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Abstract

We show an exponential separation between two well-studied models of algebraic compu-
tation, namely read-once oblivious algebraic branching programs (ROABPs) and multilinear
depth three circuits. In particular we show the following;:

1. There exists an explicit n-variate polynomial computable by linear sized multilinear depth
three circuits (with only two product gates) such that every ROABP computing it requires
22(n) gsjze.

2. Any multilinear depth three circuit computing IMM,, 4 (the iterated matrix multiplication
polynomial formed by multiplying d, n x n symbolic matrices) has n) size. IMM,, 4 can
be easily computed by a poly(n, d) sized ROABP.

3. Further, the proof of 2 yields an exponential separation between multilinear depth four
and multilinear depth three circuits: There is an explicit n-variate, degree d polynomial
computable by a poly(n) sized multilinear depth four circuit such that any multilinear
depth three circuit computing it has size n**(4). This improves upon the quasi-polynomial
separation of [RY09] between these two models.

The hard polynomial in 1 is constructed using a novel application of expander graphs in con-
junction with the evaluation dimension measure [Raz09, Raz06, RY09, FS13], while 2 is proved
via a new adaptation of the dimension of the partial derivatives measure of [NW97]. Our lower
bounds hold over any field.



1 Introduction

Proving lower bounds and separating complexity classes lie at the heart of complexity theory. In al-
gebraic complexity, separating classes VP and VNP (the algebraic analogues of P and NP) equates
to proving super-polynomial lower bounds for arithmetic circuits. Another prominent and pertinent
problem is polynomial identity testing (PIT)', one of the very few natural problems in BPP (in
fact, in co-RP) not known to be in P. Showing arithmetic circuit lower bounds and derandomizing
PIT? are closely related: [KI04] showed that a polynomial time PIT over integers implies a super-
polynomial arithmetic circuit lower bound for the family of permanent polynomials or NEXP ¢
P/poly. [HS80, Agr05] showed that a polynomial time blackbox® PIT implies exponential lower
bounds for circuits computing polynomials whose coefficients can be computed in PSPACE. Con-
versely, [KI04] also showed that a super-polynomial (exponential) circuit lower bound® implies a
sub-exponential (quasi-polynomial) time algorithm for PIT, in fact blackbox PIT, using Nisan-
Wigderson generators [NW94] and Kaltofen’s [Kal89] polynomial factorization algorithm. [DSY09]
showed a similar connection between lower bounds and PIT for low depth circuits’. So, in this
certain sense the complexity of proving strong lower bounds and devising efficient PIT algorithms
are quite similar. Derandomizing PIT is also interesting in its own right. It is well-known that such
a derandomization would imply the problem of checking existence of a perfect matching in a given
graph is in NC [Tut47].

Research over the the past several years has made notable progress® on both lower bounds and PIT
for interesting special cases of arithmetic circuits and helped identify the frontiers of our current
knowledge. In particular, we understand better the reason why super-polynomial lower bounds and
poly-time PIT have remained elusive even for depth three circuits: An exponential lower bound
(similarly, a poly-time blackbox PIT) for depth three circuits over fields of characteristic zero implies
an exponential lower bound (similarly, quasi-polynomial-time PIT) for general circuits [GKKS13].

A potentially useful and interesting restriction to consider at depth three is multilinearity’ (mean-
ing, every product gate computes a multilinear polynomial). We do know of strong lower bounds
for multilinear depth three circuits due to [RY09] and also this paper (theorem 4), but as yet no ef-
ficient (meaning, quasi-polynomial) PIT is known for this model. One reason for this is the absence
of hardness versus randomness tradeoff results for bounded depth multilinear circuits. Recently,
[dOSV15] has given a sub-exponential time blackbox PIT algorithm for multilinear depth three
circuits using recently found quasi-polynomial blackbox PIT for another model, namely read-once
oblivious algebraic branching programs (ROABPs) [FS13, AGKS15] (Definition 2), thereby con-

IPIT is the following problem: given an arithmetic circuit computing a multivariate polynomial over some field,
determine whether the polynomial is identically zero.

2a polynomial time randomized PIT follows easily from [DL78, Sch80, Zip79].

3meaning, we are only allowed to evaluate the circuit at points from F", where n is the number of inputs and F
the underlying field

“for any family of exponential-time computable multilinear polynomials

Slower bounds for bounded depth circuits imply efficient PIT for bounded depth circuits computing polynomials
with low individual degree [DSY09]

Srefer to the surveys [SY10], [CKW11], [Sap14, KS14], [Sax09, Sax13]

"Most of the hard polynomials used in the literature are multilinear, e.g. determinant, permanent, iterated matrix
multiplication, Nisan-Wigderson polynomials etc. So, it is worthwhile to develop a fuller understanding of multilinear
models [Raz09, Raz06, RY08, RY09, DMPY12].



necting these two interesting models of computation. Could there be a more efficient reduction
from multilinear depth three circuits to ROABPs? If so then that would readily imply an efficient
PIT algorithm for multilinear depth three circuits. This question has lead us to this work.

Related work and motivation. The model ROABP (see Definition 2) has been studied intensely
in the recent years in the context of black-box PIT, equivalently hitting-set generators® (Definition
11). This has resulted in deterministic, quasi-polynomial time hitting-set generators for ROABPs
[AGKS15, FS13] and other associated models like set-multilinear algebraic branching programs
[FSS14, FS13] (a special case of which is set-multilinear depth three circuits [ASS13, FS13]), non-
commutative algebraic branching programs [FS13] and diagonal depth-3 circuits [ASS13, FS13].

Quite recently, [dOSV15] has given a 20("%(1+5)) time hitting-set generator for multilinear depth
three circuits of size at most 27° by ‘reducing’ a multilinear depth three circuit to a collection of
ROABPs and ‘putting together’ the hitting-sets of the ROABPs. This ‘putting together’ process
raises the hitting-set complexity from quasi-polynomial (for a single ROABP) to sub-exponential
(for a composition of several ROABPs). Had it been the case that a multilinear depth three circuit
can be directly reduced to a single small size ROABP, an efficient hitting set for the former would
have ensued immediately from [AGKS15, FS13]. One of the results in the paper (theorem 2), rules
out this possibility. In fact, theorem 2 shows something stronger as described below.

A closer look at [AGKS15] and [dOSV15] reveals an interesting, and potentially useful, intermediate
model that we call superposition of (two or more) set-multilinear depth three circuits (see Definition
5). An example of superposition of two set-multilinear depth three circuits is,

C(X,Y) = (1+3x1+5y2) (4 + 22 +y1) + (6 + 921 + 4y1)(2 + 52 + 3y2).

The variable sets X = {x1,z2} and Y = {y1, y2} are completely disjoint and are called the base sets
of C(X,Y). When projected on X variables (i.e after putting the Y variables to zero), C(X,Y) is
a set-multilinear depth three circuit in the X variables. A similar thing is true for the Y variables.
Thus, every base set is associated with a set-multilinear depth three circuit and vice versa. Any
multilinear depth three circuit can be trivially viewed as a superposition of n set-multilinear depth
three circuits with single variable in every base set, where n is the number of variables. A crucial
observation in [dOSV15] is that every multilinear depth three circuit is “almost” a superposition
of n® set-multilinear depth three circuits for some ¢ < 1, and further the associated n° base sets
can be found in sub-exponential time using k-wise independent hash functions. Once we know
the » = n® base sets corresponding to r set-multilinear depth three circuits whose superposition
forms a circuit of size s, finding a hitting set for the circuit in time s™1°8% follows easily by taking a
direct product of hitting sets for r many ROABPs (in fact, set-multilinear depth three circuits). We
think a useful model to consider at this juncture is superposition of constantly many set-multilinear
depth three circuits with unknown base sets. In this case knowing the r = O(1) base sets readily
gives us a quasi-polynomial time hitting set, but finding these base sets from a given circuit is
NP-hard for » > 3 (as we show in observation 1), which rules out the possibility of knowing the
base-sets even if we are allowed to see the circuit (as in the white-bozx case). Indeed, even in this
special case where the given multilinear depth three circuit is promised to be a superposition of

8 A hitting-set generator for a class of circuits takes a size parameter s as input and outputs a set of points in
F™ such that every circuit (from the class) of size bounded by s and computing a nonzero polynomial, evaluates to
nonzero at one of the points



constantly many (say, 2) set-multilinear depth three circuits, the algorithm in [dOSV15] finds and
works with many base sets and the resulting hitting set complexity grows to roughly exp(y/n).
Could it be that superposition of constantly many set-multilinear depth three circuits efficiently
reduce to ROABPs? Unfortunately, the answer to this also turns out to be negative as theorem 2
gives an explicit example of a superposition of fwo set-multilinear depth three circuit computing
an n-variate polynomial f such that any ROABP computing f has width 22,

While comparing two models (here multilinear depth three circuits and ROABPs), it is desirable
to show a separation in both directions whenever an efficient reduction from one to the other seems
infeasible. In this sense, we show a complete seperation between the models under consideration
by giving an explicit polynomial computable by a polynomial sized ROABP such that every mul-
tilinear depth three circuit computing it requires exponential size. In fact, this explicit polynomial
is simply the Iterated Matrix Multiplication IMM,, 4 - the (1,1)-th entry of a product of d n x n
symbolic matrices (theorem 4). IMM,, 4 can be easily computed by a polynomial-sized ROABP
(see observation 5). Although, a 2% lower bound for multilinear depth three circuit computing
Dety is known [RY09], this does not imply a lower bound for IMM,, 4 (despite the fact that Det and
IMM are both complete for algebraic branching programs (ABPs) [MV97]) as the projection from
IMM to Det can make the circuit non-multilinear. Another related work by [DMPY12] showed a
separation between multilinear ABPs and multilinear formulas by exhibiting an explicit polyno-
mial (namely, an arc-full-rank polynomial) that is computable by a linear size multilinear ABP but
requires super-polynomial size multilinear formulas. But again multilinearity of a circuit can be
lost when IMM is projected to arc-full-rank polynomials, and hence this result too does not imply
a lower bound for IMM. An extension of theorem 4 to a super-polynomial lower bound for multi-
linear formulas computing IMM will have interesting consequences in separating noncommutative
formulas and noncommutative ABPs. In a contemporary work [KST15], some of the authors of
this work and Sébastien Tavenas have been able to show an n(V® lower bound for multilinear
depth four circuits computing IMM,, 4 by significantly extending a few of the ideas present in this
work and building upon (thereby improving) the work of [FLMS14]. Thus, in summary the models
poly-sized ROABPs and poly-sized multilinear depth three ciruits have provably different compu-
tational powers, although they share a non-trivial intersection as poly-sized set-multilinear depth
three circuits is harbored in both.

An interesting outcome of the proof of the lower bound for multilinear depth three circuits com-
puting IMM is an exponential separation between multilinear depth three and multilinear depth
four circuits. Previously, [RY09] showed a super-polynomial separation between multilinear con-
stant depth h and depth h + 1 circuits, which when applied to the depth three versus four setting
gives a quasi-polynomial seperation between the two models. In comparison, theorem 6 gives an
exponential separation.

The models and our results. We define the relevant models and state our results now.

Definition 1 (Algebraic Branching Program). An Algebraic Branching Program(ABP) in the vari-
ables X = {x1,x9,....,xn} is a directed acyclic graph with a source vertex s and a sink vertex t. It
has (d+1) sets or layers of vertices Vi, Va, ..., Vgi1, where Vi and Vgy1 contain only s and t respec-
tively. The width of an ABP is the maximum number of vertices in any of the (d + 1) layers. All
the edges in an ABP are such that an edge starts from a vertex in V; and is directed to a vertex in



Vii1, where V; belongs to the set {V4,Va, ..., Va}. The edges in an ABP are labelled by polynomials’
over a base field F. The weight of the path between any two vertices u and v in an ABP is computed
by taking the product of the edge labels on the path from u to v. An ABP computes the sum of the
weights of all the paths from s to t.

A special kind of ABP, namely ROABP, is defined in [FS13].

Definition 2 (Read-Once Oblivious Algebraic Branching Program). A Read-Once Oblivious Al-
gebraic Branching Program(ROABP) over a field F has an associated permutation m : [n] — [n] of
the variables in X. The number of variables is equal to the number of layers of vertices minus one,
i.e. n=(d+ 1) —1=d. The label associated with an edge from a vertex in V; to a vertex in Viiq
is an unwariate polynomial over ¥ in the variable x ;.

Definition 3 (Multilinear depth four and depth three circuits). A circuit C =7 H;l":l Qij (X;)
is a multilinear depth four (XLIIXIL) circuit in X wvariables over a field F, if X = Lﬂ;li:lX;: and
Qij € IF[X;] is a multilinear polynomial for everyi € [s| and j € [d;]. If Qs ’s are linear polynomials
then C' is a multilinear depth three (SII1X) circuit. The parameter s is the top fan-in of C.

Definition 4 (Set-multilinear depth three circuit). A circuit C = Y ;_, H;l:l li;(X;) is a set-
multilinear depth three (X11X) circuit in X wvariables over a field F, if X = L{rJE.l:lXj and l;; € F[X;]
is a linear polynomial for every i € [s] and j € [d]. The sets X1, Xs,..., X4 are called the colors
of X. If |X;| =1 for every j € [d] then we say X has singleton colors and C is a set-multilinear
depth three circuit with singleton colors.

As a bridge between multilinear and set-multilinear depth three circuits we define a model called
superposition of set-multilinear depth three circuits.

Definition 5 (Superposition of set-multilinear depth three circuits). A multilinear depth three
(X11X) circuit C over a field F is a superposition of t set-multilinear depth three circuits over
variables X = W_|Y;, if for every i € [t], C is a set-multilinear depth three circuit in Y; variables
over the field F(X \Y;). The sets Y1,...,Y; are called the base sets of C. Further, we restrict the Y;
to have singleton colors for every i € [t] 0.

We make the following initial observation for superposition of set-multilinear depth three circuits.

Observation 1. Given a circuit C which is a superposition of t set-multilinear circuits on unknown
base sets Y1,Ya,....Y:, finding t base sets Y{,YQ/,...,Y;/ such that C is a superposition of t set-
multilinear circuits on base sets Yll, YQ,, s Yt, is NP-hard when t > 2.

The proof of the observation appears in appendix A. We now state the main results of this paper.

Theorem 2 (Main Theorem 1). 1. There is an explicit family of 2n-variate polynomials {gn }n>1
over any field F such that the following hold: g, is computable by a multilinear depth three
circuit C over F with top fanin three and Cis also a superposition of two set-multilinear depth
three circuits. Any ROABP over F computing g, has width 22

%n a standard definition of an ABP, the edges are labeled by linear polynomials

104]though the notion of superposition makes sense even if Y;’s do not have singleton colors, we restrict to singletons
as this model itself captures multilinear depth three circuits



2. There is an explicit family of 3n-variate polynomials {gn}n>1 over any field F such that the
following hold: g, is computable by a multilinear depth three circuit C' over F with top fanin
two and C is also a superposition of three set-multilinear depth three circuits. Any ROABP
over F computing f, has width 2™

We prove theorem 2 in section 3. The tightness of the theorem is exhibited by this observation.

Observation 3. A polynomial computed by a multilinear X113 circuit with top fan-in two and at
most two variables per linear polynomial can also be computed by an ROABP with constant width.

The proof of observation 3 is in appendix A. Thus, it follows from theorem 2 that if we increase either
the top fan-in or the number of variables per linear polynomial from two to three in multilinear
depth three circuits then there exist polynomials computed by such circuits such that ROABPs
computing these polynomials have exponential width. We now state the “converse” of theorem 2.

Theorem 4 (Main Theorem 2). Any multilinear depth three circuit (over any field) computing
IMM,, 4, the (1,1)-th entry of a product of d n x n symbolic matrices, has top fan-in D for
n > 11. (Note: This also implies a lower bound for determinant, see corollary 27.)

We prove theorem 4 in section 4. It is not hard to observe the following.
Observation 5. IMM,, 4 can be computed by an n? width ROABP.

The proof of observation 5 is given in appendix A. Thus, theorem 2, theorem 4 and observation 5
together imply a complete separation between multilinear depth three circuits and ROABPs. As a
consequence of the proof of theorem 4 we also get an exponential separation between multilinear
depth three and multilinear depth four circuits (proof in section 4).

Theorem 6. There is an explicit family of O(n?d)-variate polynomials of degree d, {fi}ta>1, such
that f; is computable by a O(n%d)-sized multilinear depth four circuit with top fan-in one (i.e. a
IIXII circuit) and every multilinear depth three circuit computing fq has top fan-in @ forn > 11.

Observe that the hard polynomials used in theorem 2 belong to a special class of multilinear depth
three circuits - they are both superpositions of constantly many set-multilinear depth three circuits
and simultaneously a sum of constantly many set-multilinear depth three circuits. Here is an
example of a circuit from this class.

C(X,Y) = (143x1 +5y2)(4 + 22+ y1) + (9 + 621 + 4y2)(3 + 222 + 5y1)

+(6 + 9z1 + 4y1)(2 + 5x2 + 3y2) + (3 + 621 + 9y1) (5 + 8z2 + 2y2)

C(X,Y) is a superposition of two set-multilinear depth three circuits with base sets X = {x;}U{x2}
and Y = {y1} U{y2}. But C(X,Y) is also a sum of two set-multilinear depth three circuits with
{z1,y2}, {x2,y1} being the colors in the first set-multilinear depth three circuit (corresponding to
the first two products) and {z1,y1}, {x2,y2} the colors in the second set-multilinear depth three
circuit (corresponding to the last two products). For such a subclass of multilinear depth three
circuits, we give a quasi-polynomial time hitting set by extending the proof technique of [ASS13].

Theorem 7. Let Cy, 1,5 be a subclass of multilinear depth three circuits computing n-variate poly-
nomials such that every circuit in Cy s %5 a superposition of at most m set-multilinear depth
three circuits and simultaneously a sum of at most | set-multilinear depth three circuits, and has
top fan-in bounded by s. There is a hitting-set generator for Cp, p,1 s TUNNING N (ns)o(lmlogs) time.



When m and [ are bounded by poly(logns), we get quasi-polynomial time hitting sets. The proof
of theorem 7, which extends the shift and rank concentration technique of [ASS13], is given in
appendix E. To our understanding, even if m and [ are constants, [dOSV15)’s algorithm yields
an exp(y/n) hitting set complexity. Also, [GKST15] has recently given a (ndw)@(2' log(ndw)) time
hitting set generator for n-variate, individual (variable) degree d polynomials computed by sum of
I ROABPs each of width less than w. Sum of [ set-multilinear depth three circuits reduces to sum
of [ ROABPs as set-multilinear depth three circuits readily reduce to poly-sized ROABPs. But,
observe the doubly exponential dependence on [ in their result. On the contrary, in theorem 7
the dependence is singly exponential in [. So, the hitting-set complexity remains quasi-polynomial
for I = (logn)°™M) whereas [GKST15] gives an exponential time hitting-set generator when ap-
plied to the model in theorem 7. However, it is also important to note that the model considered
in theorem 7 is somewhat weaker than the sum of ROABPs model in [GKST15] because of the
additional restriction that our model is also a superposition of m set-multilinear depth three circuits.

Proof ideas for theorem 2 and 4. Theorem 2 is proved by connecting the notion of edge
expansion (definition 8) with the evaluation dimension measure (definition 6). Starting with an
explicit 3-regular bipartite expander G, we associate distinct variables with distinct vertices. Every
edge now corresponds to a linear polynomial — it is the sum of the variables associated with the
vertices on which the edge is incident upon. A multilinear depth three circuit C is derived from
the expander G as follows: C' has three product terms, each term formed by taking product of the
linear polynomials associated with the edges of a matching in G. Now, edge expansion of G can
be used to argue that for every subset S of variables of a certain size there exists of a product
term in C' that has high evaluation dimension with respect to .S. Further, one can show that high
evaluation dimension of a product term implies high evaluation dimension of C' with respect to S
by restricting the circuit modulo two linear polynomials to nullify the other two product terms. On
the other hand, for every ROABP there is a set S (of any size) such that the evaluation dimesion of
the ROABP with respect to S is bounded by its width. This gives a lower bound on the width of
the ROABP computing the same polynomial as C' thereby proving part 1 of theorem 2. Part 2 is
proved similarly, but now we associate edges and vertices of a bipartite expander G with variables
and linear polynomials respectively. Circuit C' is formed by adding two product terms, each term
formed by multiplying the linear polynomials associated with the left or the right vertex set of G.
As before, edge expansion of C' implies for every set S of variables of a certain size there is a product
term of C' with high evaluation dimension and this in turn implies high evaluation dimension of C.

While writing this article, we came to know about a recent work by Jukna [Jukl5] that uses
Ramanujan graphs to give an alternate proof of a known exponential lower bound for monotone
arithmetic circuits. To our understanding, it does seem that Jukna’s proof also implictly relates
expansion with evaluation dimension, but the argument in [Jukl15] is directed towards monotone
circuits and it does not seem to imply any of the lower bounds shown in this work. In particular,
the hard polynomial in [Juk15] could have any complexity, whereas in our case we need the hard
polynomial to be computable by a small multilinear depth three circuit.

Theorem 4 is proved by introducing a new variant of the dimension of the space of partial derivatives
measure that is inspired by both [NW97] and [Raz09]. At a high level, the idea is to consider a
polynomial f in two sets of variables X and Y such that |Y| >> | X]| is large. If we take derivatives



of f with respect to all degree £ monomials in Y-variables and set all the Y-variables to zero after
taking derivatives then we do expect to get a ‘large’ space of derivatives (especially, when f is a
‘hard’ polynomial) simply because |Y| is large. On the other hand, in any depth three multilinear
circuit C' computing f, the dimension of the space of derivatives of a product term is influenced
only by the number of linear polynomials containing the X-variables as all the Y-variables are set
to zero subsequently. Thus, the measure is somewhat small for a product term of C' as | X| << |Y|.
By subadditivity of the measure (lemma 8), this implies high top fan-in of C' computing f. A
notable difference with [Raz09, RY09] is that the variable sets X and Y are fixed deterministically,
a priori, and not by random partitioning of the entire set of variables.

2 Preliminaries

Measures. We have used two complexity measures, namely evaluation dimension and a novel
variant of the dimension of the space of partial derivatives, to prove theorem 2 and 4 respectively.
Evaluation dimension was first defined in [FS13]'!. Let X be a set of variables.

Definition 6 (Evaluation Dimension). The evaluation dimension of a polynomial g € F[X] with
respect to a set S C X, denoted as Evaldimg(g), is defined as

dim(spang{g(X)|ve;es z;=a; : V2; € S a; € F}).

Evaluation dimension is a nearly equivalent variant of another measure, the rank of the partial
derivatives matriz, defined and used earlier in [Raz09, Raz06, RY08, RY09, DMPY12] to prove
lower bounds and separations for several multilinear models. These two measures are identical over
fields of characteristic zero (or sufficiently large), but the former is well defined over any field.

The partial derivatives measure was introduced in [NW97]. The following is a simple variant of
this measure that is also inspired by the measure used in [Raz09].

Definition 7 (“Skewed” partial derivatives). Let f € F[X,Y], where X and Y are disjoint sets of
variables, and Vi be the set of all monomials in Y wvariables of degree k € N. Define the measure

PDy, (f) as
dim (spanp{{aﬂa‘xﬂ;n]v - :meyk}> .
yeYy y=

In proving theorem 4, we apply the above measure with a significant difference (or skew) between
the number of X and Y variables — it is this imbalance that plays a crucial role in the proof. Both
the above measures obey the property of subadditivity (proof in appendix B).

Lemma 8 (Subadditivity). 1. Let g1,92 € F[X] and S C X. Then

Evaldimg(g; + ¢2) < Evaldimg(g1) + Evaldimg(g2).

2. Let fl, fg S IF[X, Y] Then PDyk(fl + fg) < PDyk(fl) + PD:);]C (fg)

"they attributed the notion to Ramprasad Saptharishi



Expander Graphs. A vital ingredient that helps us construct the hard polynomials in theorem
2 is a family of explicit 3-regular expanders. We recall a few basic definitions from [HLWO06].

Definition 8 (Edge expansion and family of expanders). Let G = (V, E) be an undirected d-regular
graph. For S C V| let E(S,S) be the set of edges with one end incident on a verter in S and the
other incident on a vertez in S = V\S. The edge expansion of G denoted h(G) is defined as:

h(G) = min M
s:1s<lvt S|

A sequence of d-reqular graphs {G;}ien of size increasing with i is a family of d-regular expanders
if there exists an € > 0 such that h(G;) > € for every i.

Definition 9 (Mildly explicit expanders). Let G = {G;}ien be a family of d-reqular expanders such
that the number of vertices in G; is bounded by a polynomial in 1. G is mildly explicit if there exists
an algorithm that takes input © and constructs G; in time polynomial in the size of G;.

A family of mildly explicit expanders. [HLW06] mentions a family of mildly explicit 3-regular
p-vertex expanders {Gp}p prime such that for every graph G, in the family: h(Gp) > %. The
vertices of G, correspond to elements in Z,. A vertex = in Gy, is connected to x + 1, x — 1 and to
its inverse =1 (operations are modulo p and inverse of 0 is defined as 0). We refer the reader to
[HLWO06], section 11.1.2, for more details. Denote this family of 3-regular p-vertex expanders by S.

Double Cover. The proof of theorem 2 works with bipartite expanders. It is standard to transform
a d-regular expander graph to a d-regular bipartite expander graph by taking its double cover.

Definition 10 (Double Cover). The double cover of a graph G = (V, E) is the bipartite graph
G = (LY R, E) where |L| = |R| = [V|. Corresponding to a vertex u € V we have two vertices
ur € L and ur € R. Edges (ur,vr) and (ugr,vy) € E if and only if there is an edge (u,v) € E.

Lemma 9. Let S = {Gp}p prime be the family of expanders as described above, and S = {ép}p the

family of double covers of graphs in S. Then h(Gp) > 2+120_4 for every p.  [Proof in appendix B.]

Hitting-set generators. In theorem 7, we give a quasi-polynomial time hitting-set generator for
a subclass of multilinear depth three circuits.

Definition 11 (Hitting-set generators). A hitting-set generator for a class of circuits C is a Turing
machine H that takes (1",1%) as input and outputs a set {ai,...,an} C Z™ such that for every
circuit C € C of size bounded by s and computing a nonzero n-variate polynomial over a field F O 7Z,
there is an i € [m] for which C(a;) # 0. Complexity of H is its running time.

Technical Lemmas. The following lemmas are used in theorem 2. Lemma 10 follows from Hall’s
marriage theorem [Hal35]. The proofs of lemmas 11 and 12 are given in appendix B.

Lemma 10. A d-regular graph can be split into d edge disjoint perfect matchings.

12Hitting-set generators can be defined similarly over finite fields by considering field extensions



Lemma 11. Suppose g1(X), g2(X), ..., gm(X) € F[X] are F-linearly independent polynomials in the
variables X = {x1,x9,....,xn} where m = 2". If Y = {y1,y2,....,yn} are n variables different from
X then (by identifying an i € [m| with an S C [n]),

Evaldimy ( Z ys - 9s(X)) =m, where for S C [n], ys := H Yj-
SC[n] jes

Lemma 12. If R is a width-k ROABP that computes g(X) then for every i € |0,|X]|] there exists
a set S C X of size i such that Evaldimg(g) < k.

3 Lower bounds for ROABP: Proof of theorem 2

Proof of part 1

Construction of the polynomial family. We construct a family of 2n-variate multilinear polyno-
mials {gn }n>1 from the explicit family of 3-regular expander graphs S (described in section 2). From
an n-vertex graph G = (V, E) in S, construct a polynomial ¢(X,Y") in variables X = {z1,...,2,}
and Y = {y1,...,yn} as follows: Let G = (LW R, E) be the double cover of G. By lemma 9,
hG) > W. With every vertex in L (similarly, R) associate a unique variable in X (respec-
tively, Y), thus vertices in L and R are identified with the X and Y variables respectively. An
edge between z; and y; is associated with the linear polynomial (1 + z; +y;). By lemma 10, G can
be split into three edge disjoint perfect matchings. Polynomial g(X,Y") is a sum of three product
terms corresponding to the three edge disjoint perfect matchings of G; a product term is formed by
taking product of the linear polynomials associated with the edges of the corresponding matching.
It is easy to show the following claim (proof given in appendix C).

Claim 13. Polynomial g (constructed above) is computed by a multilinear depth three circuit C of
size ©(n) and top fan-in three, and C' is a superposition of two set-multilinear depth three circuits.

High evaluation dimension of g(X,Y). It turns out that the evaluation dimension of g(X,Y")
with respect to any subset of variables of size n/10 is large.

Lemma 14. For any set S C X WY of size n/10, Evaldimg(g) > 25 where € > 0 is a constant.

Proof. Consider any subset S of n/10 variables from X &Y. With respect to set S we can classify
the linear polynomials in the product terms of g(X,Y") into three types: untouched - if none of the
two variables in the linear polynomial belong to S, partially touched - if exactly one of the variables
in the linear polynomial belongs to S, and completely touched - if both variables belong to S. Call
the three product terms of g — P;, P, and Ps. Proof of the next claim appears in appendix C.

Claim 15. There exists a set Xg C X of (% — 4) X -variables such that every x € Xy appears in
an untouched linear polynomial in every P; (fori € [3]), and further if (1+z+y;, ), (1+2z+y;,) and
(1+x+yj,) are the linear polynomials occurring in Py, P> and P3 respectively then yj, # yj, # Yjs -

For ¢ € [3], let B; be the set of partially touched linear polynomials in term P;.
Claim 16. There is an i € [3] such that |B;| > en where ¢ = 0.01.



Proof. Let T be such that, for all ¢ € [3], |B;| < T. Recall that g has been constructed from the
bipartite expander G, and vertices in G identified with the variable set X &Y. We denote the
vertices in G corresponding to the variables in S also by S, and denote the set of edges going out
from S to S = LW R\S in G by E(S,S). Using the expansion property of G,

o . 2+107* /n
> . >— = -
|E(S,S)| > hG)-|S] > 9 (10)

Every edge in F (S, S) corresponds to a partially touched linear polynomial. Since G is 3-regular, at

least @ of the edges correspond to distinct partially touched linear polynomials. By assump-

tion, the number of such partially touched linear polynomials is at most 37"; and so 7' > 0.01n. O

The next claim completes the proof of lemma, 14.

Claim 17. If there exists an i € [3] such that |B;| > en for e > 0, then Evaldimg(g) > 2°".

Proof. Without loss of generality, assume |Bj| > en. Pick two variables, say x and 2/, from the
set Xo (as described in claim 15). Let (1 + +yj;,) and (1 + 2’ +y},) be the linear polynomials
appearing in P» and Pj respectively. By substituting 2 = —(1 + y;,) and 2’ = —(1 + y;,) in g,
the terms P, and P3 vanish but P; does not (by claim 15). Let g be the polynomial g after the
substitution. Polynomial g has only one product term P (i.e. P; under the substitution), and 2
has as many partially touched linear polynomials as P;. At this point, it is not difficult to prove
the following observation. (Proof given in appendix C.)

Observation 18. Evaldimg(g) > Evaldimg(j) = Evaldimg(P;) > 2°".

This completes the proof of claim 17. O

From lemma 12 and 14 we conclude that any ROABP computing g(X, Y) has width at least 2°™. [

Proof of part 2

Construction of the polynomial family. Similar to part 1, we construct a family of 3n-
variate multilinear polynomials {gp}n>1 from the explicit family of 3-regular expanders S — but
this time edges will be associated with variables and vertices with linear polynomials. From an
n-vertex graph G = (V, E) in S, construct a polynomial g(X,Y, Z) in variables X = {x1,...,z,},
Y ={y1,...,yn} and Z = {z1,...,2,} as follows: Let G = (LY R,E) be the double cover of G,
and as before h(é) > W. Edges of G can be split into three edge disjoint perfect matchings
(by lemma 10). Label the edges of the first perfect matching by distinct X-variables, the edges
of the second matching by distinct Y-variables, and the edges of the third by distinct Z-variables.
Vertices of G now correspond to linear polynomials naturally — if the three edges incident on a
vertex are labelled x;, y; and z;, then associate the linear polynomial (1 + z; + y; + 2z) with the
vertex. Let P; be the product of the linear polynomials associated with the vertices of L, and P,
the product of linear polynomials associated with the vertices of R. Polynomial ¢(X,Y,Z) is the
sum of P; and P». The following claim is easy to show (just like claim 13).

Claim 19. Polynomial g (constructed above) is computed by a multilinear depth three circuit C of
size ©(n) and top fan-in two, and C' is a superposition of three set-multilinear depth three circuits.

10



High evaluation dimension of g(X,Y’). The proof of the following lemma is similar to that of
lemma 14, differences arise only due to the ‘dual’ nature of g.

Lemma 20. For any S C X WY W Z of size n/10, Evaldimg(g) > 25 where € > 0 is a constant.

Proof. Let S be any set of {5 variables from X WY W Z. The definitions of untouched, partially
touched and completely touched linear polynomials are almost the same as in the proof of lemma
14. The difference is we have three variables instead of two in a linear polynomial in g. So, a linear
polynomial is partially touched if at most two of the three variables belong to S. For i € [2], let
B; be the set of partially touched linear polynomials and C; the set of completely touched linear
polynomials in product term P; of g.

Claim 21. There is an i € [2] such that |B;| > en where ¢ = 0.01.

Proof. Let T be such that, for all i € [2], |B;| <T. We show the next observation in appendix C.
Observation 22. |Cy|+ |Ca| is at least & — 5L

Let C be the set of vertices in G corresponding to the completely touched linear polynomials in
both the product gates, thus |C| = |C1| + |Ca| > & — 8. Each edge in E(C,C) connects a vertex
which corresponds to a completely touched linear polynomial to a vertex which corresponds to a
partially touched linear polynomial. Using expansion of G,

2+ 1071 ( n 8T>

|E(C,C) > nG)-|C| >

2 15 3

Since edges in E(C’, () are associated with variables in S, a vertex corresponding to a partially
touched linear polynomial has at most two edges from E(C,C) incident on it. Hence the num-

ber of vertices corresponding to partially touched linear polynomials is at least w But, by
assumption, the number of such vertices is at most 27". Thus,

2T >

|E(C,C)] _ 2+107* [(n 8T
> = = — T > 0.01n.
2~ 4 5 3 ) — 1=00n

The proof of the next claim is much like that of claim 17 and is given in appendix C.
Claim 23. If there exists an i € [2] such that |B;| > en for € > 0, then Evaldimg(g) > 2°".

This completes the proof of lemma 20. From lemma 12 and 20 we conclude that any ROABP
computing g has width at least 2°™. O

4 Lower bounds for multilinear depth three circuits
The proofs of theorems 4 and 6 are inspired by a particular kind of projection of IMM,, 4 considered

in [FLMS14]. We say a polynomial f is a simple projection of another polynomial g if f is obtained
by simply setting some variables to field constants in g.

11
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Figure 1: ABP M

Proof of theorem 4: The proof proceeds by constructing an ABP M of width n and with d + 1
layers of vertices such that (a) the polynomial computed by M, say f, is a simple projection of
IMM,, 4, and (b) any multilinear depth three circuit computing f has top fan-in nfd) Since an
ABP can be viewed equivalently as a product of matrices, we will describe M using matrices.
Figure 1 depicts the ABP M.

Description of M. The polynomial f, computed by M, is defined over two disjoint sets of vari-
ables, X and Y. The Y variables are contained in k matrices, {Y (1, .., Y (*)}; the (u,v)-th entry in
Y (® is a formal variable yq(fz) There are (k — 1) matrices {AM, ..., A®=D1 such that all the entries
in these matrices are ones. The X variables are contained in r matrices, { X, ... X (")} Matrices
XM and X are row and column vectors of size n respectively. The u-th entry in X () (similarly,

X)) is 2y (respectively, xq(f)). All the remaining matrices {X®), ..., X("=D} are diagonal matrices

in the X variables, i.e. the (u, u)-th entry in X @ is 2\ and all other entries are zero for i € [2,r—1].
The matrices are placed as follows: Between two adjacent Y matrices, Y(® and Y41 we have five
matrices ordered from left to right as X =1 x(#) A®) x(#+1) and X #+2) for every i € [1,k—1].
Ordered from left to right, X and X are on the left of Y1) and X"~ and X() are on the
right of Y (%), Naturally, we have the following relation among k,r and d: r = 4k and d = r+2k —1,
ie. k= %. Thus | X| = nr = 4nk and |Y| = n?k. This imbalance between the X and Y variables

plays a vital role in the proof. As before, call the polynomial computed by this ABP M as f(X,Y).

The following claim is easy to verify as f is a simple projection of 1M M,, 4.

Claim 24. If IMM,, 4 is computed by a multilinear depth three circuit having top fan-in s then f
is also computed by a multilinear depth three circuit having top fan-in s.  [Proof in appendix D.]

We show every multilinear depth three circuit computing f has top fan-in n%@ for n > 11.

Lower bounding PDy, (f). Let Yx C ) be the set of monomials formed by picking exactly one
Y-variable from each of the matrices YV, ..., Y(¥) and taking their product. Then, V| = n?k.

Claim 25. PDy, (f(X,Y)) = |Vi| = n?*.

Proof. The derivative of f with respect to a monomial m € Y, is nonzero if and only if m € Y.
Also, such a derivative glm is a multilinear degree-r monomial in X-variables. The derivatives of

J with respect to two distinct monomials m and m’ in Y, give two distinct multilinear degree-r
monomials in X-variables. Hence, PDy, (f) = |Vk|. O

12



Upper bounding PDy, of a multilinear depth three circuit.

Lemma 26. Let C' be a multilinear depth three circuit having top fan-in s computing a polynomial
in X and Y wvariables. Then PDy, (C) <s-(k+1)- (IX) ifk < L.

Proof. Let C = "7 | T;, where each T; is a product of linear polynomials on disjoint sets of
variables. From lemma 8, PDy, (C) < s-max;c[,) PDy, (Ti). We need to upper bound the dimension
of the “skewed” partial derivatives of a term T; = T' (say). Let T' = szl j» where [; is a linear
polynomial. Among the ¢ linear polynomials at most \X | of them contain the X variables. Without
loss of generality, assume the linear polynomials [y, ...,[, contain X-variables and the remaining
lpt+1, .-, 1q are X-free (here p < |X|). Let @ = [[i_,, ;. Then, T = Q- [[}_, ;. We take the
derivative of T" with respect to a monomial m € )i and then substitute the Y variables to zero.
Applying the product rule of differentiation and observing that the derivative of a linear polynomial
with respect to a variable makes it a constant we have the following:

oT
[ﬁm] = Z as H [l]]Y=6
Y=0 ' scp]  jep\s
|S|<k
where ag’s are constants from the field. Here m is a representative element of the set V. Hence

every such derivative can be expressed as a linear combination of Zf:o( ) < (k+1)- (p]f |)

polynomials, where the last inequality is due to k < @ (if t > p then (}) def 0). Therefore,

PDy, (T) < (k+1) - () and PDy, (C) < s (k+ 1) (). 0
It follows from claim 25 and lemma 26 that the top fan-in s of any multilinear depth three circuit
computing f(X,Y) is such that

2k 2k
n n Q(d)

Sl () T D et

asn > 11 and k < |X|/2 (required in lemma 26). Claim 24 now completes the proof of theorem 4.

Theorem 4 implies the following corollary (already known due to [RY09]) as IMM,, 4 is a simple
projection of Det,jxnd, the determinant of an nd x nd symbolic matrix [Val79].

Corollary 27 ([RY09]). Any multilinear depth three circuit (over any field) computing Dety, the
determinant of a d x d symbolic matriz, has top fan-in 2844

Proof of theorem 6: We now show that the polynomial f(X,Y’), computed by the ABP M, can
also be computed a multilinear depth four circuit of size O(n?d) and having top fan-in just one.
ABP M has k matrices, YV, ... Y®) containing the Y-variables. Associate with each matrix Y ()
four matrices containing the X-variables, two on the immediate left X (4-3) and X“=2) and two
on the immediate right X (4i=1) and X0, Every monomial in f is formed by picking exactly one
variable from every matrix and taking their product. Once we pick yz(i)v from Y9 this automatically
fixes the variables picked from X(43) x(“4i=2) x(“i-1) anq X4 ag these are diagonal matrices.
Moreover, any variable can be picked from Y@ irrespective of which other Y-variables are picked
from Y, .y y@+D) 'y (#) This observation can be easily formalized to show that

k
f:H Z p4i-3) g (4i-2) yuZ)U 21 (4,

i=1 u,v€[n]
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The size of this multilinear IIXII circuit is O(n%k) = O(n2d).
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A Proofs of observations in section 1

Observation 1 (restated): Given a circuit C which is a superposition of t set-multilinear circuits
on unknown base sets Y1,Yo, ..., Y, finding t base sets Yll, Y2,, e Yt/ such that C is a superposition
of t set-multilinear circuits on base sets Yl/, YQI, ey Y;/ is NP-hard when t > 2.
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Proof. We will reduce the t-coloring problem to this problem. Given a graph G, the t-coloring
problem asks to color the vertices of G with ¢ colors such that no two adjacent vertices of G have
the same color. Suppose we are given a graph G = (V,E). From G construct a circuit C as
follows. Let V' = {uy,...,uy,}, identify these vertices with n-variables. C' contains a product gate P
multiplying the n variables (up)--- (uy,). If there exists an edge between two vertices u; and uy in
G then add a product gate P,, ,, in C having a single linear polynomial (u; + u2). Claim: circuit
C is a superposition of ¢t set-multilinear depth three circuits if and only if graph G is t-colorable.
Suppose G is t-colorable. The t sets of vertices of G with ¢ different colors correspond to t valid
base sets in C' and thus C' is a superposition of ¢ set-multilinear depth three circuits. In the reverse
direction, say C' is a superposition of ¢ set-multilinear depth three circuits. This implies C' has ¢
base sets. These t base sets can be readily used to give a t-coloring of G: Every base set gets a
unique color. Say two variables u; and u; belong to the same base set, then u; and u; do not appear
in the same linear polynomial. But this implies there is no edge between u; and u; in G else there
would have been a product gate Py, ., having a single linear polynomial (u; + ;) in C'. O

Observation 3 (restated): A polynomial computed by a multilinear XIIY circuit with top fan-
in two and at most two variables per linear polynomial can also be computed by an ROABP with
constant width.

Proof. Let C' be a multilinear depth three circuit with top fan-in two and at most two variables
per linear polynomial computing the polynomial f(X) in n variables {z1,...x,}. Let o : [n] — [n]
be a permutation function. Then without loss of generality f(X) can be expressed as

fX) =[] O+aitazin) + [ C+2em + 206
i€[n],i odd i€[n],i odd

We have assumed that the coefficients of x;’s and the constant term in every linear polynomial is
1, and n is even. These are without any loss of generality and the argument holds even otherwise.
Let Pr = TTiepi oaa(1 + i + @it1) and Py = [Ticpnyi oaa(1 + To(i) + To(ir)). Product gates Py
and P, can be easily computed individually by ROABPs of width two but with different variable
orderings. We express the two ROABPs in the same variable ordering and add the polynomials
computed by them (P; and P,) to get an ROABP computing f.

We partition the linear polynomials in P; and P, into sets { L11, L12, ..., L1} and {Lo1, Loa, . .., Lok }
respectively such that the sets of variables appearing in the linear polynomials in Ly; and Lo, where
t € [k], are equal and this set is completely disjoint from the set of variables appearing in the linear
polynomials in Ly,,, where m € [2] and r € [k]\ {t}. We give a ‘greedy’ partition procedure below.
Mark all the linear polynomials in P; and P» as unpicked. Initialize ¢t =1 and ¢ = 1:

1. Pick an unpicked linear polynomial [, = (1 + x; + xi41) in P; and put it in Ly;. Mark l, as
picked. Store the value ¢ in temp: temp=:i.

2. Let the linear polynomial in which the variable x;;1 appears in P be l; = (1 + zj41 + ;).
Put [, in Loy and mark [, as picked.

3. If j is equal to temp then increment ¢ and start from step 1.
4. Else set ¢ = j and let the linear polynomial in which the variable z; appears in P; be

l, = (1+x; + xi41). Put I, in Ly; and mark [, as picked.
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Figure 3: ROABPs (with same variable ordering) corresponding to Li; and Loy

5. Repeat from step 2.

Clearly, the sets of variables appearing in the linear polynomials in Ly; and Lo, where ¢ € [k], are
equal and this set is disjoint from the set of variables appearing in the linear polynomials in L., for
m € [2] and r € [k] \ {t}. We express the two ROABPs computing P; and P» in the same variable
ordering as a sequence of k parts. In part ¢, we compute the product of linear polynomials in L1,
and Lo; separately using two ROABPs such that the variable orderings in these two ROABPs are
the same. Finally, we connect the ROABPs from these k parts to give a single ROABP of width six.

We arrange the linear polynomials in Lj; and Lo in the order they are picked during the partition
process. Suppose after this arrangement we have Li; = {(1 + x; + xi1), (1 + 25 + 2j41), ..., (1 +
x+ x41)} and Loy = {(1 4+ zip1 + 25), (1 + 241 + 2k), ..., (1 + 2141 + 24)}. Figure 2 shows the
two ROABPs computing the product of linear polynomials in Li; and Lo respectively. Consider
the input and output nodes of Li; and Loy marked in figure 2 as the sources and sinks of these two
ROABPs respectively. The variables are arranged such that except x; all variables are in the same
order in the two ROABPs. We order z; by breaking the second ROABP in two parts as shown
in figure 3. The first part computes the polynomial in which x; does not appear and the second
part brings z; to the beginning and computes the polynomial in which x; appears. Finally we
add these two parts by adding an extra layer. We get similar directed acyclic graphs each having
two ROABPs with consistent variable ordering from all the k pairs of sets of linear polynomials.
We connect these k graphs by adding weight 1 edges between the input nodes of Li,, Ly, and the
output nodes of Ly(,41), Ly(41) respectively, where r € [k — 1]. The resulting graph is an ROABP
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Figure 4: ROABP corresponding to the split of a matrix X

of width six computing f. O
Observation 5 (restated): IMM,, 4 can be computed by an n? width ROABP.

Proof. We transform the width n ABP computing IMM,, 4 to a width n? ROABP computing the
same. Let {X™M), X@ . X@} be the d matrices in IMM,, 4. The (j, k)-th entry in X is x%
We replace matrix X @ by n? 4 2 matrices: A®D, A2 and AGI+4) where j k € [n]. A®Y and
A(:2) are rectangular matrices of dimension n x n? and n? x n respectively. For j, k € [n], A3:k)
are diagonal matrices of dimension n?. Ordered from left to right A1) and A%2) are first and last
respectively and A1) comes before A(+7252) if j; < jy or if j; = j, and k; < ko. The (a,a)-th
entry of AG3F) ig :L'gl,)c if a =n-(j —1)+k and 1 otherwise. The (a,b)-th entry of A®Y is 1 if
(a—1)-n+1 < b<a-nand 0 otherwise. Similarly, the (a, b)-th entry of A2 is 1if b=a mod n
and 0 otherwise. Figure 4 shows the part of ROABP corresponding to the split of a matrix X into
n? + 2 matrices, when n = 4, as explained above. When we split X into n? 4 2 matrices as above
the corresponding part of ROABP computing the product of these n? 4+ 2 matrices has n vertices
in both the leftmost and rightmost layers of vertices. There is a unique path from the j-th vertex

in leftmost layer to the k-th vertex in rightmost layer with weight m% Hence the product of the

n? 4 2 matrices arranged as above is X (),
To transform the ABP computing IMM,, 4 to an ROABP we have introduced between every pair

of adjacent layers of vertices in the ABP, n? layers with n? vertices in each layer, hence the width
of the ROABP is n?. O
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B Proofs of lemmas in section 2

Lemma 8 (restated).

1. Let g1,92 € F[X] and S C X. Then
Evaldimg (g1 + ¢g2) < Evaldimg(g1) + Evaldimg(g2).
2. Let fl, f2 € F[X, Y] Then PDy]C (f1 + f2) < PDyk (fl) + PDyk (fg)
Proof. For i € {1,2}, let

Vi = spanp{gi(X)lve;es z;=a, : V2; € S a; € F} and
w spang{(g1 + 92)(X)|va,e5 ;=a; : V2; € S o € F}.

Every polynomial in W belongs to V; + Vo, where Vi + Vo = {f1 + fa|f1 € Vi, fo € Va}. Hence,
Evaldimg (g1 + ¢2) = dim(W) < dim (V1 +V2) < dim(V7)+dim(V2) = Evaldimg(g1) + Evaldimg(g2).

Proving part two is similar to part one. For i € {1,2} let

A; = span KX Y)
LT om VyeY y=0

:meyk} and

0 XY

Again observing B is a subspace of Ay + A, where A; + Ay = {g1 + g2|q1 € A1, g2 € As}, part two
follows. o

Definition 12. Let G = (V, E) be a d-regular graph with |V| = n. Let Ag be the adjacency matric
of G and d = X1 > Ay > ... > X\, the n eigenvalues of Ag. Then A\(G) = max{|Az|, [\n|}. The
ordered set of eigenvalues (A1, \a, ..., A\n) is called the spectrum of G.

Theorem 2.4 in [HLWO06]. (Cheeger’s inequality) Let G be a d-regular graph with spectrum

()\1, AQ, ey )\n) Then
d;“ < h(G) < /2d(d — Ny).

Lemma 9 (restated). Let S = {Gp}p prime be the family of expander graphs as described in section
2, and S = {ép}p the family of double covers of graphs in S. Then h(ép) > W for every p.

Proof. The family S = {Gp}p prime is such that A\(G,) < 1 —107* for every p (argued in section
11.1.2 of [HLWO06]). Observe that if (A1,...,A,) is the spectrum of Gj, then {£A1,...,£A,} are
exactly the eigenvalues of the adjacency matrix of the bipartite graph G,. Hence, A\(G)) is the

5 24+10—4
2

second largest eigenvalue of Aép. By applying Cheeger’s inequality, h(G,) > for every p as

ép is 3-regular. O
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Lemma 11 (restated). Suppose g1(X),g2(X), ..., gm(X) € F[X] are F-linearly independent poly-
nomials in the variables X = {x1,x2,....,xn} where m =2". If Y = {y1,y2, ...., yn} are n variables
different from X then (by identifying an i € [m] with an S C [n]),

Evaldimy ( Z ys - 9s(X)) =m, where for S C [n], ys:= H Yj-
SC[n] jes

Proof. Consider the following F-evaluations of {y1, ¥y, ...., yn }: for every S C [n],if j € Sset y; =1
else set y; = 0. There are m = 2" such evaluations. By taking appropriate F-linear combinations of
these evaluations of the polynomial > SC[n] YS - 95, one can get the m polynomials {gs}scpn- Since
these m polynomials are given to be F-linearly independent, Evaldimy (> sCn ysgs(X)) > m. On
the other hand, any F-evaluation of the Y-variables of the polynomial SCin] YS- gs(X) is a F-linear
combination of the m polynomials {gs}sc[, and hence Evaldimy (3_gcp, ys - 95(X)) < m. O

Lemma 12 (restated). If R is a width-k ROABP that computes g(X) then for every i € [0,|X]]
there exists a set S C X of size i such that Evaldimg(g(X)) < k.

Proof. Without loss of generality, assume the permutation 7 associated with the ROABP R is the
identity permutation. Hence R can be equivalently viewed as a product of n matrices My, ..., M,
computing g(X) = My - My - -+ M, where M is a 1 x k matrix with entries from F[z1], M,, isa kx 1
matrix with entries from F[z,,], and M; is a kx k matrix with entries from F|x;] for every j € [2,n—1].
Let S = {x1, 22, ...,x;}. Consider any F-evaluation of the S variables in g(X). Denote the resulting
polynomial by g1(X \ S) € Flzit1,...,x,]. Observe that g1(X \ S) = Meyar - Mis1 - -+ My, where
Moy € FY¥F, Let M = M, --- M, be the k x 1 column vector with entries from Flz; 1, ..., 2,)].
Thus, g1(X \ S) = Meya - M is an F-linear combination of k polynomials in F[z;t1,...,x,] that
do not depend on which evaluation of the {x,...,x;}-variables we began with. Hence, evaluation
dimension of g(X) with respect to S is upper bounded by k. O

C Proofs of observations and claims in section 3

Claim 13 (restated). Polynomial g (as constructed in section 3, proof of part 1) is computed by
a multilinear depth three circuit C of size ©(n) and top fan-in three, and C is a superposition of
two set-multilinear depth three circuits.

Proof. Since g is a sum of three product terms, where each product term is a product of linear
polynomials on disjoint sets of variables, it can be computed by a multilinear depth three circuit C
with top fan-in three. The bottom fan-in (fan-in of the sum gates at layer 3) is three since there are
two variables and the field constant 1 per linear polynomial. The fan-in of every product gate is n.
As there are three product gates, the total number of edges in C'is 3+3(n(1+3)) = 3+12n = O(n).
Every linear polynomial of a product gate has two variables, an X and a Y variable. Hence the
circuit is a superposition of two set-multilinear depth three circuits on base sets X and Y. O

Claim 15 (restated). There exists a set Xg C X of (% — ) X-variables such that every x € X
appears in an untouched linear polynomial in every P; (fori € [3]), and further if (1+z+y;,), (1+
x +yj,) and (1 + x + yj,) are the linear polynomials occurring in Pi, P» and P respectively then

Yi # Yjo # Yjs -
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Proof. Recall |S| = {5. A linear polynomial in a product gate is called touched if it is either a

partially touched or a completely touched linear polynomial. For every ¢ € [3], let D; represent
the set of touched linear polynomials in product gate i. Hence |D1| + |Da| + \Dg\ < 3% Thus the
number of X-variables that are part of these touched linear polynomials is at most as every linear
polynomial has exactly one X-variable. This implies at least 7” X-variables are part of untouched
linear polynomials in every product gate. As g(X,Y) is constructed from G, two product gates
contain the same linear polynomial [ if and only if there is a double edge between the endpoints
of the edge corresponding to the linear polynomial [ in G. Graph G is the double cover of the
n-vertex graph G € S where n > 2 is a prime. A double edge between vertices uy, and vg in G
implies existence of a double edge between vertices u and v in G. Vertices of G are identified with
elements of Z,. A vertex a in G, is connected to a + 1,a — 1 and a~! (operations are modulo n
and inverse of 0 is 0 ). Thus, there is a double edge incident on a vertex a in G if and only if
any two of the vertices a + 1,a — 1 and a~! are the same. If a +1 = a — 1 mod n, then 2 = 0
mod n Which cannot be true as n > 2. Hence if there is a double edge incident on a then either

a+1=a"' modn,ora—1=a"' modn. This means G has exactly two sets of double edges —
(=1- f) and = f (,1;\/5) 1+«f

has no double edge. As a double edge in G gives rise to two double edges in G, the latter has at
most four double edges. Thus at most four out of the ¥ 1o X-variables are part of untouched linear
polynomials that appear in more than one product gate. We remove these four variables. Xj is
the set of the remaining X-variables of size at least (%‘ — 4). Naturally, every variable in Xy has
the desired property as stated in the claim. ]

and

between , and between — if 5 is a square in Z,; otherwise G

Observation 18 (restated). Evaldimg(g) > Evaldimg(g) = Evalduns(Pl) > 28n,

Proof. Tt is easy to see Evaldimg(g) > Evaldimg(§) = Evaldimg(P;) as follows. Let
V = spanp{g(X,Y)|vu,;e8 u;=a, : Yu; € S a; € F},

V = spang{P1(X,Y)|vu,es uj—a, : Yu; € S a;j € F}
and t = Evaldimg(g). Let {hq,..., ¢} be a basis of V. Since the linear polynomials (1+x+y;,) and
(1+2 —i—yé»g) are untouched, the variables z, 2’, yj,, yj, do not belong to S and hence the polynomials

{iLl, ol iLt} span the space V, where h; is polynomial h; under the substitution z = —(1+vyj,) and
' = —(1+ y;;). Below we show Evaldimg(P;) > 2°™.

Suppose P, has T > en partially touched linear polynomials {li,12,...,lp}. For every r € [T, let
l, =14 2z + u, where 2z, € S and u, € (X UY)\S. Let Z = {z1, 22, ..., 27}. Make the following
two kinds of substitutions in P: first, substitute all variables in S\Z by 1; second, substitute
u, = u, — 1 for every r € [T]. Let ﬁl correspond to Pl after these substitutions. It follows easily
that Evaldimy(P;) < Evaldimg(P;) as Z C S.

Let f be the polynomial formed by multiplying all linear polynomials in P; that are free of variables
in Z. Then,

ﬁlz Zzll T]\V 'fa

vC[T]
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where z, = [[,¢, zj and u), = Hje[T]\V u;j. Since f is Z-free,

JjEV

Evaldimz(P;) = Evaldimy Z 2Ny | = 27 (by lemma 11).
vCl[T]

Observation 22 (restated). |Cy|+ |Cy| is at least 7= — &L,

Proof. Recall for all i € [2], |B;| < T. The number of variables in S that are part of partially
touched linear polynomials in either of the product gates is at most 47'; 2T from each product
gate. Hence at least {5 — 4T variables in S are part of completely touched linear polynomials in
both the product gates. Since the number of variables per linear polynomial is 3, the number of
completely touched linear polynomials in each of the product gates is at least (% — %) Hence

C1| +|Ca > (1 — &0). =

Claim 23 (restated). If there exists an i € [2] such that |B;| > en for e > 0, then Evaldimg(g) >
28m,

Proof. Without loss of generality assume |Bj| > en. Since no two vertices in G have all the three
edges in common, the linear polynomial [ is unique to a product gate, i.e if [ is a linear factor of
P, then [ is not a linear factor of P;. Pick an untouched linear polynomial: (14 z 4+ y + 2) in
P, such that x also appears in an untouched linear polynomial in P; — we know there are at least
n — % = 4?" such X-variables. By substituting z = —(1 + y + z), P> vanishes but P; remains
non zero. Let § be the polynomial we get after this substitution. ¢ has just one product term
P (corresponding to P; after substitution). Py has as many partially touched linear polynomials
as P;. From here on a similar argument used to prove observation 18 above can be used to show

Evaldimg(g) > Evaldimg(§) = Evaldimg(P}) > 2°". O

D Proof of claim in section 4

Claim 24 (restated). IfIMM,, 4 is computed by a multilinear depth three circuit having top fan-in
s then f is also computed by a multilinear depth three circuit having top fan-in s.

Proof. f is computed by the ABP M of width n and length d as described in section 4. FEach
edge in M is labelled by a distinct variable or 1. Let IMM,, 4 be the (1,1)-th entry of a product

of d n x n symbolic matrices {Z(1D, Z?) .. Z(DY ordered from left to right. The (j, k)-th entry
in Z@ is the formal variable z](zll We project IMM,, 4 to f as follows. Recall M has three kinds
of matrices: X,Y and A. The matrices {Z(l), JAS. Z(d)} would correspond to the X,Y and A

matrices in the same order as they appear in the ABP M. Z() corresponds to the row vector X,

SO ZSZ) maps to a:l(l) and ZS)Z

(r)

X 50 zﬁi)l maps to T,
(4) (4)

then we map zm,m to x’ and z

yfr{)z .

)

to 0 for m € [2,n]. Similarly, Z(9 corresponds to the column vector
(d)l to 0 for I € [2,n]. If Z() corresponds to XU) for j € [2,7 — 2

(0 (0
m,l

m,

and z
p to 0if m # 1. If Z@ corresponds to Y@) then we map 2", to

If Z® corresponds to AY) then we map all the variables in Z(®) to 1. Such a projection of
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IMM,, 4 equates to f. Suppose IMM,, 4 is computed by a multilinear depth three circuit C. Then
by applying the map on the variables of IMM,, ;4 and C, we get that the image of C' computes f.
Two distinct variables are not mapped to the same variable under this map. Hence image of C' is
still a multilinear depth three circuit having top fan-in same as that of C. O

E Proof of theorem 7

We prove theorem 7 in this section. In particular we use the shift and rank concentration technique
used in [ASS13] to give a quasi-polynomial time hitting set for a restricted class of multilinear depth
three circuits. The model we consider is a multilinear depth three circuit that is both a superposi-
tion of m set-multilinear depth three circuits and simultaneously a sum of [ set-multilinear depth
three circuits, where m and [ are constants. Before we prove 7 we briefly review the shift and rank
concentration technique from [ASS13].

Shift and rank concentration. Suppose we wish to check whether a polynomial computed
by a set-multilinear depth three circuit is identically zero. Let the given circuit be C'(X) =
Zle H;-lzl lij(X;), where X = Lﬂ?Xj, X; = {zj1,2j2,...,xjn} and [;;’s are linear polynomials
in variables X;. We view the polynomial C' as a k component vector where the i-th component
is the polynomial computed by the i-th product gate. A dot product with the all ones vector 1,
would give us the polynomial C. In shift and rank concentration, we shift each variable x;. to
Zjr = Tjr + tjr, where t;.’s are formal variables. Let T; = {t;1,tj1,...,t;n}, T = Lﬂ?]}, S C X,
vy = ijre gxjr and Z,, be the coefficient vector over F(T") corresponding to the monomial vg.
We use a map 7 : t; — t“/7 such that

spangy { Zvg ¢ [S] < [logk]} = spang){Zus},

where spangy{Z,4} denotes the span of the coefficient vectors over F(¢) corresponding to the
different monomials in the shifted polynomial and |S| equals the support'® of the monomial vg.
[ASS13] showed that it is sufficient to try n©1°8*) many maps to find the desired one such that
the wj,’s are bounded by a polynomial in nd, the number of variables. After such a shift using the
desired map, the polynomial C is non zero if and only if there a exists a monomial in the shifted
polynomial with support less than or equal to [logk]| and a non-zero coefficient in F(¢). Thus we
check whether the shifted polynomial has a non-zero monomial with support less than or equal to
[log k], by projecting over all possible choices of [log k| variables and test if the shifted polynomial
is non zero using [KS01] in n©1°€*) time. Now we prove theorem 7.

Theorem 7 (restated) Let C,, ;s be a subclass of multilinear depth three circuits computing n-
variate polynomials such that every circuit in Cy, m 1.5 15 a superposition of at most m set-multilinear
depth three circuits and simultaneously a sum of at most | set-multilinear depth three circuits, and
has top fan-in s. There is a hitting-set generator for Cp s TUNNING N (ns)o(lmlog $) time.

Proof. Let X = w!"X;, where X1,...,X,, are m base sets of variables, and C' be a superposition
of m set-multilinear depth three circuits in these base sets. Assume for all i € [m] |X;| = a. This
is without loss of generality and our argument holds even when the size of base sets are not equal.

13Support of a monomial is the number of variables in the monomial with degree at least 1.
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So, let X; = {1, zi2, ..., Tia}- By assumption, C' is a sum of [ set-multilinear depth three circuits,
say {C1,Cy,...,Ci}. Let s be the top fan-in of Cj. Naturally 22:1 s < s. We can therefore
represent C', as follows.

Sk a
Cu(X) =3 [T 0w + 2,15 + Ziasy () P200,5) + 0 F Zioy, ()T ()
i=1j=1

where for ¢ € {2,...,m}, o}, represents the permutation function [a] — [a] corresponding to the
g-th base set, and the z’s are constants from F. Without loss of generality we can assume akl,l is the
identity permutation corresponding to the first base set X1, and a;; # 0. Circuit C(X) = ., Cy.

Also let U, = W71 X; and W, = X \ Uy.

Proof outline. Let T; = {ti1,ti2, ..., tia}, we have m such sets 11,75, ....,T,. Let T = W"T;
and Y, =w;_,T; and Z, =T \ Y,. We shift a variable z;; to (x;; + ¢;;). For now consider each of
the t;; variables as formal variables, finally we will substitute ¢;; = t“¥, where t is a fresh variable
and w;; is an appropriate small constant. We analyse the shift in m steps. In the r-th step we
analyse the shift of the X, variables and show that there exists a monomial in U, variables of
support less than rlog s that has a non-zero coefficient polynomial in F[Y, UW,] if C # 0. Further,
to keep this coefficient polynomial non-zero under a substitution ¢;; = ¢** we only need to preserve
the ‘non-zeroness’ of a small collection of polynomials in a few variables in Y,.. Finally, by using
[KSO01] to construct a good substitution ¢;; = t“%/, we can keep all polynomials (in the T-variables)
collected over m-steps non-zero, thereby showing that the original polynomial C' is non-zero if and
only if there exists a monomial in the shifted polynomial of support less than mlogs that has a
non-zero coefficient over the field F(¢). Once we show this, finding a hitting set is easy: project
over all possible choices of (mlogs) variables and test if the shifted polynomial is non-zero over
[F(t) using sparse PIT [KS01]. We stress that the algorithm shifts all variables simultaneously, only
the analysis proceeds in steps. We explain step 1 and then generalize the argument to the r-th step.

Step 1: We view C'(X) as a polynomial in X; variables with coefficients in F(W;). In step 1
we shift xq; to x1; + t1;. Since C' is a set-multilinear depth three circuit in X; variables, from
[ASS13] we know that, C' is non-zero if and only if there exists a monomial in X; variables (of sup-
port at most log s) that has a non-zero coefficient polynomial in F[Y; U Wj]. For this step to work
under a substitution ¢;; = t“%, we need to keep aPogs) muyltilinear polynomials in 7T7-variables non-
zero where each of the multilinear polynomials involves O(log s) Ti-variables. Let v = H;-O:gls x1; be

such a monomial with a non-zero coefficient polynomial. The coefficient polynomial C (2)(W1) of v
is a superposition of (m — 1) set-multilinear depth three circuits on base sets X, ..., X;;, and sum

of [ set-multilinear depth three circuits {C’f), CSQ), ces Cl(Q)} over F(Y7). The representation of C’,?)
is as follows:

Sk a
2
Cli )(Wl) = Z ;- H (1+ Ziy; 1y + zi%kz (7 L2073, (4) + ...+ Zimffkm ) Tmoy,, (j))7
i=1 j=log s+1

where «; € F' and (reusing symbols) the z’s are also in F. We can rewrite C’,S?) as follows by defining
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Ziy, = 2 =0 for j € [log s] and ¢ € [2,m],

Zqokq(j)

a

Sk
2
C]E )(Wl) = Z (o780 H(l + Ziljtlj + Zi20k2<j)$20k2(j) + ...+ Zimakm(j)xmakm(j))'

i=1 j=1

Suppose in the (r — 1)-th step we have a monomial v in U,_; variables with support less than
(r—1)log s that has a non-zero coefficient polynomial in F[Y,_; UW,_1]. This coefficient polynomial
C(’”)(Wr,l) = C() is a superposition of m — r + 1 base sets X,, ..., X,n and sum of [ set-multilinear
depth three circuits {C’Y), Cér), e CZ(T)}. Without loss of generality assume C’,(:) can be represented
as follows (like before for » = 2 which is the base case):

Sk a

Clgr)(Wr—l) = Z H(l + zig tiy + Zizoy, Gy baon, ) et Zig

N i
/ ] )@ (r=Do, ()
=1 j5=1

Uk(rfl

Vi %ok, () T T Zimay () Tmog,, ()

Step r: In step r we shift the X, variables by T,.. We show that after this shift there exists in the
(shifted) circuit C")(W,_;) a monomial in X, variables with support less than log s such that it has
a non-zero coefficient polynomial in F[Y, UW,]. For this coefficient polynomial to remain non-zero
under a substitution ¢;; = t“%, we need to keep a small collection of polynomials in Y,-variables
non-zero where each polynomial has few Y,.-variables — this is explained below. Thus, after the r-th
step we have a monomial in U, variables of support less than rlog s, in the (shifted) circuit C, that
has a non-zero coefficient polynomial in F[Y, U W,]. Let us see the details now.

For all k € [l], we rewrite C’,(CT)(WT,l), such that, we can associate the identity permutation with
the base set X..

Sk a
(r) _ A A ,
Ck‘ (W’I‘—l) - Z H(l + lewkl (j)tlﬂ-kl (]) + ZZZwk2 (j)t27rk2 (.]) + + ZZ(’I‘*I)‘K]Q(T_I) (]‘)t(,ril)ﬂ-/%?ﬂil) (.7)
=1 j=1

+Zirj Trj + ...+ zimﬂkm Gy Tmmy,, (J))

Here again 73, represents the permutation function [a] — [a] corresponding to the g-th base set. We
view C(T)(Wr,l) as a polynomial in X, variables over F(Y,_; wW,). For J C [a], X,; := HjeJ Tpj.
The coefficient vector of a monomial X, ; is an s component vector Zx, ,, where the i-th component
is the coefficient of the monomial in the i-th product gate of C'(") (W,—1). Assume the i-th product

gate is a part of C,gr)(WT_l). Then the coefficient of the monomial X, ; in the i-th product gate is

H Ziyj H (1 + Zilwkl (j)tlﬂ'kl (4) ot Zi(r-1)
jed  jela]\J

N ;
LN ) (r=1me(, ()

igrnm, OTOHDTR G (G) T o Fn ) T, (4):
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Pick a monomial X ;; whose support is exactly logs + 1'%, Say we pick X, v, corresponding to
J = [logs + 1]. Consider the monomial X, and all its subset monomials X, ; corresponding to
J C J'; there are exactly 29851 > s many such monomials. Hence we have a linear dependency

among the coefficient vectors of these monomials, i.e.

Z bsZx,, =0,

JCllog s+1]
where V J C [logs+ 1], by € F(Y,_1 W W,) and 3 J C [logs + 1] such that by # 0. Now we
shift the variables in X, i.e. x,; = x,; +t,;. Let C™) correspond to C(") and for all k € 1], é}i’")
correspond to C’,Ef) after this shift. Thus for all k € [I] we have

Sk a

(r) —
Cr (Wro) = Z H(l + Zimkl(j)tlml(j) + iy, o lem, () T Zi(r—nwk(Pl) (j)t(T—l)Wk(r_l)(j)
i=1 j=1

+z’i7‘j (xT‘j + tr]) + + Zimﬂ'km (j)xmﬂ-km (]))

For i € [s] and j € [a] let

Pij = (Zire, (ytims, () + Ziney(ytomiy () + o T Zirvm @ r=Dme, ) 0)

)

+Z7;(7‘+1)7rk(r+1 (j)x(r-&-l)ﬂk(rﬂ)(j) +o Tt zimﬂkm () Ty, (j))'

)
Then

Sk a
O (Wioy) = S 1L+ pij + 21y (@ + tg)-
i=1 j=1
In particular we have
é(r)(Wr_l) = Z H(l + pij + i, (@ + trj))
i=1 j=1

S a

a
~ Z2i Tpd
= COW, 1) =Y T+ pij + zistey) - [J(1 + ! g T .
i + pij + Ziy it

=1 j=1
Let )
: Ziy 2i,; (L =+ pij)
Zi'rj - 1+ + . = Zirj = 1 7 + .’.
Pij T Zipilrj T Riptrg

C)(W,_1) is non-zero if and only if C")(W,_;) is non-zero, as shifting is an invertible operation.
We intend to show that C'(") (W,_1) is non-zero if and only if there exists a low support monomial of
X, variables in C(")(W,_1) that has a non-zero coefficient polynomial in F[Y; & W,]. To prove this
let Z;(TJ be an s-component vector whose i-th component is || jed z;rj where J C [a]. Observe that

the coefficient of X,.; in C'") is the dot product of Z;(TJ with another vector whose ¢-th component
is [T521(1 + pij + 2i,;trj). We show the following next,

SpanF(YTLﬂWT){Z;(TJ|J Cla} = SpanIF(YTLﬂWT){Z;(ZJL] C [a],|J] < log s}

143We avoid ceil, floor notation for ease of exposition.
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This immediately implies if C") # 0 then C") has a monomial in X,-variables of support at most
log s with its coefficient polynomial in F[Y; & WW,]. Recall

> byZx,, =0, whereb; € F(Y, 1 W W,).
JC[log s+1]

We write the above equation for the i-th component,

> b ]fa I A+py)=0

JC[log s+1] jeJ Jj€lal\J

Since [ [} jogs41(1 + pij) # 0 we have

> bw]las Il Q+pp=0

JC[log s+1] JjeJ j€llog s+1)\J
'T 1+p”
= 3wl I ae=0
JC[log s+1] jeJ ZTj r] j€(log s+1]\J
= b LER)
S oIl
JC[log s+1] jeJ

Multiplying both sides by JT;cpogs417(1 — z;W, trj)
Z bJ H Zirj H (1 - Zirjtrj) — O
JC[log s+1] jeJ j€log s+1]\J

Since this is true for any i € [s], we have

Z by - Z;J H (1- Z;{j}trj) =0

JC[log s+1] j€log s+1]\J

= ( Z br- (_1)logs+1f|J| H tTj) ‘Z;[logerl] + Z g (Yr W) - Z;“J =0
JC[log s+1] j€(log s+1]\J JC[log s+1]

Yllog s+1] (YTLHW”‘)

Since V J C [logs + 1], by € F(Y,—1 W W}.), gogs41)(Yr & W) is non-zero, and hence Z flog 5--1]

F(Y, & W,) linearly dependent on vectors Z., for J C [logs + 1]. The set [logs + 1] is just a
representative case. By the same argument we have that Z,.;, where J C [a] and |J| = logs + 1 is
F(Y; & W;) linearly dependent on vectors Z; ; Where J' C J. Thus, for every J C [a], Z,; can be

inductively expressed as F(Y, & W,.) linear combinations of Z; » Where J " C [a] and |J'| < logs.

The crux of the argument is to show that gjog s4-1) (Y- & W;) remains non-zero even under an efficient
map t;; = t*% which we argue next. If C'(X) computes a non-zero polynomial then after the r-th
step we have a monomial in U, variables with support less than rlogs such that it has a non-
zero coefficient polynomial over F(Y, W W,.). Hence after m steps there exists a monomial in X
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variables with support less than mlogs, such that it has a non-zero coefficient polynomial over
F(T). We apply a map 1 that maps ¢;; to t*, where for all i € [m] and j € [a], wi; € N such
that w;;’s are bounded by a polynomial in n = m - a and the non-zero coefficient polynomial over
F(T) corresponding to the monomial in X variables with support less than m(log s+ 1), continues
to be non-zero over F(t), as 1) preserves the non-zeroness of ¢g;(Y; W W;) at the r-th step for every
J C [a] and |J| <logs+ 1. Map ¢ can be constructed in time (sn)?(™1°85) To see how we try to
understand the structure of gpog 11 (Y, & W,) in the following claim.

Claim 28. The term gjog s41)(Yr WW;.) in the above argument is a rational function in F(Y, & W;)
with at most O(mllogs) distinct Y, and W, variables appearing in it. Further, the degree of the
polynomials in the numerator and denominator of gjog s+1)(Yr & W, is bounded by O(s%logs).

Proof. We show that there are O(ml log s) variables in Y, _; UW, such that every by in the expression
for gjiog s+1) (Y- @W;) is a rational function in these variables. Further, the degree of the polynomials
in the numerator and denominator of b; is bounded by O(slogs). Recall that

Yo biZx,, =0.

JC[log s+1]

Focusing on the i-th component and assuming the i-th product gate us part of C’lgr),

> bl I A+ey) =0

JCllog s+1] jeJ j€la]\J
= Z bJHziTj H (1+pij) =0.
JCllog s+1] jeJ j€log s+1]\J

Define a vector Zy, , whose i-th component is [Lics#i - jepogs+apns (1 + pij). Then

Z bJZXTJZO.

JCllog s+1]

Observe that p;; is a linear polynomial in (m —1) variables from Y, 1 UW, and so [ [;cpog 541 s(1+
pij) is a polynomial in at most mlogs variables from Y,_; U W,. Further, for ¢ # ' the set of
variables in J;cpog 5417\ s(1 + piz) is the same as the set of variables in J[;cpoq sqpy s (1 + piry) if

both the i-th and the #’-th product gates are part of the same circuit C’,gr)

. Hence, there is a set of
at most Im log s variables from Y,_1 U W, such that every entry in every Zx, , (for J C [logs + 1))
is a polynomial in these Imlogs variables of degree bounded by logs + 1. Applying Cramer’s
rule, every by is also a rational function in the same [mlog s variables from Y,_1 U W, with degree
of the numerator and the denominator bounded by O(slogs). Finally, from the expression for
llog s+1](Yr & W) one can readily infer that it is also a rational function in O(mllogs) variables
from Y, U W, with degree of the numerator and the denominator bounded by O(s?log s).

O]

Since the numerator and denominator of gjj,g s41)(Y-&W;) can have at most gO(milog s)

monomials, it
is fairly standard to construct a map v : t;; — t“¥ in time sO(mllogs) that keeps 9llog s+1] (Y, wW,)
non-zero. The overall complexity would be (ns)?(™1°25) as one has to ensure non-zeroness of
g (Y, W W,) for every J C [a] and |J| = log s + 1.

O]
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