,2[Z] of
degree at most D — 1. So, every pair a; € MI"l and ) € M(a) satisfies a1 8, = Hie[n] Ty £ (i)
for fi € F,2[Z] of degree at most D — 1. For a fixed oy € MUl and 8, € M(a) and wy,ws,
the summation above runs over precisely the set of polynomials fo € F,2[Z] of degree at most
D — 1 that satisfy the following two properties:

o {ielr]: f1(i) = f2(i)} = wn

o {ien]\[r]: f1(i) = f2(i) }| = w2
Since every polynomial of degree D—1 is uniquely determined by its evaluation at some D points,
the number polynomial f5 satisfying the above properties equals (wrl) . ( Ui) -p2(P=wi—w2)  Thjg
follows from the observation there is an one-one map from the set of polynomials fs satisfying
the above properties and the set of tuples (Uy, Us, Us), where

e U; C[r] is the set of w; elements of [r] where fi and fy agree
e Uy C [n]\ [r] is the set of we elements of [n] \ [r] where fi and f; agree
e Us specifies the evaluation of fs on some D — wy — wy elements of [n] \ (U U Us).

Thus, the number of summands in the sum equals (“:'1) . (UI;) -p2(P-wi—wa)

Now observe that for every such fixed ai,az, 81,82, la,ja, is 1 when all the variables in
Supp(az)\Supp(a ) survive the random restriction procedure and it is zero otherwise. So, 14,|a,
is 1 with probability plSwpp(a2)\Supp(a)l — pr—wi  Gimilarly, lg,p, is 1 with probability ph—w2,
Moreover, 14,q, and 14,5, are independent events. Also, observe that [A,, (a1, B1)NAm (a2, B2)|
is upper bounded by the number of multilinear monomials = of degree m such that - 5; and

~ - B9 are both multilinear and « - 81 = - B2. This is equal to (N_2k+w2 ) Hence,

m—(k—ws)

—w —w N —-2k+w
Ey e pllayias - Loajon - [Am (@1, 1) 1 A (g, Bo)[] < gt - g ( 2)

m — (k — w2)

The bound in the lemma follows by multiplying the above bound with the upper bound on the
number of summands in the summation. O
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Using the bound in Claim we now upper bound the expression

Z Z Evep[lasjay “ g8 [Am(a1, B1) N Ap(az, B2)]]
0<wi; <r,0<w2<k agEM[T]
w1 +wa <D BaEM (a2)

[Supp (a1 )NSupp(asz)|=w1
[Supp(B1)NSupp(82)|=w2

Claim 7.4. Let oy, 1 be monomials such that oy € MU and B, € M(aq). Then

N — 2k
> > By colloes L - [Am(a1, 510 Anfaa, )] < w2052 (% %)
0<wi <r,0<w2<k agGM[T]
w1 +wa <D BaEM (az)

| Supp(a1)NSupp(az)|=w:
| Supp(B1)NSupp(B2)|=w2

Proof. From Claim it follows that

Z Z Eveplasar 1,08 - [Am(ar, B1) N Am(az, B2)]]
0<w; <r,0<w2<k azeMW
w1 +wa <D BaEM (aa)

|Supp(a1)NSupp(az)|=w1
[Supp(B1)NSupp(B2)|=w2

< r ) . ( k )  p2(D—wi—ws) | pktr—wi—ws (N —2k+ UJ2>
E p
w1 Wa m — k + wy

0<w <r,0<w2 <k
wi+w2 <D

is at most

By separating out the parts dependent upon w; and ws, the expression above is equal to

r r —2wy, —w k —2w —w N =2k + ws
P 2D S (w>'"21p S (w>.n22.p 2.<m_k+w>
0<wy<r N 0<wa<D—wy N 2 2

Let g(w2) = ( K ) -p’w2~(N_2k+w2). Let us consider the expression ¢’ (wy) = g(wg)/(N_%).

wa m—k+wsz m—k

By our choice of parameters, wj = O(n?), k? = O(n?) and N = Q(n?). So by Lemma

Crirws) (N =2k)™
(sz_jck) T \m—k

We also know from our choice of parameters that =2k = ¢(1). So, ¢'(w2) = (UIL) p 2wz pTw2.

0(1)"2. For p =n=¢ and k = 0(n), ¢'(wy) < k¥2 - nw2=2w2 . 9(1)"?. In particular, ¢'(ws) is
upper bounded by a decreasing function of wy and takes the maximum value 1 at w = 0. Hence,

N — 2k
S gun) <D < )
0<ws <D —w1 m—k

By a similar reasoning,

> (1)<
wy

0w <r

Z ( r ) . ( k ) . n2(D—w1—w2) _pk+r—w1—w2 . <N -2k + w2>
wq Wy m—k + ws

0<wy <r,0<we <k
w1 +we <D
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is upper bounded by

N — 2k
pk+r.n2D.D.< ).r
m—k

Fork=n—7r, D= +dand p=n~¢, this is at most
n2d+g,(zv—2k)
m—k

Now, plugging this bound back into Equation [5] we get

2 (03

Even[Tslv] <3 emin Evenlla sl
B1eEM ()

Now, 14,3, = 1 when all the variables in the supports of o and 3 are alive. This happens
with probability exactly p™ since o3 is a multilinear monomial of degree n. Also, there are n?"
possible a and for each of these, there are exactly n>(”~") many 8 in M(c). So,

N -2
Evep[Tsy] < p" - n® - n?P7r) . p2dt2. ( :)
m—

Putting in D = F +d and p = n™¢, we get

N — 2k
Evp[Tsly] < nt¥2. ( )
m—k

So, we obtain Lemma

8 Lower bound for IMM; ,

In this section, we prove the lower bound on the size of homogeneous XIIXII circuit computing
an entry in the product of generic matrices. The proof is similar in spirit to the proof of lower
bound for the Nisan-Wigderson polynomials. In fact, the choice of parameters in this proof is
strongly motivated by the choice of parameters in the earlier proof.

We will first introduce some notation needed for the proof.

8.1 Notation

Let IM My, be the the polynomial computed by the (1,1) coordinate of the product of n
different 1 x 7 matrices, where the entries of the matrices are distinct variables. Thus there are
n? x n variables in total.

Let i, n, 7, k' be positive integers such that and (k' 4 2)r’ = n. Let IM M " (n,n,r’, k") be
an n-tuple of i x 7 matrices of the following form: The n tuples will be composed of 7’ blocks,
each block having k' + 2 matrices. In each block, the first matrix will be a special matrix, the
next k' will be regular matrices, and the last one will be the all 1s matrix that we call J. In
the ith block, we call the special matrix Y (), the regular matrices are X1, X2 x(0K)
and the last all 1s matrix is J(). In the n-tuple, we arrange the matrices of the first block first,
in the order described above, then the matrices of the second block, and so on. Thus the ith
block, which we call B is a (k’ + 2)-tuple of the form

(Y(i)’X(i,l)’X(L?)’ L XER) Ju)) ’
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and the n-tuple IM Mgz ,,* (71, k, ', k') is a concatenation of the different blocks B, for i € [1].

Thus IM Mz ,* (7, n, ', k') is of the following form:

(Y“),X(l’l),X(u), L XWEY g YO xOD x 02 J<’“’>) .

We will select the parameters (7,n,7’, k') right in the beginning and the use these fixed
parameters for the rest of the paper. Thus for ease of notation we will often suppress the
parameters and let IM M ,," = IM M ,," (7, n, v’ k).

For any matrix M, we let m; ; be the variable in the (¢, j)th entry of M. We will use capital
letters to denote the name of the matrix and the small letter to denote the variables in the
matrix. For instance, the (i, j)th entry of the matrix X (“?) is xl(.?;-’v).

Let IM M5, be the matrix which is the product of all n matrices in IM Mz ,,* (7, n, 7, k')
in the order given above.

For i,j € [n], let P;; be the polynomial computed at the (i, ) entry of IM Mz ™.

For our proof, we will initially fix a value of n and n and work with it. So for the rest of the
paper, we will supress the subscript n,n from our notations.

Let IM M be supp(Pi1).

Let IM M x be the set of monomials obtained from IM M after setting all the variables in
the special matrices to 1. (When we talk about the set of monomials obtained, we disregard the
information in the coefficients of the monomials obtained, and just treat them all to be monic.)

Let IMM g? be the set of monomials obtained from IM M after setting all the variables in
all the matrices except the regular matrices of the ith block to 1. (Again, we disregard the
coefficients of the monomials and treat them as monic monomials.)

Notice that

IMMy = [ TMY

1€[r’]
where every element of the product set is identified with the monomial formed by the product
of the monomials from the individual sets.

Let IM My be the set of monomials (all monomials are treated as monic in the set) obtained
from IM M after setting all the variables in the regular matrices to 1. Notice that [IM My | =
(fﬂ)w, since we get a monomial for every r’-tuple of variables where the ith element is a variable
in Y,

For « € IMMy, let IM M () be the set of monomials § in IM M x such « - is an element
of IMM.

For o € TM My, let TM M (a))”) be the set of monomials in TMM (c) obtained after all the
variables that are not in the ith block have been set to 1.

8.2 Choice of parameters
We will pick the following choice of parameters:

. n. (This denotes the total number of matrices in IM My ")

. 7 = y/n. (This will be the order of partial derivatives in the complexity measure)

. 5= (T\/f' (This indicates the target support of a product gate in the circuit after random

restrictions)

1
2
3. 7. =mnb. (This is the dimension of the matrices)
4

o

A = 32. (This is a parameter used in the proof)
6. r' = Ar. (This is the number of blocks)

7. k=mn—2r". (This is the number of regular matrices.)
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8. k' =k/r'. (This is the number of regular matrices per block)
9. N =(n—r')-n? (This is the total number of variables in IM M3 ,)
10. T is a parameter (it will be a number very close to 2) which is chosen so that the following

equalities hold. Set m = % (1 - ll‘i/’%) Then choose I' so that

Thus

Using the choices of r = \/n, k =n — 21" and m = % (1 — lnn ), we get that

Tvn
an \\ VP (@/A)
([ ex) _
n=|-r——= =n T
(- %)

So, ' =2+ 0(1).
_ N In
1om=4(1-

F\/”E) (This is the degree of the multilinear shifts)

k

12. D= N/(N—m). Thus D* = (W%) . (This is an indicator of the number of monomials
in the support of the resulting polynomial after applying a restriction from our distribution
and taking partial derivative with respect to a suitable monomial. Note that D is a number
slightly smaller than 2 for our choice of m)

13. 7 is a parameter chosen so that

nn~r' . 2k7(210gn+1)r' _ Dk
’ k
<n’722>’“ 128 =DF = 2" <1lm> :

K 140(1))vn/A
nn—2 1 1 (treliDvn/ _1te()
— = — =n ra
2 1+ gL 1+ 2%

Thusn:Q—HFLjil).

Thus

Thus

8.3 Random restrictions

The total number of variables N in IM My, ,, is N = 7% x (n—7"). There are (72? x r’) y-variables
and (22 x k'r’) x-variables. Let this total set of variables be V. We will randomly set certain of
these variables to zero, to get a distribution over restrictions of IM M3 ,,. We will now define a
distribution D over subsets V' C V. The random restriction procedure will sample V' < D and
then keep only those variables “alive” that come from V and set the rest to zero.

For each matrix in IM M, ,," we specify a random procedure for deciding which variables to
set to zero, and then we will apply this procedure independently for each matrix.
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Random restriction for special matrices

e For each special matrix Y9 choose 73/* entries uniformly at random from the first row
and keep those nonzero. Set all other variables to zero.

Random restriction for regular matrices Let 2 > 1 > 1 be the parameter that was
set in item 13 above.

e For each regular matrix of the form X 1) (i.e. the first regular matrix in any block), in
each row, pick n” distinct variables (uniformly at random), and keep them nonzero. Set
the remaining variables to zero. Do this independently for each row.

e For each regular matrix of the form X (/) where j > k' —2logn (i.e. the last 21logn regular
matrices in any block), in each row, pick 1 distinct variable (uniformly at random), and
keep it nonzero. Set the remaining variables to zero. Do this independently for each row.

e For each regular matrix of the form X9 where 2 < j < k’ — 2logn, in each row, pick
2 distinct variable (uniformly at random), and keep them nonzero. Set the remaining
variables to zero. Do this independently for each row.

In this manner, independently for each matrix in IMMj ,,* we only keep a random subset
of variables alive, and thus we get a distribution D over subsets V' C V where V is the total set
of alive variables. Notice that every V < D is such that

Vi=¢"-(@%*+7-n"+ (K —2logn —1)-7-2+ 2logn - n).

Notation for restricted matrices For each random subset of variables V <— D obtained
in this way, let IM M|}, be the the n-tuple of matrices IM Mj ,,* where only the variables in V
are kept alive and the rest have been set to zero. Let IM M|y be the (1, 1) entry of the product
of the matrices in IM M |},. Let (X7))|y, be the jth regular matrix of the ith block in TM M|}
Let (Y®)|y be the ith special matrix in IMM|,.

Let TMM |y ,(TMM|v)x, (IMM|y)\?, (IMM|y )y, IMM|y (a) and TMM|y ()@ be ob-

tained from TM M, IMM x, IMM Y, TM My, TMM (c) and TMM ()@ respectively by keeping
only those variables ‘alive’ that are present in V', and setting the remaining to zero.

Viewing IMM]|j, as a graph Note than one can view any 7 X 7 matrix as the incidence
matrix of a bipartite graph with 7 left vertices and 7 right vertices. For each entry in the (i, j)
location that is nonzero, we add an edge from the ith left vertex to the jth right vertex with
the variable written in the (4, j)th entry now written on the edge. (In the case of the J matrices
(of all 1s), we just label the edges with 1.

Thus one can view any IM M|, as an n-tuple of bipartite graphs, where for any two adjacent
matrices M, M’ in the n-tuple, we identify the right vertices of M with the left vertices of M’.
Thus we get a layered bipartite graph, with n layers, and each monomial in TM M|y corresponds
to a path from the leftmost layer to the rightmost layer. We define the ith layer in IM M|}, to
be precisely the bipartite graph corresponding the ith matrix in IMM|[},. The degree of a layer
is defined to be the left-degree of the corresponding bipartite graph. Notice that at least for all
the regular matrices, the corresponding bipartite graphs (after restricting to V') are regular with
respect to the left-degrees. For the regular matrix X )|y, we let Deg(X (#7)|y,) denote the left
degree of the corresponding bipartite graph, and by the random restriction process, note that
this is a number only depending on the value of j. For ease of notation, we may some times
refer to this quantity as Deg(j). For every left vertex of this graph (of degree Deg(j)), we give
each of the outgoing edge a distinct label from 1 to Deg(j). This choice of labels is assigned
independently and uniformly at random for each left vertex. Thus for instance, for every left
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vertex, if we follow the edge labelled 1 that leaves it, we get a uniformly random element of [7]
as the right vertex.

Any element of (IMM |V)g? is a monomial of degree k', and it corresponds to a path of length
k' in the k’-layered bipartite graph corresponding to the regular matrices of the ith block. Each
such monomial can thus be fully specified by first specifying the start vertex, i.e. an element
of [72], and the labels of the edges along the path, i.e. a k’-tuple where the jth entry is free to
vary in [Deg(X(9)|y/)]. This correspondence will be very useful in the arguments that will be
coming up.

8.4 Choosing a set of monomials

From our definition of the complexity measure ®, it depends upon two parameters. The degree
of multilinear shift m has already been set by our choice of parameters. For every V <« D,
we will first choose an appropriate set of monomials of degree r' denoted by T(IMM]y ). The
final set of monomials with respect to which we will take derivatives will be a large subset of
T(IMM]|y). As we will see, the complexity of the circuit just depends on the parameter v’ and
is totally independent of the precise set of monomials with respect to which partial derivatives
are taken. Hence, choosing the set of monomials dependent upon V' does not lead to a problem.

For any V < D, let T(IMM|y) be a subset of (IMM]|y)y chosen such that the following
properties hold:

o |[T(IMM]|y)| =n"
e For any two distinct monomials «, 8 € T(IMM]y),

|Supp(c) \ Supp(8)| = [Supp(B) \ Supp(a)| >’ —r

The following lemma shows that such a set exists with a probability 1 over V < D.

Lemma 8.1. For any V CV such that V lies in the support of the distribution D, there exists
TUIMM|y) C (IMM)|y)y such that the following two properties hold.

o [TUMM]|y)|=n"
e For any two distinct monomials o, € T(IMM|y),

|Supp(ar) \ Supp()| = |Supp() \ Supp(a)| > " —r

Proof. From the definition of the random restriction procedure, it follows that for each of Y
matrices, 7%/4 variables in the first row are kept alive. We will identify the set of these variables
with elements in the field F, with ¢ = 73/ " for each of the Y matrices. Then, the cartesian
product of the subset of alive (i.e. nonzero) variables in each of the Y matrices can be identified
with FZ,. For r < 7', we consider the set of all codewords of the Reed-Solomon codes corre-
sponding to polynomials of degree at most r — 1, and evaluated at ' distinct field elements.
This gives is a subset of IE‘Z/ of size ¢" = 73"/* = n'®/4 such that the distance between any two
elements (which are r’-tuples) is at least ' — r. We take, T(IM M|y ) to be any subset of these
codewords of size exactly n”. O

Eventually in our proof, we will only look at derivatives of IM M|y with respect to a good
subset G of monomials in T(IM M|y ). We will argue that with a high probability this set will
have some good properties, which will help us lower bound the complexity of IM M|y .

5If 7%/4 is not a prime power then we can just take ¢ to be something slightly larger and the analysis still works.
For simplicity we assume for now that it is a prime power.
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8.5 Proof overview

The proof of the lower bound for /M M; ,, is a little more subtle than the proof of lower bounds
for NWn,D~

e If the circuit was large to start with, we have nothing to prove. Else, we will argue that
under the random restrictions given by the distribution D, with high probability none of
product gates in the bottom layer C' has high support (all the high support gates set to
7Z€ero).

e Assuming that the circuit has bounded support, we will obtain a good upper bound on its
complexity. This is similar to the corresponding step in NW,, p.

o We will then show that with a good probability, the complexity of a random restriction of
IM Mj , remains high. This is the most technical part of the proof. We elaborate more
on this step next.

o We will argue that the probability that both of the above items happen together is high.
Then, comparing the complexity of the circuit and the polynomial IM M|y completes the
proof.

Lower bound on the complexity of a random restriction of IMM; ,: In spirit, this
proof is like that for NW,, p. Analogous to the definitions of the expressions 77, T5, T3 for
NW,, p, for every restriction V <« D, and with respect to a set of monomials 7(IMM]|y) as
given by the Lemma [8.I] we define

o \(IMM|y) =3 aerammly) lap-|Sm(a,B)]
BESupp(0a (IM My 1))

o IL(IMMv) =23  acT(IMM]|y) la,g - |Sm (e, y) N Sy (a, B)]
@”{ESUpp(é?;(IMMﬁ,n))
Y

L4 TS(IMM‘V) :Z (117(126T(IMM|‘/) 1041,042,ﬂ1,ﬁ2 '|Am(alvﬁl)mAm(a2752)|
B1€Supp(Qay (IM M5, 1))
B2€Supp(Oay (IMM;i,n))
(ce1,B1)#(v2,82)
We will use Th |y for Ty (IM M|y ), Talv for To(IM M|y ) and Ts|y for T5(IM M|y ). Observe
that the definitions above are equivalent to the following definitions.

o Tily = | Y aeTamMmly) |Sm(avﬁ)] = lZaET(IMMV) NoR
BETMM|v () BETMM|v (o)
where the last equality holds because S(«, ) is the set of all multilinear monomials of

degree m which are disjoint from f.

Toly

> > 1Sm(@7) N Sl B)]

a€T(IMM|v) \B,yeITMM]|y (c)
e m
a€T(IMM|y) \ByeITMM|v(a)

Where the last equality holds because |Sy, (e, ) N Sy (e, )| counts the number of multi-
linear monomials of degree m which are disjoint from both 5 and ~.
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Tsly = > |Am (a1, B1) N Am(az, B2)]
a1, a2€T(IMM]|yv)
BreIMM|v (a1)
B2€IM M|y (az2)
(a1,B81)#(az2,B2)
< Z <N kAA(ﬂa’Y))
anaseTAMM]y) 0T (8:7)
BrelIMM|y (a1)

B2€IMM |y (a2)
(a1,B1)#(az2,82)

Where the last inequality holds since |A,, (a1, $1) N A (az, B2)] is upper bounded by the
number of multilinear monomials v of degree m such that v - 81 and ~ - B2 are both
multilinear, and v - 81 = v - fa.

For every pair of monomials a, o € T(IMM]|y ), we define

i T1|V(a) = Zﬁemh/(a) |Sm(a,ﬁ)|

N—k—A(B,
e Dly(a) = Zﬂ,’yEIMMh/(a) ( m @ 7))

—k—A
o If a =da/, then T3|y(a,a’) = Zﬁ;yeIMMh/(a) (NmEA(g(%;))
B#Y

o If 7é 0/7 TS‘V(OQO/) = ZﬁeilMM\v(a) (N,;E_A(Aﬁ(%y))

YEIMM]|v (a')

We will now describe the strategy to prove to a lower bound on the complexity of IM M|y .
We compute the expected values of expression Ti|y, To|y and T3|y for V sampled according
to D. Then, we argue that with a high probability, T5|y and T3]y have values not much larger
than their expectations and 74|y has value close to its expectation. For such good restrictions,
we show the existence of a set Gy C T (IM M|y ) with the following properties.

1. For each a in Gy, Th|v () is large.
2. For each « in Gy, Ts|y () is not too large compared to T3 («).
3. D on.amegy I3lv (a1, az) is not too large when compared to Zaegv,ﬂeSupp(aa(IMM\V)) | A (a, B)]-

Then, we show that these conditions suffice to show that ®g,, ,,(IMM|y) is large. This
argument has the following major steps.

e For each o € Gy, since Ti|y (a) is large, it follows that > s 7737, () [Sm(; B)] is large.

e For each a € Gy, since Ty |y () is not much larger than T} |y (), Lemma3.8/and Lemmalp.3]
imply that for each o € Gv, 35 c7maz|y, (o) [Am (e, B)| s large.

e We also know that Zal,azegv Tg‘v(al,ag) = E ay,a2EGy |Am(041,,81) n Am(ag,ﬁg)l
B1ETMM|y (1)
B2EIM M|y (a2)
(a1,B1)#(2,82)
is not much larger than - .o scrarar, (o) [Am (e, B)].

e Lemma |3.8 will then imply that ||J aeg,  Am(a, 8)| is large. Hence, by Lemma
BEIMM]|v (c)

Og, m(IMM]|y) is large.
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8.6 Effect of random restrictions on the circuit

We will now analyze the effect of the random restrictions on a homogeneous XIIXII circuit
computing the polynomial IM Mj , and show that with a high probability, no large support
product gate survives.

Lemma 8.2. Let C' be a homogeneous XIIXIL circuit of size at most nizs computing the
polynomial IMMj, , . Then, with a probability at least 1 —o(1) over V < D, Cly is a yIerist

o _n
circuit, for s = ¥ .

Proof. We will analyze the probability that a fixed product gate at the bottom layer of C' (that
computes a monomial) of support size s (we will later set s = g) survivesﬁ the random restric-
tion procedure. Observe that the events that two variables in different matrices in IM M5 "
survive are independent, but the probability that two variables within the same matrix survive
are correlated. We will first upper bound the probability that a monomial has support ¢ within

any layer (i.e. t distinct variables that all come from the same layer) survives the random
restriction procedure, based on the type of the layer. We will think of ¢ to be O(y/n).

e Special matrices: In a special layer, a random subset of 7%/4 variables in the first
row is kept alive. The probability that a monomial of support ¢ within this layer survives

n—t
is, therefore equal to W Since t is O(y/n) and 7 = n®, so f and #*/* are both

(ﬁ3/4)

n—t
Q(t?). Hence, (*(13/:*)‘) ~~ %, by Lemma So, the probability of survival is at most
n3/4

7 < ar
e Regular matrices of the form X(1: Here, in each row exactly n” random variables
are kept alive. For n > 1, the probability that a fixed monomial with support at least

a—t’ ,
. . . . 4 st
t' = O(y/n) within any row survives is at most ("(’ t)) ~ Jr. Also, the events across

nm
different rows are independent. So, the probability that a monomial with support at least
nﬁ:ntt < n(1=5)t < p—t,

t in the variables in this matrix survives is at most

e Regular matrices X%/ for j > k' — 2logn: In these matrices, exactly one variable
in each row is kept alive uniformly at random. So, the probability that a monomial of
support at least ¢ within one of these matrices survives the random restriction procedure

is at most nt.

e Regular matrices X%/ for 2 < j < k’ — 2logn: In these matrices, from each row,
two distinct variables chosen uniformly at random are kept alive by the random restriction
procedure. So, the probability that a fixed variable within a fixed row survives is at most
2.7~ L. Therefore, the probability that a monomial of support at least ¢ in such a matrix
survives is at most 2¢ - 2~t. For # = n’, this is at most n*.

From the above bounds, it follows that for t = O(y/n), the probability that a monomial that has
support at least ¢ within any single layer survives is at most % Also, the events are independent
across different layers. So the probability that any monomial with support at least ¢ across all
layers survives is at most % Therefore, by the union bound, the probability that at least one

. . . i . N
gate with support larger than s survives is at most Sl%(c) For C such that Size(C) < nizs
and s = g, the probability that any product gate with support at least s survives the random
restriction procedure is at most n=i%. So, the lemma follows. O

5We say that a product gate survives the random restriction if none of the variables feeding in to it are set to zero.
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8.7 Effect of random restrictions on IMM;,

In this subsection, we will show that with a high probability over the random restrictions, the
complexity of IM Mj , remains high, assuming that the bounds given by the following lemmas.

Lemma 8.3. For all o« € T(IMM]y), for all V < D
N -k
Tiv(e) = 0t (Y 5.
m

Lemma 8.4.

N -k
Evep[Talv] <n"-DF. < ) o)
m

Lemma 8.5.

N -k
By p[Tsly] <n"- Dk . O(n(4/A)T). ( o )

We will also need the following lemma, which implies Lemma[8.4] via linearity of expectations.
Recall that for o € T(IMM|y ), we define Ta|v (o) = 325 . c7arar|y (o) (kafmA(B’”)). When
a g T(IMM|y), we define Ts|y () = 0.

Lemma 8.6. Ya € IMM|y)y,

N -k
Evcolfalvia] < D+ (N F) e

We will prove these lemmas in Section ]
We will now show using Markov’s inequality that T5|y and T3|y take values close to their
expected values with a high probability.

Lemma 8.7.
Pry.p [TQ‘V < 20- EV’(—D[TQ|V’] /\T3|V < 20- EV’%'D[T3|V’H >0.9
Proof. The proof follows from the Markov’s inequality and the union bound. O

Lemma implies the following lemma, which we will use to prove a lower bound on the
complexity of a random restriction of the IM M5 .

Lemma 8.8. With probability at least 0.9 over V < D, there exists a set Gy C T(IMM|y)
such that the following are true:

4
IGv| > 5 |T(IMM]|y)]|
Va € Gy, Taly (o) <100 - Eyr o p[To|v/]/(n")

Proof. Let V. C V be such that the bounds in Lemma hold. Let Gy be the set of o €
T(IMM]|y) such that Ta|y () < 100 - Eyrp[Ta|v/]/(n"). We will now argue that |Gy| > 3 -
[T(IMM|v)|. Let us assume this is not true, then } -, e rarar) ) T2lv (@) = X oerrararongy T2lv (@) >
£:100 - Evrp[Ta|v/]/(n") - [TUMM]|y)| = 20 - Eyrp[To|y/] which contradicts the fact that

Yaerammy) L2lv(e) =Taly <20 -Ey/p[Ta]yv/].
O

Lemma 8.9. With probability at least 0.9 over V < D, there exists a set of monomials Gy,
each of degree equal to v’ such that

n?"

N —k
. k: .
O(n(4/A)r)_no(T) D ( m )
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Proof. Lemma guarantees that with a probability at least 0.9 over V < D, there exists a
subset Gy C T(IMM|y), satisfying
4
Gv| 2 £ - IT(IMMy)|
Vo € Gy, Talv(a) <100 - Evrep[To|v/]/(n").

Moreover, T2|V <20-Ey/p [T2|V/] and T3|V < 20 - ]EV/(_'D[T3|V/}. From the definition of
sets Sy (a, B), and the above mentioned bounds, it follows that for all « € Gy

fiv@= ¥ Isatesi=ot (V")

__ = m
BeIM M|y (a)

and

Talv(a) = > |Sim (@, B1) N S (@, B2)| < 100 - ") - DF. (N N k)

__ m
B1,B2€IM M |v ()
B17#B2

Hence, by Lemma we get that for all a € Gy,

U s> gm0 (V1)

BeIMM |y ()

By Lemma [5.3] it follows that for all a € Gy

1 N—k
S An@) =] U sm(a,g>>m.pk.<m>

BETMM |y () BETMM |y (a)
Consequently,

S Y Mz gy 2 (V) vl = g 0t (V)

a€fyv BeTM M|y (a)

Also,
a/nyry ek (N —k
> Tyly(on,a9) < > Tslv (a1, a2) = T3]y < 20Ev e p[T3]v/] < O(n yn" DR,
a1,a2EGy ar,a2€T(IMM]|y)
and hence

N —k
> Mnlanf)ndn(nfll = 3 Blviaas) <0t (V)
ay,02€Gy ay,a2€Gy

BLETMM |y (aur)
B2EIMM |y (az2)
(a1,B1)#(2,62)

So, we have

S [Am(en, B) N A (ag, B2)| < O MT)cpo@ N " N A (0, B))
a1,a2EGy a€Gv BeTMM |y (c)
BrEIMM|v (a1)
B2EIM M|y (a2)
(a1,81)#(a2,82)
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Therefore, by Lemma we have

1 n" g (N
U Am<aaﬁ) > O(n(4/A)r) . no(r) ’ Z |Am(a7ﬁ)| > O(n(4/A)T) : no(T) D ( m

acGy %
BETMM |y () BEIMM |y ()

Now by Lemma (5.1}

n” k(N —F
gy m(IMM|v) > O (/DT . po(r) D ( )

8.8 Wrapping up the proof
We will now complete the proof of the main theorem.

Theorem 8.10. Any homogeneous XIIX1I circuit computing the polynomial IM My ,, has size
at least 22V logn)

Proof. Let C be a homogeneous XITXII circuit computing the polynomial IM M, ,,. If Size(C) >

n%, then we have nothing to prove and we are done, else Lemma implies that with a
probability 1 — o(1), the circuit C|y does not have any product gate in the bottom layer of
Vn

support larger than s = ¥ . Also, Size(Cly) < Size(C). Therefore, for any set Gy of monomials

of degree r’ and any positive integer m,

g, m(Clv) < siseccly) - (177) (V) ©)

m+r's

From Lemma we also know that with a probability at least 0.9, for random restriction
V < D, there exists a set Gy of monomials of degree r’ such that

n" s (N—k

(bgv,m(IMMh/) 2 O(n(4/A)r) . no(r) D™ ( m ) (7)

Therefore, with a probability at least 0.9—o0(1), both these bounds hold. Since the circuit C|y

computes the polynomial IM M|y . Hence, ®g, m(Clv) > Pg, m(IMM|y) for all V. Plugging
back the values from above, and the observation that Size(C|y) < Size(C), we get

Size(C’) > W:)n”(’) . Dk . (Ngk) (8)
= ((Tn;ll-ﬁ-r’) ) (mﬁ;/s)

9)

From our choice of parameters
o 7' =Ar
k_ (N\Fk
o n"- D' = ()
e k=n—2r

N Inn

_vn
05—64

38



e A=232
For these choice of parameters, observe that
o ((%T],Jrr') — 90(v/n)

° (N;k) _ N—Ek! (m~+r's)! . (N—m—r's)! __ e . M
(77141rvr’s oM™ m! (N—m—=E)l'. ™ "NE " (N—m)r's
Plugging the value of the parameters and the bounds above back into equation [§ we get
n” k. (N—k
Sine(C) > 20 D ()
- ((%Prr') . ( N )
T’ m4+r's
k e
> 1 (NN powm Mt (N —m)f
- O(n(4/A)"') . no(r) m Nk (N _ m)’r’/s
270(\/5) N—m k—r's
- O(n(4/A)r) .no(r) ’ ( m >
k—r's
2-otvn) 1+ 1}}:/% . N Inn
= O(n(4/0)r) . polr) 1z IL% by substituting m = > (1 _ I‘\/ﬁ)
9—0(V/n) n \Fs
2 |1+ ==
O(n(4//\)r) . po(r) ( I\/ﬁ)
2_0(\/ﬁ) (n—27’l—’r‘,s) Inn . ,
= O(nG/Mr) - potr) " © e since k =n — 2r
2_0(\/"7) v r'(24s)
. r Tv/n
= 0@/ o) "
2—-0(vn) Vi Ar(2+s)
. T Tv/n
= O/ o) "
270(\/5) n—As
i by substituting r = v/n

> .
= O(mA/MV) ot "

Now, by substituting A =32, ' =2+ 0(1) and s = g, we obtain
Size(C) > 270V . p2(Vn),

9 Calculations for IMM; ,

In this section, we provide the calculations which establish the bounds in Lemmal[8:3] Lemma[8:4]
Lemma [8.5] In the next section, we will first prove technical results that will be the building
blocks of the lemmas.

9.1 Preliminary lemmas

Proposition 9.1. For all B € IMM x,

Eyp z DABY | < po(),
yE(IMM|v)x
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The proof follows from Lemma that we state and prove below. We give the formal proof
at the end of the subsection. )

For any monomial 8 € TMM x, we define ") € IMME? to be the resulting monomial after
setting all the nonzero variables that are not in the ith block to 1.

Lemma 9.2. For all 3 e Wﬁ?,

Evep Z D=ABEYAN ] < O(1).

~Oe(TMM|y)§

Proof. The proof follows immediately from Lemmas and below by taking a sum of the
two bounds. O

For all ) e TMM E?, we define the following two sets.

o AW (BD) s the set of all ) e (TMM|y) such that there is some j € [k’ — 1] such that
S0 £ Bd) and 0+ = g+
o Bg)(ﬁ(i)) is the set of all v() € (TMM|y)\¥ such that if for j, 7/ € [k'] 4(9) = B9 and
703" £ B3 then ' > 7.
Observe that Ag)(ﬁ(i)) U Bg,i)(ﬁ(i)) = (IMM\V)()? .
Thus we have partitioned the set of 4(?) € IMM|V)E? into two sets A%j)([%(i)) and B‘(}) (M),
and we estimate the expression in Lemma separately as 7(9) varies in these sets. This

calculation is carried out in Lemmas [9.3] and [9.4] below.

Lemma 9.3. For all 3 € mg?;

EV%’D Z D—A(ﬁ(i)a"/(i)) < O(l)
OB (50)

Proof. We partition Bg) (™) into k' 4+ 1 sets, based on the number of locations j for which
A@3) = B3) For 0 < j < [K'], let B‘(/i’j)(ﬂ(i)) be the set of all y(¥) € (mh/)g? such that (%)
and () agree on exactly the first j variables.

We now bound the size of B‘(}’j )(B®). Notice that once we fix 8(), the first j variables of any
) in B‘(/i’j)(ﬂ(i)) are determined. For each of the remaining variables y(i’j') such that j' > 7,
the total number different choices they can take is at most Deg(X ().

Thus
k/
1B (80) <[] Deg(x@i).
3'=j+1

Now, observe that H§::1 Deg(X (7)) = D¥ . This follows from the exact choice of degrees
and value of D as set in the choice of parameters in Section 8.2] Thus we get that

kl
Z D-ABYAY) < H Deg(X (1) . p=(K'=4)
F@ B (8)) J'=j+1

J
— DI H Deg(X(i’j/))_l
J'=1
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Now for j = 0, the expression above equals 1. For j > &k’ — 2logn, since Deg(X () = 1,
thus o
Z DABYA) < p=(K=j),
YD eBY? (50)

For j < k’ — 2logn, using the fact that D < 2, Deg(X®1) = n” and Deg(X(i’j')) = 2 for
2 < 3 <k —2logn, we get that

. j ,
Z DfA(ﬁ(’L)y,y(z)) S D‘] H Deg(X(l,] ))71

YD eBE (BO) y=t

J
" Deg(X (z D) 1 Deg( X(w)

j'=2
2
< —
= nn

Putting together these values for all values of j, and using the fact that k' < n/2, we get that

kl
3 DAY AD) 3 3 DAY AD)
YD EBY (5D) I=0y ey (p)
2 al
' i )
<14 (K —2logn) -+ > D
j=k’'—2logn+1
2logn

<2+ > D7
§=0

1
<24 ——
< +1—D*1

<5

Lemma 9.4. For all ) € IMM(E)

Evep | Y. D 2EYa"™1 <o(1/n).
YD EAP (BD)

Proof. For () e Ag)(ﬂ(i)), we call a coordinate j such that 2 < j < k' a switch if either
A=) £ pI=1) and 4(07) = B0I) or if 40 =1) = pI=1) and 4(47) £ B0) In the first case
we call it an agree switch and in the latter case we call it a disagree switch. It is clear from this
definition that the sequence of switches for any (¥ in Ag)(ﬂ(i)) must alternate between agree
switch and disagree switch. We also know that each member of Ag) (B1%)) has at least one agree
switch (by definition).

We partition the set A(i) (8™) according the the number of switch coordinates of its members.
Let A(Z) (B%) be the set of all () € A(Z) (B )) containing exactly ¢ switches.

Thus, to specify an element of .A ,(8%) one needs to specify the locations S; C [k'] (S| = t)
of its switch coordinates, and whether the first switch is an agree switch or a disagree switch,
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which can be specified by a bit b € {0,1}. Once this information is known, this fully determines
the set of coordinates j for which v(#7) £ g(13) | Let Disg, » be this set of coordinates - we call
these the disagreeing coordinates. For each one of these coordinates j in Disg, 5, one needs to
specify the value of (7).

Given the values of all coordinates before the jth coordinate, the value of 4(*7) can be one
of only Deg(X(i’j)) many choices, as it is determined by the label of the outgoing edge in the
graph of X (7). Thus, once Disg,  is determined , if Disg, , = {t1,t2,...,ts} C [K'] is the set
of disagreeing coordinates, let L(Diss, ) = {(at,,as,,.-.,a¢,) : ar, € [Deg(X )]} be set of
labels of edges the disagreeing coordinates could correspond to. Thus every () corresponding
to the set Disg, , of disagreeing coordinates would also correspond to some element of L(Disg, ).

Thus the maximum number of possible choices for v(9) € A%f;’)t(ﬂ(i)) is at most the number
jer Deg(X 7).

However, not every element of L(Disg, ;) would correspond to a choice of y(*) € Ag})t(ﬁ(i)).
The reason being that when a disagreeing coordinate appears right before an agree swi;fch, the
only way there can be an “agree” after a “disagree” is that the endpoint of a disagreeing edge
coincides with the start point of an agree edge in the corresponding layered graph. However,
for every edge label of the disagreeing edge, the end point was chosen to be a uniformly random
element of 7 in the distribution D. Thus this event happens only with probability exactly 1/7
for V < D, and this is independent for each agree switch. Thus for every fixing of Disg,
coordinates corresponding to the disagreeing coordinates, and every sequence s; € L(Disg, 1),

of ways of choosing the set Disg, 1, which is (lz/) -2, multiplied by []

the probability that the sequence corresponds to a () e Ag)t(ﬁ(i)) is at most the probability
that for each agree switch, the endpoint of a disagreeing edgé coincides with the start point of
an agree edge. For each agree switch this happens independently with probability 1/7. Recall
that the number of agree switches is at least max{1, (¢ — 1)/2}.

LetA&)t)T(ﬁ(i)) be the set of all () € Ag?t(ﬁ(i)) containing exactly ¢ switches and such that
T is the set of disagreeing coordinates.

G) (aG 1
Evep [|47, 7 (39)]] < T] Dea(X™) - =rmryay
JET
Before the final computation, we need the following simple lemma;:

Lemma 9.5. Vi € [r/], VT C [K], (HjeT Deg(X(iJ))) DTl < 2,

Proof. Observe that since 1 < D < 2, thus for all j such that 1 < 7 < k' — 2logn, we have
that Deg(X(*7)) > D, and for all j such that &' — 2logn < j < k’, Deg(X(/)) < D. Thus the

expression (HjeT Deg(X(i’j))> -D~IT1'is maximized for T = [k’ —21log n], and for this choice of T,

[1,cr Deg(X ")) = D and DITI = DY Thus [] . Deg(X (). DTl < p2losn < 2. O

D2logn JET
Thus
By o] Z DfA(ﬁ(i)N(i))] < H Deg(X (#9)) . {11(t 77 . D-ABY D)
— nmaxyl,(t—
YD EA), 2 (BD) Jer b

1 ) |7

= pmax{L,(i-1)/2} H Deg(X™) | - D

jeT

1 2

< pmax(L,t—1)/2y L (by Lemma [9.5)
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Now, given t, there are at most 2 - (k/) ways of choosing the set T'. Thus .A (5( ) can be

written as a union of at most 2 - (¥ ') different sets of the form AW +(B). Thus

ZA(BD 4@ 1 oo (K
Evenp Z o Fmax{L,(t—1)/21 2 ¢ )
W(ngA(Vi}t(g(i))

Summing over the various choices of ¢, we get that

/

BNCARCE) 1 2o (¥
Even Z D ! SZﬁmax{l,(t—l)/Q} nt-2 t )

»y(i)e_Ai/i)(/@(i)) t=1
Since 7 = n® and k' = O(y/n), it is easily verified that

El S DAY <o/m).
0P (ph)

We now give a proof of Proposition

Proof of Proposition[9.d For all 3 € IMM x, observe that
Z ABY) — H Z D-ABYAD)
ye(IMM|v)x i€[r'] 4 e (TMM |y )P

Moreover, since the choice of V' < D chooses variables in distinct matrices independently,
thus

—A(BD A P o(r
Evep Z —A(B) H Ev.p Z DA < (0(1)" < no),
YEUIMM]v)x i€r’] ~®) e(TMM|y )

Where the second to last inequality follows from Lemma and the last inequality follows
form the fact that ' = O(r).

O
9.2 Expected value of T (IMM|y)
We now prove Lemma [8.3]
Proof of Lemma[8.3 For all « € T(IMM]y),
Tilv(@= Y  |Sm(ap)
BeIM M|y (a)
B Z N — k:)
B m
BEIMM]|v (a)
e (N-E
m
O



9.3 Expected value of To(IMM|y)
Let V < D. Recall that

Ty = ) ) (N—k;nA(ﬂﬁ))

a€ET(IMM]Iv) \ BveTMM|y ()

By
For a € (IMM|y)y and B € IMM|y (), let
N —k— A(B,
Dl )= Y !
YETMM|v ()
¥#B

For a ¢ (IMM|y)y or 8 ¢ IMM|y (), let To|y(a, 8) = 0. For every fixed @« € (IMM]|y)y
and 8 € IMM]|y(«), To|v(a, 8) counts for every v € IM M|y (a) such that v # 8, the number
of multilinear shifts of degree m that are disjoint from both 5 and ~. It then takes the sum of
this quantity over all v € IM M|y (). We now prove Lemma and Lemma In order to
do so, we first bound Ey . p[T3|v (e, 8)], and then sum over « and § as appropriate to obtain
Lemma [8.4] and Lemma [R.6l

Lemma 9.6. For a € IMMy and 8 € IMM («),

Eyp[Talv (o, 8)] < (N r; k’) o).

Proof.
N —k—A(B,
Tl (e, B) = Z ( m ( 7))
YEIMM |y (a)
v#B
_ oy (VR AGmy, (")
e m -5
’YETM;\ZIV(OZ) m
¥
N _k (N—k—n?(ﬁ,'y))
- ( m ) Z W
yEIMM |y () m
V#B
_ _ A(Byy)
=~ (N k) . Z (NNm) by Lemma |3.6)
m
YEIMM|y (o)
v#B
< (N N k) . Z D—ABY)
m yeTMM]|y ()
v#B
Thus,

N —k — N -k o(r
]EV<—D[T2V(0475)]S< m )'EW—D > DAY S( )-n(),

_ m
yeIMM)|y ()
Y#B

where the second inequality follows from Proposition [0.1] O
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Proof of Lemma[8.6, Yo € (IMM]|y )y,

EvepTalv(@)] < > Eyep[Talv(e,f)]

BEIMM|v (o)
_pk (VTR e
m
O
Proof of Lemma[84)
EveplTa|v] = Y. Evep[Dlv(o)]
a€T(IMM|y)
N —k
< k- )
< Z D < m > n
a€T(IMM]|yv)
_aroph (N TR e
m
O
9.4 Expected value of T5(IMM]|y)
We now prove Lemma [8.5]
Proof of Lemma[8.5 Let V < D. Let
- N —k—A(B,7)
T 2 D IR Qv
a€T(IMM]|v) \ B,yeTMM|y () ’
B
Let
N~ k= A7)
# _ ’
= 2 DO (Ve
a,d €TUIMM]|y) | BeTMM|y () ’
aa’ yeIMM|y (a')
Observe that
Tslv =T v + 17 v
For a € IM My, let
- N —k—A(B,7)
Tiv@= " 3 ( m— A(B.7) 10)
BAETMM v (a) ’
B#Y
For a, o’ € IM My such that a # &/, let
N —k—A(B,7)
)= > (V0 (1)
m —A(B,7)
BETMM|y ()
~e€TM M|y (o)



For every o and o/, T37'£ |v (e, @) counts for every B extending « and v extending o', the number
of pairs of multilinear shifts mg and m., each of degree m, such that mg is disjoint from 3, m,
is disjoint from +, and 3 - mg =~ - m,. Consider

<N . A(M) B (N — k- A(ﬂm)) (20
m—AB,y) )\ m—A(8,9) (VY
N—k—A(Bry))

_ (N - k) CaZaes)

m (")

Now by an application of Lemma we obtain
N-k—-A N —k A(B,y)

Since by our choice of parameters D < N/m, plugging back Equation [12|into Equation we

obtain
_ N —k A(By)
e~ ("N )T

B,yEIMM |y ()
B#Y

N —k m\ ABY)
<"z > (W
BEIMM |y (o) \YeEIMM|y () ¥#B

< (NT; k) _ 3 (D)2

BETMM|v (o) \yETMM |y (),v#B

S(Nmk>.Dk. S (D)

~ETMM]|y ()

Now, applying Proposition [9.1] we obtain

_ N —k
Evep [T3_|V(a)] < ( ) -Dk -no(r).

m

and hence

_ N —k
Eveo [T3|V1<nr~( - )~Dk~n°<r>‘ (13)

Thus, remains to bound Ey . p [Tgﬂv} For a, o’ € IM My such that « # o, consider

ttvear= ¥ (YA

—A
serimive © ™ (B.7)
~ETMM|y (')

For g € IMM]|y (), Let

theas = ¥ (Y oELERY)

m — A(S,
YeTMM]|y (o) (8,)
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Now by an application of Equation it follows that
N —k m\ 2B
hean~ (N S (R)
YEIMM]y ()

Let € = 2/A be a constant. We now partition the sum over 7 into two parts, depending on
whether A(B,v) > (1 — €')k or whether A(8,v) < (1 — €' )k. For a,o’ € T(IMM]y) such that
a# o, and for 8 € IMM|y(a), let

N—k A(By)
AN CRKOES Gl B D DR (O I

~eTMM|y (o)
A(y,8)>(1—€)k

and # ’ N — I{J m A(ﬂ"\/)
TssmallA ‘V(a7 @ /B) = m ’ Z (N)
~eTMM|v ()
A(y,8)<(1—€¢)k
Thus

N-—k AB)
s (V) 2 G

yEIMM]|v ()
A(,8) 21—k

B N—k Z —m A(BY) m A(B)
o m N N-—-m

yEIMM]|v ()
A(,8)2(1=¢)k

A(By) (1-€"Hk

N —k —-m m m

< . o N i

( m ) Z N ) (N—m) (smceN_m<1)

yeIMM|y (a')
A(v,8)>(1—€)k

N\
=

/N
=

k
Now, by our choice of parameters, (ﬁ) =n""and D = %, we get

N -k _ —(1—¢
73 A lv(ea/f) < ( o ,M% » D=ABY) . p=(=e)r
’)’E vix
A(y,8)>(1—€ )k

From here, by applying Proposition we obtain

N —k . —(1—€r N -k e—1)r
e [ ulvtaa®)] < (7 F) oo < (V) ooy

m

‘We will now bound

N —k A(By)
b= (") Y ()T

~yeIMM|v (o)
A(y,B)<(1—€)k
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Recall that for a, @’ € T such that a # o/, A(a,&’) > ' —r. For a, o’ € T(IMM|y) such that
a# o and for g € IMM|y (),

N —k A(Byy)
Tiifmalmw(a’a/ﬁ) = ( m ) . Z (%) '

yeIMM]|y (a')
A(y,B)<(1—€)k

Z N — m\ 26" ' m A(By)
N N-—m

YEIMM]|y (')
A(y,8)<(1—€)k

Y (Mo HE nce ™
e N N
V€T (o)

A(y,B)<(1—€)k

S parw

~€TMM]|y (o)
A(v,8)<(1—€)k

IA
7N VRS VS
=
3
=
N——— N——— N———

3

>
=

3

Now, any v € IMM x can be expressed as Hie[w] 4 and D=A6Y) = Hz‘e[w} D-ABY 4D

We will partition the set ['] according to the number of “agreements” of v(*) and 5(%).

Let A(,B 7) [r ] be the set of all i such that A(B®),~()) < k' (i.e. there is some j € [k']
such that 307 = 4(49)). Since A(y, 8) < (1 —€)k = (1 —€)k'r’, thus |A(B,7)| > €'r’. Also, let
B(a,a’) C [r'] be the set of all i € [] such that o = /(). Then by Lemmau for a # o/,
|B(a, )| < 7.

Claim 9.7. Let a,o/ € T(IMM]|y) be such that o # o, and let B € IMM|y(a) and v €
IMM|y () be such that A(B,v) < (1 — € )k. Then for any i € A(B,~) \ B(a,a’), it holds that
A(BD ~D) < k' and moreover B4V # 1) - Moreover |A(B,7) \ B(a, /)| > €'r' — 7.

Proof. The only tricky part is to show that S # ~(:1 and we give a proof of this below.
If a9 # /() then this means that the variable in « corresponding to Y(i)|v, is distinct from

the variable in o’ corresponding to Y|y, Any variable in Y|y is of the form y%l)s for some
s € [n]. Suppose that o(?) = ygzl and o/ = y§ 1,, for s # s'. Then for § € IMM|y(a), 4V is

a variable from X (') and must be of the form m;tl) for some t € [n] and for v € IMM |y (),

~(1) must be of the form z Z, t,)f or some t' € [A]. Since s # s', thus f(51) #£ A1), O

Now for every subset C' C [r] such that |C| = €'r’ —r, Let Mc(8,a’) be the set of all
v € IMM|y (o) such that for all i € C, A(B®, ) < k' and 1) # 1D Thus for every
a,af € T(IMM]y) such that a # o/, and for every € IMM]|y(«), every v € IMM|y (o)
such that A(8,v) < (1 — €')k gets counted in at least one such set Mx(8, o) for some choice of
C.

Let Mo (B, /)™ be the set of all (9 € TM M|y (o) such that if i € C, then A(B®),y¥) <
k' and D £ A1 If § & C then there is no restriction. Thus it is easy to see that
Mc(B,a') € Hie[r’] MC(B,a’)(i)
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Now, fixing a, &’ € T(IMM|y) such that o # o/, and 8 € IMM |y (), we get that

N —k B
T;fmanA|V(a7a/B) S ( . Z D A(By)

m
YETMM |y (o)
A(v,8)<(1—€)k

N —k () (D)
<m>' Z HDA(ﬁ

'yEIMM|V(a ) i€[r’]
A(v,B8)<(1—€)k

< (Nn: k) ) Z Z H D-ABD A0 H D-ABY )

cclr'], YEMc(B,2’) \i€C ic[r'\C
|C|=¢€"r"—r
N -k A(BD @
< . —ABY )
ST TED SR U1 D I II
cclr'l, 1€C \v(DeMc(a’)® i€[r’'\C \ v
|C|=€"r"—r

>

(M eMc(a’)®

NGRET)

Now, observe that i € C', Mg (o)) C .A (6 )). Thus, by Lemma and Lemma we get

that

Evep [Timndv(aaa/@)} < (Nn: k) ‘Evenp Z

~yeIMM]|y (o),
A(vy,B)<(1—€)k

: (NT; k) > [[Even > DAEA

ccp),  \i€C ~ (D eMc ()
\C|:e/r/—r

(0 () (1) e
(o)

Thus since €7/ —r > r,

BT (a,d/8)] < <N - ’“) . (1> o) < <N —k

m n

Putting this together with earlier computation showing that

D-

(i))

m

E[T. (a,o'8) < (N - k) O -1),
argeA m

we conclude that
N —k

m

E[IF(a,o'8)] < (

Summing over 8 € IMM|y (), we get that

N —k
EV%’D [Tgﬂv(a,a’)} S ( ) .Dk -n

m
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A(ByY)

H Evep
1\

C

) —

(26’—1)7".

D

P eMg(a)®

D-ABY D)

\
/



Summing over a, ' € T(IMM]y) such that o # o/, we get that

N —k / N —k /
EV&D[T:’?&W]SW/%'( . >'Dk'n(261)rnr~< m )-Dk~n(26)r.

Putting this together with the bound in Equation we conclude that

N -k 4
EV&D[T3|V] <n"- < ) -DF . na",
m

10 Open problems

Our results (and those by [KLSS14]) give n*vV™ lower bounds for polynomials computed
by homogeneous XIIXII circuits. This suggests a very natural strategy of trying to prove lower
bounds for any class of circuits C. If one can show that some polynomial P € C can be computed
by a n°vV™ sized homogeneous SIIXII circuit, then our results would immediately imply a lower
bound for C.

Recall that the depth reduction of Tavenas [Tav1l3] shows that ever polynomial inVP can
be expressed as a homogeneous LIIXII circuit of size n®V™) . Unfortunately since our lower
bounds hold for a polynomial in VP, thus the bound on the size of the depth 4 circuit obtained
in the depth reduction cannot be improved. Although they cannot be improved for general
circuits in VP, they might be possible to improve for other rich and interesting classes of circuits
such as formulas or even homogeneous formulas. (The results of [KS] had shown that a more
efficient depth reduction for homogeneous formulas is not possible when one wants to reduce to
homogeneous LIIXIIV? circuits, but for general homogeneous SIIXII circuits this might still
be possible.)

Another more general question that seems even more important now is to truly understand
the potential of the shifted partial derivative method (and its variants as used in this work and
earlier works) for proving lower bounds for general arithmetic circtuits. These techniques do
seem to be giving significantly stronger lower bounds than we were able to show some years ago.
Do they have the potential of separating VP from VNP? Or is there some inherent underlying
reason that suggests we might need different techniques?
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A Proof of Lemma

Proof. We will prove the lemma via contradiction. We will in fact, show that

Since, for all z, f(x) < g(x), this would imply that

Prxr[f(X) 2 0.01- (Exx[f(X)])] 2 0.1

So, for the sake of contradiction, let us assume that

For the rest of the proof, all the probabilities are over X < R. Define
o Ry ={z: f(x) <0.01-Elg]}
e Ro=R\ Ry
e W={recR:09 -E[g] <g(z) <1.1-E[g]}

We know that Pr[X € W] > 0.99. If possible, let the assertion of the lemma be false. This
implies that Pr[X € Ry] > 0.9 and Pr[X € R3] < 0.1. Let Z C W N Ry be a subset of R such
that Pr[X € Z] = 0.89. Now

Elg] =Y Pr(X =alg(x) = > Pr[X =alg(z)+ > Pr[X =zlg(x)
z€ER r€Z zER\Z
Substituting the values now, we get
Elg] > Pr[X € Z]-0.9-E[g] + Z Pr(X = z]g(z)
z€R\Z
Simplifying further, we get
> PriX =a]g(x) <Elg]- (1-0.9- Pr[X € Z]) <0.2-E[g]
TER\Z
We will now compute an upper bound on the expected value of f and arrive at a contradiction.
E[f] =) PriX =alf(x) =) PrlX =a]f(z)+ Y Pr[X =a]f(x)
TzER T€EZ TER\Z

Observe that
> ey PriX =z]f(z) <0.01-E[g] - Pr(X € Z] <0.01 x 0.89 x E[g] = 0.0089 - E[g]
* > iemz PriX =a]f(z) < 3 cp 7z PriX =2lg(z) <0.2-E[g]

So, we obtain
E[f] <0.3-E[g] < 0.5 Elg]

which is a contradiction. O
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B Proof of Lemma [3.8

Proof. Let X > X be any constant. For each i € [I], we construct the set W; by picking every
element of W; independently with probability ;. By linearity of expectations, E(|W;|) = +|W;|.
Similarly, for any i # j, E(|W; N W;|) = /\%|W1 N W;|. By the principle of inclusion-exclusion,
(Uiem Wil = X ey Wil =22 jeqines IWin W[, By the linearity of expectations, E(|U;ep Wil) =
T ~ X . . 2
2iem EUWil) =225 jeuy iz E(WiNWj]), which is at least El/x\’—)\/)\' ) 2_icp |Wil- Hence, there
is some choice of random bits, such that the size of U;c; W is at least (1/\" — AN >iep Wil
Now, taking A = 2\ completes the proof. O
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